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1 .  Neutron Cross Sections 

1 .O INTRODUCTION 

F. C. Maienschein 

In the continuing effort to determine neutron cross 
sections needed for reactor development and related 
programs, attention has shifted to ORELA (the Oak 
Ridge Electron Linear Accelerator) as a source of 
pulsed neutrons. The Linac was accepted from the 
manuhcturer in August 1969, after performing sub- 
stantially in accordance with the specifications during 
acceptance tests. Since August the Liriac has been 
operated for experiments with an availability (-74%) 
which we consider very good for a tiew accelerator. 

The measurements at ORELA are designed to provide 
those data of greatest importance to  the LMFBR 
(Liquid Metal Fast Breeder Reactor). The largest single 
effort i s  being invested in studies which use the large 
scintillation tank, ORELAST, at the 40-m station to  
measure the capture cross section of 'U. Jhter, these 
ineasirietnents will he exknded to higher energies 
(>loci keV) in a new flight station to be built at 150 m. 

A final report of the earlier ORNL-RPI measuretnents 
of oc(E') for '' 'Pu has been prepared. Further experi- 
ments at ORELA also using ORELAST will be airned at 
the very high accuracies which are requested for this 
parameter. Extensions of capture and fission cross 
sections arid their ratios, a, have also been initiated for 
2 4  'Pu, U, and " 51J. Clearly, in view of the high 
accuracies required, each of these nieasurenients will 
require inany man-years to complete. The overall rate 
of progress is expected to be consistent with the 
requirenients o f  htie LMFBR development, however. 

The [lieoretical support for the r1,easurement program 
at ORELA is represented here largely by studies of the 
multilevel formalisms for describing the behavior of 
neutron cross sections in the resonance region arid a 
new and quicker method of converting from K-matrix 
to Kapur-Peierls parameters. This effort will likely shift 
to support primarily the U measuremenis for the 
next year or so. 

In studies of fast-neutron scattering at the Van de 
Graaffs. a breakthrough was clauned last year in the 
analysis of data which had been obtained earlier. This 
assertion is verified this year by the large volume o f  

results which have been published. In particular, cross 
sections for elastically and inelastically scattered neu- 
trons over the incident neutron energy range from -5 
to 8.5 MeV are published (as o f  June 1, 1970) for 
approxiinately nine addttional materials, and  inore 
reports are nearing completion. The ~ , x y  measure- 
ments, analyses, and publtcations continue a t  a steady 
pace. An interesting developmerit connected with these 
experinicnts has been the manufacture of a convenient 
monoeneigetic gamma-ray soutce of high energy (6, I3 
MeV) which uses 244Cm as a source of alphd paiticles 
for the reaction I 3 c ( ~ , f ~ ) 1  ' 0 .  

In a cooperative effort, physicists who made neutron 
scattering and ~ , x y  nieasuieinents for iron are partic- 
ipating directly in an ev;duation of the CTOSS section for 
this material for the ENDF/B file. 

1.1 MEASUREMENTS OF THE NEUTRON FISSION 
AND ABSORPTION CROSS SECTIONS OF ' ' Pu 

OVER THE ENERGY REGION 0.02 EV 
TO 30 keV, PART 11' 

R.  Gwin J. 11. Todd' 
L. W. Weston 
G. de Saussure 

F .  E. Gillespie2 
R. W. Hockenbury3 

R. W. Ingle' K. c. 13iock3 

The analysis of the measurements of the neutron 
capture (a,) and fission (uf3 cross sections of 2 3 9 P u  
performed a t  Kensselaer Polytechnic Institute has been 
completed. 

The results of the detailed analysis confirm the 
01 values (n,/uf) published previously, although for  the 
energy region from 10 1.0 30 keV, the  revised values of 
cy are near the upper uncertairity limit of the early 
values.4 

Figure 1. I 1 shows a histogram of values of&' derived 
in the present measurements as compared with values 
obtained by Sowerby et a/.' and Czirr and Lindsey6 
and with values fiom the ENDF/B file for 23'Pu 
material 1 104.7 An important feature to note in Fig. 
1.1.1 is the general agreement of the various differential 
measurements above 4 kcV and the merging of these 
values with the Van fle Graaff measuremerits of Lottin 



2 

ORNL OWG 70-6640 

1 ‘T 
ORNL-RPI i l - g  FOIL 

--c-- AERE H A R W r L L  
LRL 

Fig. 1.1.1. Efor 2 3 9 ~ u  vs Energy-. 

et aL8 at about 20 keV. Since the accuracy of the Van 
de Graaff measurements is about *I@% of cy and since a 
large part of the uncertainty in the present experiments 
derives from the process of normalization (-4% in 
uf/o,), confidence in the differential measurements is 
enhanced. 
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1.2 MEASUREMENTS OF THE NEUTRON 
CAPTURE AND FISSION CROSS SECTIONS 

FOR ’ ’Pu AT ORELA 

12. Gwin R. W. Ingle’ 
L. W. Weston H. Weaver 

Experiments to more accurately determine the neu- 
tron capture and fission cross sections of ’ 39Fi1 over a 
wide energy range have been initiated at the Oak Ridge 
Electron Linear Accelerator (ORELA) with current 
emphasis on checking out the detector system and 
identifying and measuring the background sources. In 
these experiments the capture and fission cross sections 
are measured simultaneously with a detector system’ 
similar to that used in earlier Linac time-of-flight 
measurements at Rensselaer Polytechnic I n s t i t ~ t e . ~  Thc 
fissile sample is centered in a large tank of liquid 
scintillator that detects fission and capture events in the 



3 

sample by absorbing the prompt ganinia rays emitted 
when these events occur. The two types of events are 
distinguished from one another by the difference in the 
pulse-height response o f  the scintillator to the  gamma 
rays from fission and the response to gamma rays from 
neutron capture. This method, called the high-bias 
method, has been selected for these studies in prefer- 
ence to the ionization chamber technique because of 
the poor signal-to-background ratios obtained in the 
keV region with the ionization ~ h a n i b e r . ~  

The sample used in these first test measurements 
consisted of an aluminum-wrapped metal foil contain- 
ing a total 239Pu mass of 11.2 g. In its position at the 
center of the scintillator tank, called ORELAST: the 
sample was 40 m fioni the accelerator’s tantalum target 
i n  which neutrons were produced by bursts of elec- 
trons. A burst width of 38 nsec and a burst repetition 
rate of 38 pulses/sec were used. The neutron energy 
range was from about 0.4 eV to about 100 keV. The 
minimum time-of-flight channel width was 40 nsec, and 
the dead time associated with the time-of-flight meas- 
urements was set a t  16 psec. 

A major problem in such measurements is the proper 
delermination of the large time-clependent background 
inchided in  the p u l w  from the scintillator tank. 
Ganuna rays contributing to  this backgiound can be 
due to several sources, some of which are correlated 
with fissions in the sample: delayed gamma rays 
produced by fission events and gamma rays produced 
by fission neutrons that slow down and are absorbed in 
arid around the scintillator tank are such sources. 
Another background source i s  due to gamma rays 
emitted when neutrons elastically scattered from the 
sample are slowed and captured in and around the tank. 
I n  an attempt to  reduce the background resulting from 
neutrons captured in the scintillator, boron was added 
to the tank. 

The capability for dividing the scintillator tank into 
optically separate sections is being utilized to help 
identify the background sources. In these test experi- 
ments the tank was divided into two sections, the 
divider being in the vertical plane containing the center 
line of the neutron palh. Pulses were recorded as 
coining from only one section of the tank or as coming 
from both sections simultaneously. Pulses from both 
sections are more likely to  be due to gamma rays with a 
high multiplicity, while those from only one section 
probably would be due to those with a low multiplicity. 
Thr high-bias technique employed required that pulses 
from each of these two sections also be divided. All 
events which had pulse heights equivalent to gamma-ray 
energies between 3 and 10 MeV (low bias) were stored 

in one “subsection,” while those whicli had pulse 
heights equivalent to energies from 10 to 16 MeV (high 
bias) were stored in another subsection. Theoretically, 
about 10% of the fission events are recorded 3s 
high-bias pulses, with lliz remaining fission events and 
all the capture events recorded as low-bias pulses. In 
reality, however, about 1% of the capture events are 
detected in the high-bias pulses. 

In one series of measurements to investigate the 
t ime-dependent b;t ckground, “notch” filters we re 
inserted in the neutron beam ahead of the detector 
tank. The materials and thicknesses for the notch filters 
were so chosen that they effectively filtered out all 
neutrons in the beam whicli corresponded to piominent 
neutron resonances for these materials. ‘Thus the flux of 
neutrons at the resonance energies was essentially zero 
at the 239Pu saniple and any count rates observed at 
those energies could be assumed to be due tu back- 
ground sources. The nlaterials chosen for the notch 
filters were AI, Na, c‘o, and Au, which have prominent 
neutron resonances at 35 keV, 2.85 keV, 132 eV, and 5 
eV respecrively. The 16-psec dead time employed in the 
measurements served to substantially reduce that por- 
tion of the time-dependent background due to the 
background souices specified above. 

In another series of measurements, with the notch 
fiiters still in the beam, a 0.01-in.-thick lead sample 
packaged the same as the PU sample was substituted 
for it to mock up the neutron scattering from the 
sample. Corresponding data from the t w o  szries, with 
corrections for the iristtuniental dead t h e  and with the 
constant background subtracted, were then compared. 
The “mock” backgiound results (those with the lead 
sample) were normalrzed to  the foreground results 
(those with the plutonium sample) at 2.85 keV, the 
energy of the sodium resonance. The comparison of the 
low-bias data for events detected by only one section of 
the scintillator tank is shown in Fig. 1.2.1, and the 
comparison of low-bias events detected by both sec- 
tions is shown in Fig. 1.2.2. It is noted that while the 
mock background and foreground curves in Fig. 1.2.2 
agree at all resonance energies of the filters, the two 
curves in Fig. 1.2.1 differ at 35 keV as well as at other 
resonances. If the differences were due to electronic 
difficulties, they would appear in Fig. 1.2.2 also, The 
fact that they do not exist in Fig. 1.2.2 implies that 
they are due either to ganima rays with low multi- 
pliticies or to  gamma rays originating at positions that 
favor one section of the tank. The possible time- 
dependent background sources men1 ioried above (i.e., 
delayed gamma rays from fission, gamma rays produced 
by the capture of fission neutrons, and gamma rays 
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produced by the capture of sample-scatted neutrons 
in the scintillator hydrogen) are all expected to have 
low multiplicities, and thus the difference is probably 
due to these three sources. At this point the relative 
magnitudes of the individual sources are unknown, but 
their total effect is about 10%) of the mock background 

The high-bias data obtained with the h sample 
and notch filters are presented in Fig. 1.2.3 for events 
detected by only one section of the tank and in Fig. 
1.2.4 for evcnts detected by bot11 sections. These data, 
together with the low-bias data, were analyzed for 01 

values of isolated resonances in the energy region below 
at 35 keV. 

io4 

io3 

100 eV by the technique reported in ref. 3. 'The analysis 
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Fig. 1.2.4. ”Pu. High-Bias Count Rate vs Energy for Events Detected by Both Sections of Detector. 

was performed first for the sum of all the events 
recorded in both sections m d  second for orily those 
events recorded siniultaneously by both sections. (The 
first case is the normal mode of operating a large liquid 
scintillator.) The results were consistent for both cases. 
but the standdrd errors of the derived values of u~/u, 
were about 8‘81, which is approximately twice that 
found for the experiments reported in ref. 3. 

The use of the scintillator tank in the mode requiring 
coincidences from the two sections has not yet been 
proven to  be the best teclinique. Possible changes in the 
gamma-ray average multiplicities and the resulting 
effect o n  the efficiency of the system must be 

examined before this method i s  generally applied in 
future nieasurenients. 
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1.3 MEASUREMENT OF THE CAPTURE CROSS 
SECTION OF ’ U UP TO 100 keV 

R. W. Ingle’ 
K. B. Perez 

G. de Saussure 
E. G .  Silver 

H. Weaver 

The accurate knowledge of the capture cross section 
of 2381J is of great importance to the breeder reactor 
program. Available meawremcnts of this cross section 
show significant discrepancies both in averaged cross 
sections and in the resonance p a r a n i ~ t e r s . ~ - ~  Ilence a 
precision measurement of the capture cross section of 

U has been assigned the highest priority by both the 
EANDC and LMFRR program plans.’ 

We are therefore measuring the 2 3 8 U  capture cross 
section with good energy resolution and high precision 
up to a few hundred keV. Resonance parameters will 
also he determined from the results used in conjunction 
with transmission and self-indication measurements. 
This report describes our progress to date. 

1.3.1 Method of Measuremeimts 

Our experiments utilize the ORELASP as a capture 
detector at the 40-m station of flight path No, 6 of 
ORELA.7 Measurements have been performed on 2 3 a U  
samples of 1 ,  3, and 25 mils nominal thickness.8 With 
the thick samples the signal-to-background ratio is 
better, particularly at the high-energy end of the energy 
range investigated. With the thin samples, on the other 
hand, the corrections due to resonance self-shielding 
and niultiple scattering are much smaller, in particular 
for the low-energy resonances where the 25-mil sample 
can be several mean free paths thick. The data from tlie 
three thicknesses will also he used to  test various 
techniques now under development to account properly 
for sample thickness effects in obtaining resonance 
parameters from experimental capture rates.’ 

For each sample, measurements were done with and 
without a set of resonance absorbers in the beam. ’I he 
resonance absorbers serve to monitor the background at  
time-of-flight intervals corresponding to the absorber 
black resonances. In addition, an “overlap filter” of 

OB to prevent “pulse overlap” between successive 
pulses of the Linac was used in most runs. Measure- 
ments were also performed, with and without the 
absorbers, with the 2 3 8 U  replaced by an equivalent 
thickness of lead. These measurements seive the pur- 
pose of allowing the interpolation of the background 
between the resonance filter notches. All the measure- 
ments were done using 5-nsec Linac pulse widths and 
samples containing less than 5 ppm of uranium isotopes 
other than * U (ref. 8). 

For this work the liquid scintillator tank is separated 
optically into halves (with the vertical separation plane 
containing the beam axis). A parallel plate beryllium- 
walled BF3 chamber’ ’ was placed across the beam at a 
distance of around 38 m from the neutron source and 
served to measure the neutron spectrum incident upon 
the u sample. 

Five count rates vs time of flight were recorded 
simultaneously during each measurement. One of the 
count rates gave the pulses from the BF3 monitor, and 
the other four were associated with pulses from tlie 
liquid scintillator. The pulses from the liquid scintillator 
were divided into two pulse-height groups correspond- 
ing to equivalent gamma-ray energies between 2.8 and 
4.5 MeV and between 4.5 and 10 MeV respectively. 
(Pulses below 2.8 or above 10 MeV were rejected.) In 
turn each of these pulse-height groups was subdivided 
into two subgroups according to whether or not a fast 
coincidence occurred between the halves of the tank. 
‘The four types of events from the scintillator were 
recorded separately in order to observe whether appre- 
ciable changes in pulse-height distribution or in multi- 
plicity occurred as a function of time of flight. Such 
changes could be caused by electronic bias shifts or by 
changes in some of the average properties of the 
gamma-ray cascade following neutron capture. Prelimi- 
nary reduction of the data indicates that such changes 
are not observed within the accuracy of the nieasure- 
ments. 

‘The width of the time-of-flight channels varied from 5 
nsec (for the first 80 psec) to 3.56 psec (at 2 msec). 
Table 1.3.1 shows the structuie of the channel widths. 
The 122,880 channels of data were stored on disks 
during accumulation and then read on magnetic tape 
for batch processing.’ ’ Figure 1.3.1 shows a simplified 
block diagram of the electronics utilized in the present 
experiment.” An example of some of the raw data 
obtained i s  shown in Fig. 1.3.2. The count rate vs 
channel number cuives for the 25-mil-thick 2 3 R U  
sample exhibits the “notches” due to the filters’ black 
resonances. 

1.3.2 Data Analysis 

Figuie 1.3.3 shows the count rate of the BF3 neutron 
monitor as a function of energy, both without reso- 
nance filters in the beam (upper curve) and with 
resonance filters (lower curve). The relation between 
the count rate pcr unit time, C(E), shown on the figure 
and the neutron flux per unit energy, @(E), incident 
upon the BF3 detector is given by’ 

C(E) = KE @(E) dE , 
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where K is an arbitrary constant, and where the 
efficiency of the detector is assumed to  be proportional 
to  E- I * .  The solid line in Fig. 1.3.3 is an analytical fit 
to  C(E). Below 5 keV this fit has the form 

C(F) = kE"e-P/&, 

where k is a constant, (Y = 0.16 represents the 
"hardening" of the neutron flux due to  the finite size 
of the neutron moderator (it corresponds to a flux @(E) 
dE = E- 0.84 &), and /3 is the macroscopic capture 
cross section of the ' O R  overlap filter at 1 eV. In the 
vicinity of 6 keV and above 20 keV, the neutron 
spectrum has a marked structure caused by the reso- 

nances in the aluminum in which the neutron rnoder- 
ator i s  canned. 'Ihe solid line is shown also through the 
spectrum with resonance filters to illustrate that below 
1 keY the shape of the neutron spectrum i s  not 
appreciably distorted by the resonance filteis. 

Figure 1.3.4 shows the ORELAS r count rate with the 
'U specimen replaced by a lead sample of equivalent 

thickness. From this curve the shape of the background 
as a function of time of Right can be obtained. The 
solid line shows a polynomial fit to this background 
shape in the energy region below 20 keV. In the 
measurement without filters, the background level is 
normalized in the energy region below 1 keV, where the 
filters do not appreciably distort the shape of the 

Table 1.3.1. The-of-Flight h o g a n  for Measurement of uc for 238U 
__..____.~ ...... __ __ ........ ___._.__ ........ 

Number of Channels Channel Width Time of Flight Energy 

16384 
2048 
2048 
1024 
1024 
512 
512 
512 
25 6 
256 

5 nsec 
10 nsec 
20 nsec 
40 nsec 
80 nsec 

160 nsec 
320 nscc 
640 nsec 
1.28 psec 
2.56 pscc 

0-81.92 psec 
8 1.92- 102.4 p e c  

143.36 184.32 psec 

184.32 266.24 psec 
266.24-348.16 p!ec 
34 8.16-5 1 2 psec 

512 840flsrc 
840/dsec-1.167 msec 

1.167- 1.823 msec 

10 2.4 - 14 3.36 Y\CC 

>1.3 keV 
1.3 keV-800 eV 

800-400 eV 
400-250 eV 
250-120 eV 
120-70 eV 

70 32eV 
32-12.5 eV 

8-2.5 eV 
12.5 -8 eV 

16385 CHANNEL NUVBCR 2n576 
I 2  ke'J 2 5 e',' 

Fig. 1.3.2. Count Rate Observed avith 25-mil 2 3 8 U  Sample in ORELAST. Each of the three sections is individually normahzed 
by an arbitrary wale factor. Resonance absorption filters were located in the nentron beam. and the filter notches are identified. 



9 

neutron spectrum, and hence the net count rates of flie 
measurements wiih and without filters must be propor- 
tional. 

Figure I .3.5 shows the capture cross section (times 
E1/2)  determined from the 3-mil sample of ‘U. The 
curve has been provisionally normalir,ed to a value of 
10140 b.eV3//2 for the integrd of U ( E ) ~ ’ ~ / ~  [WheTe 
4 E )  is the captuie cross section] over the interval from 

30 to 90 eV. The normalization value was obtained 1)y 
using the resonance pararneters giver1 ~n Table 1.3.2 and 
computing the sample thickness effects with the Monte 
Carlo technique. 

1.3.3 Conclusions 

The previous discussion sketches the technique used 
in thc analysis of the data. A lhorough evaluatiorl of 

/ /  . - I  

Fig. 1.3.3. Neutron Count Rates Observed with a BP3 Fission Chamber, With and Without Resonance Absorption Filters. ‘[he .. 
solid lines represent analytical fits to the data. 

ORNL-CWC 70-688 
............ __ __ .......... ______ ___ ............ 

lo: 

6 

...... .......... ............... 
I 

4096 CHbNNFl NUMBFR 

Fig. 1.3.4. Count Rate Observed in the ORELAST with a 3-mil Lead Sample. The solid line represents an inalytical lit 



Fig. 1.3.5. Capture Cross Section of 2 3 8 U  Obtained with a 3-mil Sample. The values shown are the CIOFF section multiplied by 
E l / 2 .  The cross section has been normalized to 10140 b,eV3/z between 30 and 90  eV. 

Table 1.3.2. Parameters Used to Compute 
Preliminary Nornidizatiawa, 

21.0 8.7 26.5 
36.7 31 21.1 
66.2 23.8 24.5 
81.1 2 21.2 
89.5 0.085 23.6 

102.7 65.1 25.1 

'All the levels are assumed to be s-wave levels. 
'i-or a samplc of 3.958 X lo-" atoms/barri, 

where Oeff includes resonance self-shielding and multiple- 
scattering effects. 

each step used in the data reduction and an estimate of 
the uncertainties jnvolved will require a considerable 
amount of additional analysis. Further measurements 
will also be required t o  verify the normalization 
technique and to  extend the measurement to higher 
energies. 

Keeping in mind the preliminary nature of the present 
results, we have made several comparisons with some of 
the previous work in this area. Figure 1.3.6 shows the 
cross section, averaged over the intervals indicated by 
the histogram, compared with the results of Moxon' 

NEUTRON ENERGY IkeV) 

Fig" 1-3.6. Capture Cross Section of 2 3 8 U  Averaged over the 
IntervaPs Shown. The points represent the values of Moxon. The 
recommended values of Parker and Schmidt are a lw shown, as 
are the rezults of Macklin. 

and of Macklin,' as well as with reconmended values 
of ParkerI6 and Schmidt.' The general agreement 
with Moxon's results is very good, especially in that the 
present data show the relatively fast decrease of the 
capture cross sections in the high-energy portion of the 
curve. The "hump" exhibited by the histogram around 
the 6-keV energy region may be associated with 
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Fig. 1.3.7. Capture Cross Section of ’j’ U Averaged over the 
Intervals Shown, Compared with the Evaluation of Davey and 
with the FNDP/B Values as Interpreted with the G A M 3  
PIogratIl, 

uncertainties in elimitiatmg the effect of a resonance in 
the capture cross section of aluminum. In kig. 1.3.7 the 
snlid line shows the present nieasurenients averaged 
over the GAM-2 group structure and cornpared with J 
similar plot (broken lines) obtained from the ENDF/B 
f i h 2  * The agreement is reasonably good and highly 
consistent with Davey’s evaluation’ shown in the figure 
as a smooth solid line, 

A s  was mentioned previously, the present results are 
subject to much more careful and extensive revision and 
error analysis. Nonetheless, the results to date indicate 
that accurate data can be obtained from these measure- 
ments. Future work will be done to  extend this work 
above 100 lceV and to inake the transnlission and 
self-indication measurements needed to obtain accurate 
values of resonance parameters in the resolved range. 
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1.4 MEASUREMENT OF ETA AND THE 
FISSION AND TOTAL CROSS SECTIONS 

FOR 233U BELOW 1 eV 

I,. W. Weston J. 1-1. Todd’ 

Measurements have been made at ORELA to deter- 
mine relative values of the fission cross section and eta 
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and absolute values of the total cross section for 2 3 3 U  
in the neutron energy region from 0.02 to 1 .O eV. The 
fission cross section and eta and the total cross section 
were measured under as nearly the same conditions as 
possible and will be normalized by means of the total 
cross section. 

The technique used at ORELA was quite different 
from that used for U in the cooperative ORNL-RPI 
experiments.’ , 3  This additional data, covering part of 
the same neutron energy range, was taken to  reduce or 
understand the uncertainties between the ORNL-WI 
data and other published data. Even though this 
discrepancy was only a maximum of about 270, the 
extreme sensitivity of the thermal breeder reactor t o  
these parameters justified further study. 

Eta, the number of fission neutrons produced per 
neutron absorbed, was measured by detzcting the 
fission neutrons produced by placing a sample of 
known thickness in a known neutrou flux. The fission 
neutron detectors were liquid scintillators with gamma- 
neutron discrimination. ‘The flux was measured with a 
parallel-plate BF3 counter which sampled the entire 
beam. Eta can be calculated from a knowledge of the 
fission rate. the cross sections. and the flux. 
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Fig. 1.4.1. The Fission Cmss Section of 233U Below 1-eV 
Neutron Energy. 

The preliminary results of the fission cross-section 
measurement are shown in Fig. 1.4.1. The agreement 
with our previous OKNL-RPI measurements is better 
than l%, which i s  quite acceptable considering the 
different conditions under which the measurements 
were made. The fission cross section in ENDF/B is 
shown for comparison. Our total cross-section measure- 
ment shows similar agreement with ENDF/B. The 
important feature of our measurements is that they 
form a consistent set of measurements made under as 
nearly the same conditions as possible. 

The analysis of our data for eta is not complete at the 
present time. Due to the extreme accuracy required, 
corrections for scattering and instrumental effects must 
be carried out with great care. There are no surprising 
results indicated by very preliminary results. 

Since the experimental measurements for this experi- 
ment are complete, the equipment is being niodified for 
measurement of the capture and fission cross sections 
of * Pu at keV neutron energies. 
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1.5 ANALYTICAL DESCRIPTION OF THE 
NEIJTRON CROSS SECTIONS 

OF 3u BELOW 60 CV’ 

G. de Saussure 

The neutron fission and capture cross sections of 
3 U  below 60 eV were “least-squares fitted” with the 

Adler and AdkT multilevel formalism. ‘The physical 
interpretation of the resonance parameters is anibig- 
uous, because such multilevel fits on 2 3 3 U  are not 
unique. The main purpose of the analysis was to 
provide a simple analytical description of the 2 3 3 1 J  
cross sections for use in calculating reactor reaction 
rates and in data evaluation. The fission, capture, and 
total cross sections and the valucs of r )  obtained from 
the resonance parameters are compared with recent 
measurements of those quantities. 
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1.6 AUTOCORRELATION TECHNIQUE 
FOR DETERMINING THE AVERAGE LEVEL 

SPACING OF THE INTEKMEDIATE 
SUBTHRESHOLD STRUCTURE IN THE FISSION 

CROSS SECTION OF U AND ." Pu' 

C .  de Saussure R. B. Perei 
M. N. Moore' 

7'he intetpretation given to the correlograni of the 
'' [I and "Pu fission CI oss scctioiis is questioned as 

to its validity to estimate the average level displacement 
in the Strutinsky well appearing in the fission barrier 
for highly deformed nuclei. 

References 

'Abstract ofPhys. Letters 31B, 413 (1970). 
' IJniversity of Arizona, Tuscon. 

1.7 MULTILEVEL EFFECTS IN FISSILE 
CROSS SECTIONS 

K. B. Perez G .  de Saussure 

The calculation of average cross sections and values of 
ihe average capture-to-fission ratio, a, in fissile nuclei is 
of general interest in the design o f  nuclear reactors. Due 
to the resonance interference effects, the reaction cross 
sections are not properly described by the superposition 
of single-level Rreit-Wigner line shapes, and multilevel 
formulations' .' have to be used. The average neutron 
reaction cross sections (4 Q ~ , ( E ) )  in tlie single-level 
(Brei!-Wigner) or multilevel (Adler-Adler) formulations 
are given, respecrively, by 

wlzere c = 6.52 X IO5 b.eV1i2 and Gk is the symmetric 
part of the complex residue, 

where 

1-t;) = ieduced neutron-level width, 

l lkX = reaction-level width ( x  = fission or capture), 

rrC = total-level width. 

In the case of noninterfering resonances, the average 
indicated in Eq. I can be performed on the basis of the 
known distributions o f  the K-matrix parameters,3 
yielding the well-known result 

where K ,  IS the statistical fluctuation factor. When 
multilevel incet ferences cannot be neglected, the sihra- 
tion is more complicated in view of  the absence of 
analytical expressions for the statistical distribution of 
the Kapur-Peieils parameters. 'The technique utilized in 
this work nukes use of the program SIJPERPOLLA4 to 
obtain tiie statistical properties of the S-matrix param- 
eters. In terms of tiie distributions obtained by the 
Monte Carlo technique via the SUPERPOLLA program, 
one can write the rniillilevel avetage cross section in a 
Corn1 similar t o  bq. (4), that is, in terms of the 
corresponding single-level average cross section and an 
L'. tnlerference factor," I, : 

Similarly one can write for the average c1: (capture-to- 
fission ratio), 

(.)&I -1, = GY)S.-L . (6)  

The variation of the ihree interference factors, IF, I,, 
and I*, as defined above, has been studied for a set of 
interference conditions. In all cases studied the average 
neutron width, (I$')) and average level spacing, (D), 
were kept constant at the values o f  0.1 MeV and 1.0 
eV, respectively, these values being rouglily representa- 
tive of fissile nuclei. One lumdted interfering levels were 
utilized in the calculations. 'Table 1.7.1 shows the 
changes experienced by the interference factors as a 
function of the average fission width assumed to 
be the same for each of four open fission channels. The 
average radiation width was kept constant at (Y7) = 50 
MeV. The multilevel effect reduces the average fissioil 
cross section and increases the aveiage capture cross 
section in respect to their single-level counterparts. In 
consequence incxases For growiiig degrees of inter- 
ference. 

Table 1.7.2 shows the behavior of the factors IF, I C ,  
and I ,  when the interference index O')/{D> is changed 
by increasing the averaged fission width in accordance 
with the relation 

(7) 



1 4  

where the penetration factors, P,l ,  were taken as unity, 
and the number of open channels, vF, was varied from 
one to four. We then investigated a case in which the 
number of open fission channels was again varied 
between one and four. However, the average fission 
width in each channel was properly adjusted to keep 
the total average fission width, @'), constant. The 
results are shown in 'Table 1.7.3. All the interference 
factors teiid toward the single-level limit when the 
number of open fission channels is increased. This 
behavior is understandable on the basis that as the 
number of fission channels is augmented, the possibility 
of destructive interference between them increases, 
leading to the above result. 

Table 1.7.i. The Variation of the Interference Factors 
IF, IC, and f a  as a Function of the Average Fission Width 

~ 

(r )a 

Ce% IC; IC 1, 
_-_ -~ -~ 

0.0397 0.989 1.023 1.034 
0.079 0.979 1.083 1.106 
0.1 19 0.972 1.162 1.195 
0.159 0.966 1.254 1.298 
0.397 0.913 2.001 2 122 

aFour fission channels of equnl average width, ( D )  = 1.0 eV, 

r; = 0.1 MeV. and ry 2 SO MeV. 

Table 1.7.2. The Variation of the Interference Factors 
as a Function of the Number of Open Fission Channels 

VF" IF IC Ia __ _ _  -- ~ 

1 0.93 1.075 1.15 
2 0.945 1.15 1.22 
3 0.96 1.20 1.26 
4 0.97 1.23 1.27 

aD = 1.0 eV, 11: = 0.1 MeV, and P'? = 50 MeV. 

Table 1.7.3. The Variation of the Interference Factors 
as a Function of the Number of Open Fissisrr Channels 

with (rf) Constant 

Ut;" IC 

1 0.920 1.074 1.167 
2 0.968 1.054 1.089 
3 0.983 1.033 1.051 
4 0.989 1.023 1.034 

' ( D )  1.0 eV, (ro) = 0.1 MeV, (I?$ = 50 MeV. and is 
adjusted to keep the average fission width constant. 

In view of the fact that the previous results were 
obtained for 100 interfering levels, the question arises 
concerning the appropriateness of this number of levels 
to describe the multilevel effects. To answer this 
question we studied the variation of the fission and 
capture interference factors as a function of the level 
number betweeri 1 and 100 levels which is the upper 
limit available in the present version of the program 
SUPERPOLLA. The results for IF  and IC are exhibited 
in Figs. 1.7.1 and 1.7.2 respectively. In both instances, 
within the statistical uncertainties, the values of the 
interference factors reach an asymptotic behavior 
beyond N = 80 levels. In the case of the four fission 
channels calculations, the total average fission width 
was kept at the same value as the one used for the 
one-channel calculation. 

'The calculations reported here predict sizeable multi- 
level interference effects. When the resonance inter- 
ference increases, the deviation from the single-level 
limit of the three interference factors also increases for 
a given number of open fission channels (Table 1.7.1). 
The contrary effect is observed when one increases the 
nurribei- of fission channels, keeping the total average 
fission width constant (Table 1.7.3), as a result of the 
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Fig. 1.7.1. The Interference Factor for Fision. IF ,  vs the 
Number of Interfeiing Level.;. 
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destructive interference effect mentioned previously. 
For the conditions corresponding to the results shown 
in Table 1.7.2, one establishes an intermediate situation 
with respect to the two previous instances, in which the 
effect of increasing the average fission width is partially 
compensated for by the destructive interference feature 
due to the opening o f  more fission channels. In view o f  
these results, one concludes that the single-level approx- 
ima tion overestimates the average fission cross section 
and underestimates the average capture cross section. 
The value of 63 = (uc)/(uF) obtained from the single- 
level foirnalisrn may be too low by 20% or more, an 
effect which had already been noted by Lynn.5 
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1.8 SWERPOLLA, A PROGRAM TO GENERATE 
THE STATISTICAL DISTRIBUTION OF THE 

S-MATRIX PARAMETERS 

R. B. Perez G. de Saussure 

In the last few years there has been increasing 
evidence of the importance of the role played by 
interference phenomena in the interpretation of the 
neutron cross sections of fissile nuclei.' In the Adler- 
Adler formalism, which i s  a form of the S-matrix or 
Kapur-Peierls' formalisms, the reaction cross section in 
paiameterized in the form 

wheie x iridic;) tes the type of neutron reaction, G p )  
and e) are the symmetric and asymmetric parts of 
the complex residue Rg'  = i@), and & and 
vk are the real and imaginary parts of the complex 
S-matrix poles c k  = p k  r'vh. For vanishing level 
interference, the complex residues and poles become, in 
t e r m  of the R-matrix parameters, 

where c = 6.52 IO5 belr1l2.  I n  the general case, 
however, the S-tnatrix parameters are complicated 
functioiis of the R-matrix parameters. In order to 
introduce resonance intei ference effects in nuclear 
 calculation^,^ it becomes necessary to know the statis- 
tical distribution of the Kapur-Peierls residues and 
poles. Whereas the statistical features of the K-mat] ix 
parameters can be deduced fioni rather general p r o p  
erties of the nuclear Hamiltonian arid its eigenfunc- 
tions," an equivalent tlieoiy for the S matrix is not 
available as yet. The usual approach to the problem is 
to  invert the level matrix in order to constnict the 
corresponding S matrix. This procedure i s  then repeated 
for each set of R-rnatriv parameters sampled from the 
corresponding  distribution^.^-" Exact analytical expres- 
sions for the distribution functions have been derived 
by Hwang3 for the two-level case, and perturbative-type 
approximations to the many-level case have been 
obtained by Harrk8 

The present work utilizes the previously developed 
POLLA prograin' combined with Monte Carlo sub- 
ioutines allowing the generation and sampling of ilie 
appropriate distribution functions o f  the K-matrix 
parameters. boi a specifid set of average R-matrix 
resonance parameters, number of levels, and open 
fission chantxls, the program generates the distribution 
of the H-matrix and S-mal iix parameters and obtains 
the correspontling averages and variances. in its present 
status this code package has the capability of handling 
100 levels and up to 4 fission channels. Running times 
for an 80-level case are: 0,30(~,0.451,0.631, m d  0.866 
min for 1, 2, 3, and 4 fission channels respectively. 
Typically a problem involving a few fission channels 
and 100 levels takes on the order of 10 min to generate 
ihe number of samples necessary for stat istical validity. 
The savings in computer time is due to the fact that tlie 
program avoids the time-consuming invernion of the  
level matrix by directly expanding the S' matrix in 
partial hactions in the spirit of the Reich-Moore 
formalism ' ' The program SUPERPOLLA was then 
utilized to study the effect of level mterferznce in the 
statistical distribution of tlie resonance parameters. To 
this end we have performed calculations and compar- 
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isons between the 2- and 100-level cases for two 
different values of the interference index (r>/(D>. 

The average R-matrix parameters utilized in the 
present calculations were (0) = 0.3 eV (or 0.03 eV), 
(I'~~~) = 1.0 MeV, (P7) = 0.3 eV. The average fission 
width was varied to obtain the desired ( r ) / ( D )  ratio. 

Figure 1.8.1 shows the distribution of the level 
spacings, D', of the complex S-matrix poles. For a low 
value of the interference index ((l')/D = 0.l), both the 
2- and 100-level calculations agree with the Wigner 
distribution, as was expected. For a high degree of 
interference the 2-level calculation exhibits a larger 
proportion of small-level displacements than predicted 
by the Wigner spacing distribution. However, the 
introduction of multilevel effects restores the Wigner 
law within the statistical fluctuations of the sampling 
procedure. The observed attenuation of the level 
repulsion effect seems to be typical only of the 2-level 
case, and it has been reported by Freeman and 
Garrison7 and also predicted analytically by A 
comparison between Hwang's analytical results and our 
numerical calculations for the ?-level ~ a ~ e  is shown in 
Fig. 1.8.2. The statistical distribution of the imaginary 
part of the complex poles, vk. is shown in Fig. 1.8.3 for 

(I')/D = 0.1. Both the 2- and many-level cases agree with 
tile expected x 2  distribution for the four-channel case 
specified in this particular calculation. When one 
increases the ratio ( r ) /D  up to a value of 10, the 
majority of levels acquire a width, v : ~ ,  around half the 
radiation width, rr, while a few of them show very 
large widths. The appearance of levels with large widths 
was also obseived by Moldauer.' This interesting fact 
requires inore investigation, in particular concerning tbe 
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Fig. 1.8.1. Ihe Statistical Distribution of the Level Spacing 
for the S-Matrix for 2 .md 100 I.evels: ( a )  (r)/(D) = 0.1; ( b )  
(1WD) = 10. 

value of @)/D at  which these large widths start 
appearing in the calculation. 

The statistical distribution of the symmetric part, G F ,  
and asyiiimetric part, H F ,  of the fission complex 
residues for the low-interference case ((r)/( 0) = 0.1) is 
shown in Fig. 1.8.4. In this instance the interference 
between resonances is practically negligible, which 
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explains the agreement between the 2- and many-level 
ailculations. The results for the parameter G, show the 
appearance of a large number of small negative 
values.' The corresponding distribution for HF i s  
symmetric, as it should be, in order to satisfy the sum 
rule 

liF,k = 0 I 
k 

As (r>/( 13) increases, the many-level calculation shows 
appreciable deviations from the b e h a v h  predicted by 
the 2-level case, the former exhibiting larger distribu- 
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Fig. 1.8.4. The Statistical Distribution of tlie Complex 
,'+Matriu Residues for Fission; (l')/(o) = 0.1. (a) The disrributiorl 
function for the GF parameter; ( b )  the distribution function for 
the f I F  paratne ter. 
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tion widths (variances). This fact is illustrated in Fig. 
1.8.5, which shows tlie distributions of  the symmetric 
parts of the residues for fission and capture reactions, 
and in Fig. 13.6, which shows the associated asym- 
metric parts. 

Finally, we have also studied the statistical distribu- 
tion of the complex residues obtained From the fitting 
o f  the 2 3 s U  fission cross section by Derrien and de 
Saussure' and by Cramer.' Cwner  performed a 
Reich-Moore analysis and hence provided the results in 
terms of R-m:itrix parameters, which were transformed 
by the program K'OLL4' into the corresponding Adler- 
Adler parameters. Figure 1.8.7 shows the distribution 
obtained for G, arid H ,  from tlie experimental results 
mentioned previously. The values for (GF)  ;ire in good 
agreement, as are the corresponding distributions in 
both sets of experimental data. Their general features 
are also consistent with the theoretical distribution 
functions discussed here. The main coticlusion o f  this 
work is that for a11 cases but the one corresponding to a 
very low degree of resonance interference, the 2-level 
approximation does not describe satisfactorily the 
statistical distribution of  the S-matrix parameters. 

The SUPERPOLLA code package has been found io 
be highly flexible and very suitable to generaie the 
statistical distributions of the S-matrix parameters. It 
will be used in the immediate future in the analysis of 
self-indication ratio experiments planned at varying 
temperatures and sample thicknesses, as well as in the 
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study of the statistical properties of cross sections in 
fissile materials. 
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1.9 MSC, A PWQCMM TQ EVALUATE MULTIPLE 
SCATTERING CORRECTIONS IN TfUCM SAMPLES 

N. M. Greene' 
R. B. Perez 

G. de Saussure 
S. K. Penny2 

'The interpretation of capture and fission cross-section 
measurements requires the evaluation of multiple scat- 
tering effects in the sample. After the early analytical 
approaches to this problem, developed by Dresner3 and 
Macklin? the most widely utilized technique has been 
based on the Monte Carlo method.' ' 6  

'The specific problem that we wish to  solve is that of 
extracting the resonance parameters frorn data obtained 
through the use of thick samples (several mean free 
paths). The required procedure involves iterative 
computational schemes in which one needs to calculate 
the derivative of the function pertinent to the problem. 
Because the Monte Carlo technique i s  not particularly 
suitable in this instance, in view of its inherent 
indeterministic na turc and characteristically long run- 
ning times, we have studied the performance of 
"deterministic" neutron transport codes from the view 
point of both accuracy and calculation time, which is at 
a premium when many iterations are needed to solve 
the problem at hand. The MSC code is built around a 
modified version of ANISN: a one-dimensional S,, 
inultigroup transport program. ANISN solves the trans- 
port one-dimensional Boltzmann equation numerically 
by setting up a network of meshpoints in the energy, 
angle, and spatial coordinates. The scattering kernel is 
expanded in Legendre polynomials to  any order of 
accuracy needed within reasonable computer memory 
capabilities and time. The other pieces of MSC are a 
code to evaluate cross sections at many points across a 
resonance and a code to calculate elastic scattering 
transfer matrices. 

To facilitate the discussion that follows, we shall 
name the various cases studied in the form GS,  Pf, 



where the subindexes ri arid I indicate the 'number of 
mesh points in the angular coordinates and the order OF 
1 runcation in the scattering kernel, respectively, and the 
superindexes G :tnd R indicate the number of energy 
intervals taken (groups) and the number I J ~  space 
intervals defined along the thickness of the sample 
respectively. On the basis of the well-known relation 

where 

Z&(b') = macroscopic cross section for 
a given neutron reaction, 

~ f , i 5 , ~  = neutron source, 

a(;,&&), @+(;,&,E) = real and adjoint fluxes, 

the total number of events is computed by the 
convolution of the neutron source and the adjoint flux. 
There are two reasons for the use of this procedure: (1) 
it eliminates the necessiiy for calculating the real flux 
for each neutron source energy, and (2) it takes 
advantage of the observed fact that the adjoint flux 
changes much tnore slowly with the angular and energy 
variables than does the real flux.' 

I n  older to evaluate the perfornurice of MSC, 
comparisons were made with a Monte Carlo code 
MUIdTSCA.9 The specific set of questions to  be 
answered were related to  the number of energy groups, 
angle mesh points, space intervals, and order of trunca- 
tion in the scattering kernel necessary to obtain results 
of  accuracy comparable with those yielded by the 
Monte Carlo technique. Besides these points we also 
wanted information on the effect of the finite radius of 
the sample, which is not accounted for in the one- 
dimensional ANISN code, and on the computing times 
required by the two techniques under study. 

The following steps are involved in the MSC calcula- 
tion: 

Compute the Doppler-broadened cross sections in 
the Breit-Wigner formalism or Adler-Adler' 
formalism at a large number of points across a given 
resonance; 

With the scattering cross sections obtained in step 0 
generate an elastic scattering transfer matrix such as 
required by the niultigroup code ANISN; 

Perform a GSrl Pf transport calculation of the 
adjoint flux with the reaction cross section ZX(E)  
used as a source in the adjoint Boltzmann equation; 

d. Compute the number of reaction events in accord- 
ance with Eq. (1). 

'I: he example considered in this work was the 6.67.eV 
capture resonance of "'U. The sample had a radius of 
3.81 cm and a thickness of 1.03 mfp, which are 
dimensions that correspond to  actual experimental 
conditions. 'Typical timing (ISM 360/9 I) for the steps 
listed above is as follows: (I, 0.3 sec; h ,  94.0 sec; and c 
and d combined, 7.1 sec. 

Several MSC calcuhatiuns are shown in 'Table 1.9.1. 
Inspection of the results a h o w  tliat case 11, cor- 
iesponding to (' o o S 4 P : ) ,  compares very well with case 
5 ( I  00S'4 ,G), the substantial differences occurring 
away from the resonance eneigy This indicates that 
only a few angle mesh points together with linear 
anisotropic scattering are suitable for the calculation. 
The effect of the number of energy points across the 
resonance can be exhibited by the comparison of case 6 
( 2 0 0 S x P ~ )  and case 15 ('OS&). For the particular 
points shown in Table 1.9.1, the agreement found is 
very good; however, the results around the peak of the 
resonance become marginal for the SO-group case. This 
suggests ihat one could use less than 100 groups with a 
denser energy mesh in the vicinity of the resonance 
peak and still obtain good results with a considerable 
saving in computer storage capability and running time. 
Cdses 14( '00S16P$5)and 12 ( 1 0 0 ~ ~ 1 6 ~ : )  show t l ia t  For 
all practical purposes a few spatial intervals will suffice. 
Further calculations have shown that, in fact, for 
sample thickness up to 15 mils as few as two space 
intervals yield accurate results. 

Figure 1.9.1 displays a comparison between the MSC 
results and a Monte Carlo calculation by MULTSCA, 
which utilizes 100 energy bins and IO4  neutron 
histories. The agreement for case 5 ( ' o o S 4 8 P ~ )  IS 

excellent. Case 11 ( I  O 0 S & ) ,  wtiich is a much shorter 
calculation, also yields results which are accurate 
enough for our purposes. Both results indicate that 
indeed the finite size o f  lhe sample does not invalidate 
the MSC one-dimensional calculations. 

The calculation time for each run shown in Table 
1.9.1 does not include times for stepsn and h. The time 
invested in the calculation of the DoI)pler-l)roadened 
cross section is a fraction of a second and does riot add 
appreciably to the overall timing. 'The longest calcula- 
tion by far is the one related to the elastic scattering 
transfer nutrix; however, it need be calculatzd only 
once at the bzginnirig of a set of iterations. Between 
successive iterations it is necessary only to scale the 
transfer nutrix, which again takes about a fraction of a 
second. In the particular case at hand the Monte Carlo 
calculation run for 7.95 min is to be compared with 
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Table 1.9.1. MSC Calculations 

Kzsponse (Captures neutroii -' crn -*) Spatial Energy Computer ....... ~ .... 

Intervals Spacing (eV) Time (min) 5.195 eV 6.605 eV 7.505 eV 
Case n ofS, 1 ofP, 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

4 
8 

12 
32 
48 

8 
12 
32 
4 
4 
4 

16 
16 
16 

12 
32 

n 

3 
3 
3 
3 
3 
3 
3 
3 
3 
3 
1 
1 
3 
3 
3 
3 
3 

5 
5 
5 
5 
5 
5 
5 
5 
2 

10 
5 
5 
5 

25 
5 
5 
5 

0.030 
0.030 
0.030 
0.030 
0.030 
0.015 
0.015 
0,015 
0.030 
0.030 
0.030 
0.030 
0.030 
0.030 
0.060 
0.060 
0.060 

0.11 
0.11 
0.13 
0.29 
0.42 
0.21 
0.26 
0.5 2 
0.04 
0.13 
0.08 
0.18 
0.16 
0.68 
0.06 
0.07 
0.16 

1.5188-4 
1.4641 4 
1.4523-4 
1.4426-4 
1.4443 4 
1.464 1-4 
1.4523-4 
1.4428-4 
1.5188-4 
1.5188-4 
1.5189 4 
1.44 76 -4 
1.4475-4 
1.4475 4 
1.4643-4 
1.45 24-4 
1.4426-4 

3.6981-2 

3.6 948 - 2 
3.6945-2 
3.6945 - 2  

3.6942 -2 
3.6940 -2  
3.7104-2 

3.6964 2 
3.6928-2 
3.6946-2 

3.70-2a 
3.70-2a 
3.70-2a 

3.6952 -2  

3.6946 -2 

3.6961-2 

3.6918-2 

3.9399-4 
3.8088-4 
3.7838-4 
3.7839-4 
3.7916-4 
3.8088 4 
3.7839-4 
3.7839 -4 
3.9398 4 
3.9398-4 
3.9404 -4 
3.7759 4 
3.775 1-4 
3.7751 -4 
3.82 Aa 

3.80-4a 
3.80-4n 

aThese points did not exist in the 0.060 spacing structure and are interpolated values. 

ORNL DWG 70 8581 

5 0  5 4  5 8  6 2  6 6  7 0  7 4  7 8  

ENERGY (ev)  

Pig. 1,g.I. Comparison Between the Monte Carla Calculation and Various MSC Results. 

0.42 min for case 5 (iooS4J':) and with only 0.08 min References _ .  

for case 11 (' OoS4P?). In view of the above results, it 
seems then feasible to utilize deterministic codes for 
resonance parameter searches with thick-sample cross- 
section measiireineiits used as input data. 
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1.10 DETERMINATION OF HETEROGENEOUS 
PAKAMETERS BY THE NEUTRON 

WAVE TECHNIQUE' 

E. A. Bernard' R. B. Perez 

The purpose of the present work is the study of some 
heterogeneous effects in reactor physics by the use of 
neutron wave propagation methods. In particular, we 
wanted to measure Galanin's co~ i s t an t ,~  y, by using a 
single fuel rod assembly as opposed to measurements 
which would demand the construction of expensive 
subcritical or critical assemblies. The experimental 
setup is extremely simple. I t  consists of 9 large body of 
heavy water with a fuel rod inserted centrally. The 
neutron source is located so as to generate essentially 
plane neutron waves propagating along the axial direc- 
tion of the rod. With minor modifications the experi- 
mental procedure is the one described by Booth et aL4 
The neutron pulses were followed both in the axial and 
the transverse directions and then analyzed into their 
Fourier components. Due to  limitations imposed by the 
thermalidng tank: the highest meaningful wave fre- 
quency analyzed was around 350 cps. 

The theore tical dispersion law was derived from the 
usual Fermi age-diffusion theory coupled wit11 the 
methods of the small-source modeL3 One obtains for 
the squared inverse complex relaxation length 

2 2  - ( B I - p  ) r - i w l s  
I} Y.0) 9 

where the symbols have their customary meaning and 
W(ro) is a weight factor ( ~ r n - ~ )  which depends on the 
radial dimensions of the fuel rod and the moderator. 
Inspection of Eq. (1) imniediately reveals th:it there are 
two frequencies, w, and up, for the moderator alone 
and for the actual assembly at which the corresponding 
dispersion laws intersect. This fact provides, within the 
limitation of our model, the condition 

where aF and C;, are, respectively, the real arid 
imaginary parts of the system's dispersion law at the 
intersection. Equation (2) provides a new relation for 
the calculation of reactor physics parameters. 

Table 1.10.1 compares llae experimental and theo- 
retical dispersion laws. Excellent agreement was found 
at low frequencies. As expected, the age-diffusion 
model breaks down at high frequencies where ther- 
malization effects in the moderator play an important 
role. This is more dramatically indicated by the fact 
that the value of predicted by the theory was 310 
cps as compared with the experimental value of 138 
cps. 

was obtained by the 
best f i t  to the experimental dispersion law. The result 
was y = 0.25 Ifi 0.02, which is slightly below the value y 
= 0.32 computed from diffusion theory. 

The viabihty of the neutron wave technique to study 
heterogeneous effects has been shown. More experi- 
menta tion should be performed, however, to study the 
interaction between fuel rods and its possible influence 
on the value of y. This type of experimentation also 
does set a challenge for the development of more 
realistic theoretical models. 

The value of the parameter 

Table 1.10.1. Comparison of Experimental 
and Theoretical Dispersion Laws 

0 
so 
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200 
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0.068 0.070 
0.074 0.077 
0.079 0.080 

0 
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0.03 11 
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0.0682 

0 
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0.04 I 
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0.059 
0.065 
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I . l l  A GENERAL FORMALISM FOR THE T 
MATRIX OF NUCLEAR REACTION ‘THEORY 

R. B. Perez A. J. Mockell 

The purpose of this work is to show that the T matrix 
satisfies a general Ricatti-matrix equation as a function 
of any of the parameters relevant to the nuclear 
reaction process and to give for a wide class of problems 
its expression as a fimction of these parameters. To this 
end we start with an expression for the derivative of the 
K matrix obtained previously,2 which is 

where the A matrices depend on the derivatives of the 
channel radii and boundary condition numbers with 
respect to the parameter 7, and 

t ’ ~ , ~  = J ,  dS dS’ q, $: [:(S)] s s  

and 

where G[;(S)$,7] is the Green’s funGion for the 
many-body Schrodinger $quation, $, [r(S)]  is the 
channel function, and V(Y,T) is the nuclear potential. 
Subsequently one takes the derivative of the following 
relationship between the T and R matrices:3 

where B is the penetration factor diagonal matrix and 
we made the choice S = 0 (valid for S-wave neutrons). 
‘Then aftex some algebra one finds the following 
Ricatti-matrix equation for the T matrix: 

I d  I 
P2, , l  -r - -~ In P, + 2 (P,Aoc [ 2d7  

On the basis of the Reid4 and Redheffer’ method, the 
solution of Eq. (6) can be put in the form 

(provided that the matrix Z is nonsingular), where 
Q(7,r2) and Z ( T , T ~ )  are obtained from the solution of 
the differential system: 

and 

n 
- Q = C o Z + C , Q ,  
dr  
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and for the T matrix: 

In general, it might be more desiiable to solve nunieri- 
caIly Eq. (6) than the linear system, Eqs. (1 2) and (I  3). 
However, there are two cases of large physical interest 
which we have found to  result into a closed form 
solution of Ey. (0 )  by the Reid-Redfieffer tne thod. 

The first case appears when one identifies the 
parameter T with the channel radius a, and a square 
well potential, or with the boundary condition number 
B,. Then the C matrices are independent of the variable 
7, SO that one immediately obtains for  the matrices Q 
and Z the expressions 

x M-1 (S)C3(SI - - -  C , )  --ley7 ds , 
and 

M = [(SI + C,)C,' (SI -- CI)Co -k C,C,] , 

which combined with Eq. (1 1) determine the T nlatrix. 
'The second case in which a complete solution can be 
written is more general than the previous one. I t  arises 
whenever the parameter T is neither the channel radius 
nor the boundary condition number. Then for any 
other of the parameters entering in the theory, such as 
the energy of the incident particle, the matrices C can 
be wriiteti in the f o r m :  

and 

i 
2 

c3 = - F(7) , 

which allow the uncoupling of the differential system, 
Eqs. (1 2) and (1 3), yielding the following expression 

The present formalism affords a method of constrixct- 
ing the T nlatrix from its initial value up to any giveti 
value of the pertinent parameter. it is therefore 
expected to have atnple applications in  perturbation 
theory and in the utilization of nuclear structure 
calculation functions in reaction theory. 
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1.1 2 THE ABSOLUTE SPECTRUM OF PHOTONS 
EMITTED IN COINCIDENCE WITH 

THERMAL-NEUTRON FISSION OF U' 

R. W. Peelk F. C. hlaienschein2 

Data obtained earlier have been fully analyzed to 
yield the absolute energy spectrum of prompt photons 
emitted from the fission of 3 5  IJ by thermal neutrons. 
In the measurement, each of three types of NaI(T1) 
scintillation spectrometers (single-crystal, C ompton, 
and pair) was operated in coincidence with a fission 
chamber exposed to  thermal neutrons from the Oak 
Ridge Graphite Reactor or the Bulk- Shielding Reactor 
at the Oak Ridge National Laboratory. The effective 
coincidence resolving time was G 9  nwc. Detailed and 
careful construction of the response functions of the 
spectrometer was based on their exposure to radioactive 
sources of known disintegration rates. These data were 
used to "unfold" the measured pulse-height spectra to 
give the absolute differential energy spectrum and 
uncertainty. The aveiage number of photons per fission 
was 8.13 +_ 0.35, and the- energy release per fission was 
7.25 t 0.26 MeV, both over the energy region from 10 
keV to 10.5 MeV. Output spectra axe given with an 



24 

effective resolution only slightly broader than the 
inherent energy iesolution of the spectrometers except 
at energies above 5 MeV, where tlie raw pulse-height 
bins were inade wider than the spectrometer resolution 
to reduce statistical uncertainties. Combinations of the 
data into four sets of coarser eliergy groups are also 
included to simplify ure of these data in computations. 
The results obtained here are in approximate agreement 
with the measurement of Verbinski et a!. in the energy 
region above 100 keV. From 1.5 to  4 MeV the 
calculation of 7ommei et al. gives results which are 
surprisingly close to the measurements. The observed 
total energy rdease in photon emission per fission is 
predicted ieasonably closely by the ’Thomas and Grover 
calculation, which takes into account the large angular 
momentum of the fission fragments. 
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1.1 3 OAK RllPGE ELECTRON LINEAR 
ACCELERATOR (ORELA) 

N. A. Uetz’ 
A.  I,. Boch2 
J. A. Harvey3 

T. A. T,ewis4 
F. C. Maienschein 
J. W. Reynolds4 

11. 4. Todd4 

The electron linear accelerator was accepted from the 
manufacturer, Varian Associates, on August 25, 1969. 
At the time of acceptance, the accelerator had met the 
following performance specifications: 140-MeV elec- 
tron energy, 15-A peak electron current for pulses 
shorter than 24 nsec, 3.5- to 1000-nsec burst widths: 
repetition rates to 1000 pps, and 50-kW electron beam 
power for a pulse length of 26 nsec and I000 pps. After 
acceptance the accelerator operated on a 24-hr-per-day, 
5-day-per-week schedule until May 1 ,  1970 and since 
that date has operated on a 7-day-per-week schedule 
with occasional weeks scheduled for maintenance. 
From August 25, 1969, to June 1, 1970, 2223 h r  of 
accelerator time were used by experimenters; a monthly 
breakdown is shown in Table 1.13.1. As is indicated in 
the table, the ovei-all availability of the Linac has been 
7.175, which we consider to be excellent for the initial 
period of operation. 

Since August 1969, as many as six experimenters have 
simultaneously used the Linac beam for neutron time- 
of-flight experiments, but the average number of 
experimenters has been about three. ‘Table 1.13.2 shows 
the assignment of flight stations for specific experi- 
ments and gives references to other papers in this report 
and in the 1969 Physics Division Annual Progress 
Report, ORNL-4513, which describe these experiments. 
It is pertinent to  note one result of general interest that 
was obtained in tlie experiments of Burgart et nl. (see 
Sect. 2.37). A measurement of the fast-neutron energy 
spectrum from 0.8 to 18 MeV from the tantalum target 
was made at the 50-rn shield test station with an 
NE-213 liquid scintillator. Results obtained both by the 
time-of-flight technique and by unfolding the pulse- 
height spectrum from the scintillator giving the neu- 
tron-energy spectrum are in excellent agreement. Fur-  
thermore, there is rather good agreement both in shape 
and rnagniiiide with the calculations of Alsmiller, 
Gabriel, and Guthi-ie’ made prior to the measurements. 

1.1 3.1 Limc Majntesmncc 

The performance of the klystrons which are used as 
the main source for the 1300-Mc powel- has been very- 
satisfactory. One Wystron failed at 3005 high-voltage 
hours; three other klystrons have accumulated lifetimes 
of 25CO to 4000 high-voltage hours. 

The key to  the successful operation of ORELA as a 
short, intense pulsed-neutron source is the electron gun 
and the electronic circuit that drives it. ‘the gun-grid 
drive pulse is generated by a hydrogen thyratron and is 
sharpened by a nonlinear circuit based on the use of 
ferrite-loaded delay lines. The heat-removal capacity, 
the degree of conservatism in component selection, and 
the ease of maintenance of the gun drive leave much to 
be desired. Limitations in the heat removal capacity of 
the gun-drive circuitry represent the most likely area of 
concern in  attempting to improve the full poww 
reliability of the machine. Thus we have initiated a 
program to replace this circuitry. The redesign is about 
one-third complete; the remaining design and construc- 
tion are expected to require another ten months. 

As recorded in last year’s report6 electron guns have 
been operated with peak target currents as high as 18 A 
with a very satisfactory dark current. In order to 
increase the lifetime of the cathode, a different method 
of depositing the cathode surface was developed by the 
EIMAC FJivision of Varian Associates. This modified 
gun lasted 1600 hr, and peak target cirrrents of 12 A 
were obtained. Efforts are being made to continue to 
improve tlie performance and lifetime of the electron 
guns. 
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Table 1.13.1. ORELLA Operation for Period fxom August 25, 1969, to  June I, 1970 _- 
Date 

IJnscheduled Maintenance 
Availability (9,) Research Hours Scheduled Maintenance 

Hours Hours 

4-2-69  to 9-30-69 
10-1-69 to 10-31-69 
11-1-69 to 11-30-69 
12-1-69 to 12-31-69 
1-2-70 to 1-31-70 
2-2-70 to 2-28-70 
3-2-70 to 3-26-70 
3-30-70 to 5-1 70 
5-1-71) to 6-1-70 

212.2 
216.4 
243.5 
315.0 
213.9 
292.5 
167.0 
176.5 
265.6 

Totals 
8-25-69 to 6-1-70 2222.6 

32.0 

48.0 
40.0 
32.0 
32.0 
32.0 

227.0 
100.0 
-I 

543.0 

14.8 
307.6 

14.5 
24.3 
28.9 

114.9 
218.4 

13.1 
51 .O 

787.5 

94.8 
41.3 
94.3 
93.0 
90.5 
71.8 
43.3 
93.1 
83.9 

73.8 

___ 

Table 1.13.2 Experiments Performed at ORELA 
- __ _.. I._.._. 

Station 
Flight Path 

No. 

1 80m 

1 200 m 

2 Electton 
room 

3 

4 20 in 

5 20 m 

6 40 111 

6 150 ni 

7 40 m 

8 20 m 

9 30 111 

9 50 m 

10 

11 Electron 
room 

Thte 
Available 

1-69 

8-7 0 

12-69 

__ 

8-72 

1-69 

1-69 

12-70 

1-69 

3-7 I 

10-69 

12-69 

6-70 

Experiment(s) 

Total Neutron Cross Sections; Angular Distributions 

Total Neutron Cross Sections 

Fission Fragment Asymmetries from Aligned 

of Elastically Scattered MeV Neutrons 

Fissile Nuclides; Cross Sections for 
Polarized Neutrons on Polarized Nuclei 

Auxiliary Experiments for Flight Path 6 

Preliminary Experiments for Flight Path 6 ;  
Measurements of q Near 'Thermal Energies 

Neutron Cross-Section Measurements 
Using Scintillation Tank 

As Above with Better Energy Resolution and 

Neutron Capture Cross Sections for Nonfissile 

Less Gamma Flash 

Materials in the keV Range 

Prechion Neutron CroscSection Measurements* 

Secondary Gamma-Ray Spectra for Shielding Studies 

Secondary Gamma-Ray Spectra for Shielding Studies 1 
-1 

Gamma-Ray Spectra vs Energy of Neutron Capture 

Reference 

ORNL-4513. I). 6 2  

OKNL-4513, p. 87 
ORNL-45 13, p. 106 

Paper 1.4 

Paper 1.2 

ORNL-4513, p. 33 

Paper 2.31 

*Being started on  No. 5 at  20 m. 
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The operation of the thyratrons, CH-1191, 12 of 
which are used in the Linac, has been quite satisfactory. 
The average thyratron life is now several thousand 
hours. 

Repeated breakdowns have occurred in the cables 
that carry the high-voltage pulse to the klystron. ‘The 
sharply pulsed high-peak current has led to overheating 
of the cablcs provided with the Linac. At present, four 
cables of RG-I 9 in parallel are working satisfactorily. 
We are now attempting to obtain specially molded 
cables, complete with terminator?, from the company 
that provides these for SLAC. 

A spare-parts inventory-control program for the Linac 
has been put into operation on the computers of the 
phase I data-handling system. About 90% of the 
initially planned $pare parts ai c now on hand. 

1 .1  3.2 Data-Maodling System 

The OREIA data-handling systcm consists of a series 
of computers for real-time data acquisition (phase I) 
and on-line analysis of the acquired data (phase 11). The 
phase I system is based on two SEL 810R computers 

that have attached, in addition to the standard periph- 
erals, high-speed disks for the storage of experimental 
information. These semirandom-access, fixed-head disks 
can accept events at a rate of several thousand per 
second into either 300,000 or 700,000 channels. 

The first experimental interface and software for the 
phase 1 data-handling system were iil operation in June 
1969, and data collection began in August 1969. A 
general-purpose monitor program ODAC, incorporating 
individualized “crunch” routines for sorting the time- 
of-flight data into channels, allows the use of the 
computers for a variety of experiments on a one-at-a- 
time basis. In particular, the phase I data-handling 
system has already been utilized in the experiments at 
flight paths Nos. I(a), 6, 7, and 1 1 ,  as shown in Table 
1.13.2. 

The next major step in the use of the phase I system 
is the extension of the monitor program to allow 
simultaneous use of each of the computers by more 
than one experimenter. The first steps in the extension 
have already been successfully tested. I t  should be fully 
implemented for multiple use, of each computer by 
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about September 1970. A maximum of four experi- 
ments per computer is planned. 

Considerable attention was given in the design and 
construction of the ORELA building to provide an 
isolated ground system for the experimental itistrumen- 
tatiori with ground contact at a single point. In order to 
avoid multiple ground paths among experinients which 
ale joined at the data-handling system, it is necessary to 
provide isolation between each experiment and the 
data-handling system. An isolation system has been 
designed, and tests are uncles way on a partial proto- 
type, If  the prototype is successful, an extension will be 
made to  all experinients. 

An extension of the phase I data-handling system to 
accept signals from an existing PDP-9 using an existing 
PDP-4 link has been designed foi completion during the 
next year. 

1.1 3.3 Immediate Analysis and Coordinating 
Computer (IACC) 

The phase TI system is a display-oriented time-sharing 
computer system' having a response time of less than 5 
sec to user requests through the diaplay consoles. Its 
layout is shown in Fig. 1.13.1. This figure also shows 
connections to the phase 1 data-handling system and to 
other existing computeis. The PDP- 10, which provides 
the immediate-analysis capability, will also be used as 
the ORNL coordinating computer. In this capacity it 
will communicate with and stand belween data- 
acquisitjon computers arid remote batch-entry devices 
throughout the Laboratory and the large central com- 
puters, the IRM 360/75 and 360/91. A contract for the 
phase I1 data-handling system was signed on December 
31, 1969; expected delivery of the system is December 
1970, with acceptance to  be completed by May 1 ,  
1971. This system will be operated by the Mathematics 
Dhsion.  The preparation of the detailed specifications 
for the phase I1 system, which will cost approxinlately 
$1.5 million, has required approximately two man-years 
of effort during the past year and two man-years 
previously. 
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1.1 4 PULSE-SHAPE MEASUREMENTS FOR THE 
OAK RIDGE ELECTRON LINEAR ACCELERATOR 
WITH GAMMA-RAY DETECTION TECHNIQUES' 

1,. W. Weston J. H. Todd2 

A study of the pulse-shape characteristics of the Oak 
Ridge Electron Linear Accelerator was carried out 
because the resolution of neution cross-section atid 
neutron spectia ineilsurements is directly dependent 
upon this pulse shape. Gamma-ray detection with 
techniques commonly used in neutron time-of-flight 
experiments was used in the study because of the 
fidelity with which the pulse shape could be measured. 
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1.15 FAST FISSION CHAMBER 
AMPLIFIER-DISCRIMINATOR SYSTEM' 

R. W. Ingle2 F. E. Gillespie' 
L. W. Weston 

T o  measure the fission cross section of ' U as a 
function of neutron energy, instrumentation with fast- 
pulse rise time and short resolving-time characteristics is 
required. The efficient detection of fission-fragment 
pulses in the presence of a high-alpha background 
requires these Characteristics. A fission detector with an 
electron collection time of 25 nsec and containing 1 g 
of 2 3 3  U and an amplifier with a rise time of 7 nsec and 
an overall gain of I000 were developed for this 
measurement. This system, detecting the fast-rising 
current pulse from a parallel-plate ionization chamber, 
is an integral part of the instrumentation used by a 
group at ORNL engaged in the measurement of the 
neutron fission and capture cross sections as a function 
o f  neutron energy. With this system the fission cross 
section of ' U was successfully measured 0 x 1  a 
neutron energy range from 0.4 to 2000 eV. 

References 

'Abstract of paper to be published in Review of 

* lnstrumentation and Controls Division. 
Scientific Instruments. 
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OTON INELASTIC SCATTERING 
FROM EVEN-EVEN MEDHUM- 

C. M. Perey' 
R. J.  Silva3 

J .  K. Dickens 
F .  6. Perey 

The analysis of inelastic scattering of 1 I-MeV protons 
from quadrupole and octopole collective levels of 14 
even-even nuclei between 48Ti  and 76Ge is reported. 
The distorted-wave-Born approximation is used to 
calculate the cross sections using the collective model 
generalization of the optical model for inelastic scat- 
tering. The analysis is perfoimed using both real and 
coiiiplex form factors for the model. A satisfactory 
description of all of the data is obtained when a 
contiibution due to compound nucleus decay for most 
of the octopole levels and a few of the quadrupole 
levels is included. 

References 

' Abstract of article accepted for publication by 
Physical Review; also abstract of  OKNL-TM-286 1 
(January 1970). 

'Consultant to Neutron Physics Division. 
Chemistry Division. 

1.1 7 ISOBARIC SPIN DEPENDENCE 1N PROTON 
TRANSFER REACTIONS' 

K. G. Couch' 
F. G. Perey 

J.  A. Biggerstaff3 
K. K. Seth4 

Results of an experimental investigation of 
'4Fe(d,n)' ' Co reactions are presented, and spectro- 
scopic strengihs for both T< and T> states are derived. 
It is concluded that within the limits of experimental 
and analytical uncertainties there is 1x0 discrepancy 
between the spectroscopic factors for T> analog states 
as derived from the (d.n) and (3  He,d) reactions. 

RCfW!IlC%§ 

' Abstract of Phys. Letts., 298, No. 10 (Aug. IS, 

' Present address: Kellogg Radiation Laboratory, 
1969). 

California Institute of Technology, Pasadena. 
Physics Division. 
Prescnt address: Northwestern University, Evanston, 

Ill. 

1.18 MEASUREMENTS OF (0) WEAC'TIONS 
'8Ni, 60Ni, 6'Ni, AND 64Ni AT 5 AND 10 MeV' 

A. L. Marusak' 

Absoliite differential cross sections for 
' Ni(d,n)' Cu, Ni(d,nI6 Cu, Ni(d,nl6 Cu, and 
64Ni(d,n)65Cu at 5 and 10 MeV were measured by 
time-of-flight techniques in order to  obtain energy 
levels, 1 values, and spectroscopic strengths for the 
o d d 4  copper isotopes and to compare these results 
with those obtained from the (3He9d) and (%t) proton 
stripping reactions. 

Pulsed deuteron beams with pulses of 1 nsec FIWM 
and currents of 1 to 2 PA were obtained from the Oak 
Ridge National Laboratory 5.5-MV Van de Graaff and 
the Tandem Van de Graaff accelerators. Neutrons were 
detected in 2-in.-thick liquid scintillators optically 
coupled to phototubes. Gamma rays were discriminated 
against to reduce background, and the deuteron beam 
was monitored by measuring elastically scattered deu- 
terons with a silicon surface-barrier detector. Measure- 
ments were made at angles ranging from 15 to 120 deg 
with flight paths varying from 7 to 34 m. Flight times 
for ground-state neutrons from ' * N i ( d , ~ z ) ~ ~  Cu were 
measured with a resolution of about 2 nsec. 

All data were accumulated in a PDP-7 computer. Peak 
areas and centroids were extracted by means of a light 
pen which interacted with the PDP-7 by detecting light 
from an oscilloscope display. Absolute efficiency of the 
neutron detectors was calculated with a Monte Carlo 
computer program. 

Angular distributions were compared with predjctions 
of DWBA theory using optical model potentials of the 
Woods-Saxon form, taking into account nonlocality, 
spin-orbit terms, and finite-range effects in the @,n> 
interaction. Optical model parameters were obtained 
from clastic scattering of deuterons on 6oNi. Angular 
distributions predicted by DWBA analysis agreed well 
with the 10-MeV data but poorly with the 5-MeV data. 

Spectroscopic strengths were obtained for 14 levels in 
5 9  Cu, 13 levels in '' Cu, 10 levels in Cu, and 9 levels 
in " Cu. Agreement with spectroscopic strengths 
obtained from ( 3  He,d) measurements was good. 

Relative spectroscopic strengths of the first few 
low-lying levels in the o d d 4  copper isotopes are in 
marked disagreement with those predicted by the 
simple excited-core model but in fair agreement with 
predictions o f  more extended models. 

Abstract of ORNE-TM-2473 (February 1970). 
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Present address: University of California, L,os 
Alamos Scientific Laboratory, P. 0. Box 1663, Los 
Alamcis, N.N. 87544. 

1.19 SPECTROSCOPY OF ' ,' ' Ga BY 
(d ,n)  REACTION' 

R. c. Couch2 I;. G. Perey 
J.  A .  Bi,qgerstaff3 S. Rainan4 

K. K. Seth' 

The ' 9'' 9' 'Zn(d,rz)' ' *' 7 9 6  Ga ieactions have been 
studied by the neutron time-of-flight method. Absolute 
differential cross sections haw been measured and have 
been analyzed in terms of the distorted-wave Born 
approximation. Spin and parity assignments for several 
levels are proposed on the basis of 1 values and 
transition strengths. The experimental results for 
' 7 , 4 9 ~ a  are compared with existing theoretical calcula- 
tions. Only limited agreement is found. 

References 

' Abstract of paper accepted for publication in the 
Physical RCVIPW; also abstract in ORNL-4513 (June 
1970). 

I'rebent address: Kellogg Radiation Labor3 tory, 
California Institute of Technology, Pasadena. 

'Physics Division. 
4 ~ u c ~ e a r  Data Project. 

Present address. Northwestern [Jniversjty, Evanston, 
111. 

1.20 FINITE-SAMPLE CQRRECTIONS TO 
NEUTRON SCATTERING DATA' 

W. E. Kinney 

The correction of neutron-scattering data for finite- 
sample effects in solid cylindrical samples up to 0.5 
total mean free path in iadius with height-to-diameter 
ratios of from 1 i o  3 is described. Neutron attenuation 
i s  well approximated by assuming the sample to be a 
disk with the neutrons incident edge-on in a parallel 
beam. Angular spread is corrected by a factor obtained 
by numerical integration of the single-scattering inte- 
gral. Multiple scattering is corrected by ii combination 
of Monte Carlo results and traditional analytic methods, 
the energy cliaiige in inelastic scattering being included 
explicitly in the formulation. ']The effect of anisotropic 
scatteiing i s  shown to amount to  a few percent at most 
and to  lie within the errors introduced by the assump- 
tions. 7 he Monte Carlo calculations and the validity of 
the assumptions are considered in an appendix. 

Reference 

'Abstract of Nucl. lristi-. Methods 77, 141-58 (1970). 

1.21 RON ELASTIC- AND 
INELASTICSCATTERING CROSS SECTIONS 

FOR SODIUM IN THE RANGE OF 5.4 TO 8.5 MeV' 

F. G. Perey W. E. Kinaey 

We present numerical values for neutron elastic- and 
jnelastic-scattzrir~g cross sections for sodium for 
incident energies from 5.4 to 8.5 MeV. In this energy 
region theie exists only one previous measurement, at 7 
hfeV, lor tlie inelastic scattering to  the first excited 
state. This datum point is consistent with our results. 
Two ENDF/R evaluations for sodium are compared 
with our data. Both evaluations iire in fairly good 
agreement with the integrated elastic cross sections but 
give poorer agreement for the diffeiential elastic cross 
sections. For the inelastic-scattering cross sections, one 
of the evaluations does not go above 5 MeV and the 
other, altlriorigti it reproduces the cross section for the 
first excited state fairly well, fails to reproduce the 
decrease in the inelastic cioss sections as a function of  
energy for the other levels. 

Reference 

Abstract of OKNL-4518 (June 1970). 

1.22 CALCIUM NEUTRON ELASTIC- 
AND INELASTIC-SCATTEKlNG CROSS 

SECTIONS FROM 4.0 to 8.5 MeV' 

F. G. Perey W. E. Xmney 

Numerical values are given for neutron elastic- and 
inelastic-scattering cross sections from calcium in the 
range of 4.0 to 8.5 MeV. A brief description o f  tlie 
experimental and data-reducing techniques is presented 
to assist in the evaluation of the data. Elastic angular 
distributions at two energies are in very good agreement 
with previous data. There does not exist any previous 
measurement of inelastic scattering with which to 
compare our data. The data are conipared with the 
present ENDF/R evaluation. Very good agreement is 
found for elastic scattering. For inelastic scattering the 
shapes of the angular distributions are in fair agreement, 
but there are some serious discrepancies in the niagni- 
tudes of the cross sections. 
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Reference 

'Abstract of ORNL-4519 (April 1970). 

1.23 SULFUR NEUTRON ELASTIC- 
AND INELASTIC-SCATTERING CROSS 

SECTIONS FROM 4.8 TO 8.5 MeV' 

F. 6. Perey W. E. Kinney 

Numerical values are given for neutron elastic- and 
inelastic-scattering cross sections from sulfur in the 
range of 4.0 to 8.5 MeV. A brief description of the 
experimental and data-reducing techniques is presented 
to assist in the evaluation of the data. Our data are in 
general agreenicnt with other data in this energy region. 

Reference 

Abstract of OliNL-4539 (June 19'70). 

1.24 NEUTRON ELASTIC- AND 
INELASTIC-SCATTERING CROSS SECTIONS 

FQR COBALT IN THE ENERGY 
RANGE 4.19 TO 8.56 MeV' 

W. E. Kinney F. G. Perey 

We present numerical values of neutron elastic - and 
inelastic-scattering cross sections for natural cnbalt, 

Co, in the incident neutron energy range from 4.19 
to 8.56 MeV. Our results are in reasonable agreement 
with the results of others. Because of the high level 
density of cobalt, we list data at all energies of 
measurement as angle-averaged continuum spectra 
which show structure previously seen in iron and 6oNi.  
There exists no evaluation with which to compare our 
data. The data partially fulfill a priority I1 request to 
NCSAG. 

Refereme 

' Abstract of ORNL-4549 (June 1970). 

1.25 NEUTRON ELASTIC- AND 
INELASTIC-SCATI'EMXNG CROSS 
SECTIONS FOR MAGNESWM IN 

I'NE ENERGY RANGE 4.19 TO 
8.56 MeV' 

W. E. Minncy F. G. Perey 

We present numerical values for neutron elastic- 
scattering cross sections for natural magnesium and 

cross sections per atom of natural magnesium for 
inelastic scattering to levels in 24Mg for incident 
neutron energies from 4.19 to 8.56 MeV. Our data are 
in good agreement with the results of others. We find 
that ENDF/B-evaluated magnesium angular distribu- 
tions are in fair agreement with our data. The ENDF/S 
total elastic-scattering cross section agrees well with the 
experiment below 5 MeV, but at higher energies it is 
generally higher than the data, the difference being as 
much as 40%. The ENDF/B total inelastic-scattering 
cross sections are in good agreement with the experi- 
mental data. 

Reference 

Abstract of ORNL-4550 (June 1970). 

1.26 CARBON NEUTKBclN ELASTIC- AND 
INELASTIC-SCATTIEKING CROSS 

SECTIONS FROM 4.5 TO 8.5 
MeV' 

F. G Perey W. E. Kinney 

Numerical values are given for neutron elastic- and 
inelastic-scattering cross sections from carbon in the 
energy range 4.5 to  8.5 MeV. A brief description of the 
experimental and data-rediicing techniques i s  presented 
to assist in the evaluation of the data A comparison 
was made with other data in this energy region, and 
fairly good agreement was found, particularly with 
previous time-of-flight data. Our data were also com- 
pared with the predictions obtained from the cutterit 
ENDF/B file of "evaluated" cross sections for carbon. 
The ENDFIB file was found to ieproduce very poorly 
the data for both elastic and inelastic cross sectioiis. 
This is not too surprising in view of the rapid changes in 
the shapes of the cross sections and the paucity of data 
previously available in this energy region. 

Reference 

'Abstract of ORNE-4441 (December 1969). 

1.27 Ni NEUTRON ELASTIC- AND 

SECTIONS FROM 6.5 '333 
8.5 MeV' 

INELASTIC-SCATTERING CROSS 

F. G. Perey C. 0. Le Rigoleur' 
W. E. Kinney 

Numerical values ai-e given for neutron elastic- and 
inelastic-scattering cross sections from 6 o  Ni at five 
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energies from 6.5 to  8.5 MeV. A brief description of the 
zxperinienta1 and data-reducing techniques is presented 
to assist in the evaluation of the data. Angular 
distributions are given for elastic scattering and inelastic 
scattering to the low-lying excited states. Above 3-MeV 
excitation in the residual nucleus, our expet itnental 
energy resolution is inadequate to resolve the inelastic 
scattering to  individual levels. This continuum portion 
of the inelastic spectrum presents much structure which 
is very similar at all the energies. Angular distributions 
were extracted for the five lowest pwks in this 
continuum which are at about 3 2 ,  3.7-, 4.1-, 4.4-, and 
4.6-MeV dxcitation. 

References 

' Abstract of ORNL-3523 (April 1970). 
'Present address: C.E.N., Cadarache (13), St. Paul lez 

nu trance, France. 

1.28 NEUTRON ELASTIC- AND 
INELASTIC-SCATTERING CROSS 

SECTIONS FOR SILICON IN THE ENERGY 
RANGE 4.19 TO 8.56 MeV' 

W. E. Kinney F.  6. Perey 

We present numerical values for neutrun elastic- 
scattering cross sections for natural silicon and cross 
sections per atom of natural silicon for ine1:istic 
scattering to levels in ' Si for incident neutron energies 
fioni 4.19 to 8.56 MeV. Our data are in reasonable 
agreement with the results of others. The 
ENDF/B-evaluated silicon cross sections are, with few 
except ions, in good agreement with experimental data. 

Reference 

fair agreement with the experimental data, but the 
differential elastic-scattering cross sections are not a 
good representation of the data beyond the first 
mini mu m. 

Reference 

' Abstract of OKNL-4515 (June 1970). 

1.30 A MONOENERGETIC 61 30-keV 
GAMMA-RAY SOURCE FOR DETECTOR 

CALIBRATION 9 

J. K. Dickens R. D. B a y b a d  

A rnotioenergetic 6 130-keV gamma-ray source based 
3C(c1,~1)1 ' 0  has been f a b r h t e d  upon the reaction 

using 2 4 4 ~ m  as the alptla source. 

References 

' Abstract of paper accepted for publication in NU- 
clear Inslrunierzts urd iVfethods; also abstract of ORNL- 
TM-3958. 

'This work funded by the Defense Atomic Support 
Agency under Subtask No. RRP-2068 

Cliemical Technology Division. 

'1.3 1 COMPARISON OF A METHOD FOR 
MEASURING ( n , q )  CROSS SECTIONS 
USING A PULSED VAN DE GRAAFF 

ACCELEKATOR WITH A METHOD UsLNG 
AN ELECTRON LINAC , 2  

J. K. Dickens F. G .  Perey 

Operating results for ;I system io measure (n,x-y> cross 
sections for E,  between 4 and 11 MeV using a pulsed 
Van de Graaff are presented. 

' Abstract of ORNL-45 17 (June 1970). 
References 

I .29 NEUTRON ELASTIC- AND 
INELASTIC-SCATTERING CROSS SECTIONS 

4.19 TO 8.56 MeV' 
FOR ' Fe IN THE ENERGY RANGE 

W. E. Kinney F. 6. Perey 

&Ve present numerical values of neutron elastic- and 
inelastic-scattering cross sections to levels in Fe per 
atom of natural iron for incident neutton energies from 
4.19 to 8.56 MeV. Our results compare favorably with 
the results of othets. We also compare three sets of 
evaluated iron cross sections with experimental data 
and find that the total scattering CIOSS sections are in 

' Abstract of paper accepted for publication in Nu- 

'This work partially funded by the Defense Atomic 
clear Instruments and Methods. 

Support Agency under Subtask No. RRP-2068. 

1.32 THE 1 4 N ( n , ~ - y )  REACTION FOR 
8.5 Q E,l < 1 1  MeV1 j 2  

J.  K. Dickens F. G. Perey 

Differential cross sectiotis are given for the produc- 
tion of discrete-energy ganinla rays by neutron interac- 
tion with nitrogen for E,? between 8.5 arid 11 MeV. The 



32 

data supplement similar results for E, < 8.6 MeV 
previously reported in ref. 3. The experimental ap- 
paratus, techniques, and difficulties are essentially the 
same as those previously reported. 

References 

I Abstract of Nucl. Sci. Eizg. 40, (1970); also abstract 

rhis work funded hy the Defensc Atomic Support 

3 J .  K. Dickens and F. G. Perey, Nucl. Sci. Eiig. 36, 

of ORNL-TM-2'778 (November 1969). 

Agency under Subtask No. KRP-2068. 

280 (1 969). 

1.33 THE o ( ~ , x Y )  mAC' - rmN FOR 
6.7 <E,l < 1 1  

J. K. Dickens F. G. Perey 

We have obtained gamma-ray spectra for the reactions 
O(ti,~'y)' 0 and O(n,uy)' C for incident mean 

ncutron energies (E,) between 6.7 and 11.0 MeV. The 
gamma rays were detected using a 30-cm3 coaxial 
Ge(Li) detector placed at 55 and 90 deg with respect to 
the incident neutron direction. Time-of-flight elec- 
tronics was used with the gamma-ray detector to 
discriminate against unwanted pulses due to neutrons 
and background gamma radiation. 'Two samples of 75 
to 31 g of Be0 in the form of right circular cylinders 
were used. 'The incident neutron beam was produced by 
bombarding a deuterium-filled gas cell with a pulsed 
deuteron beam of appropriate energy; for En < 8.5 
MeV the deuteron beam was obtained from the ORNL 
6-MV Van de Graaff, and for E, 2 8.6 MeV it was 
obtained from the ORNL Tandem Van de Graaff. These 
data have been reduced to  differential cross sections for 
production of gamma rays from ' 0. The cross sections 
have been compared, where possible, with previonsly 
measured values with reasonable agreement. However, 
there are several important differences, and these are 
discussed. Summing the partial cross sections yields 
values for the total nonelastic cross section which are in 
good agreement with values for the nonelastic cross 
section obtained from the difference between the total 
cross section and the total elastic cross section. 

References 

Abstract of Nucl. Sci. Eng- 48, 283 (1970); also 

2This work partially funded by Defense Atomic 
abstract of ORNL-IM-2770 (November 1969). 

Support Agency under Subtask No. PC068. 

1.34 28-30 Si(n,xy) REACTIONS FOR 
5.3 <E, < 9.0 MeV',' 

J. K. Dickens 

Interactions of neutrons with silicon have been 
studied by measuring gamma-ray-production cross sec- 
tions. For incident mean neutron energies En = 5.35, 
5.85, 6.4, 6.9, 7.45, 7.95, 8.5, and 9.0 MeV, spectra 
were obtained for a natural silicon sample. The gamma 
rays were detected using a coaxial Ge(Li) detector of 30 
cm3 active volume. Data were obtained for gamma-ray 
scattering angles of 55 and 90 deg for all E,, 35 deg for 
E, = 7.45 and 8.5 MeV, and 75 deg for E,, = 6.4 and 
7.45 MeV. Time of flight WJS used with the detector to 
discriminate against pulses due to neutrons and back- 
ground radiation. Data were also obtained at E?, = 5.3 
MeV and 0 = 5.5 deg for a sample of 29S i02  enriched 
to 95% inY29Si and for a similarly enriched sample of 
30Si02 .  These data have been studied to  obtain 
absolute crosq sections for production of gamma rays 
for the incident neutron energies quoted above. The 
cross sections have been compared, where possible, with 
previously measured values with fair agreement. 

The spectra were studied for gamma rays which could 
be associated with deexcitation of nuclear levels having 
unknown decay modes. For 29Si ,  gamma rays were 
found having energies appropriate for decay of levels at 
excitation energies Ex = 1.'736,4.836, 4.893, and 5.249 
MeV. For 30Si gamma rays were found for decay of 
levels at excitation energies -E, 2 4.826 MeV. The spin 
of the 4.826-MeV state in 30Si is reasonably limited to 
2, 3, or 4. No previously unknown transitions were 
found for 28Si or 2 s M g ;  for 28A1 the evidence suggests 
that the 1.624-MeV level is a doublet of 3-keV 
separation. 

References 

Abstract of article accepted for publication by the 
Physicul Review; also abstract of ORNL-TM-2883 (FeS- 
ruary 1970). 

This work partially funded by the Defense A toniic 
Support '4gency under Subtask No. RKP-3068. 

1.35 THE Fc(n,xy) WAC'I'ION FOR 
5.35 < E, < 9.0 MeV' 

J. K. Dickens I;. G. Perey 

As part of a continuing program2 to obtain produc- 
tion cross sections for gamma lays produced by the 
interaction of neutrons with nuclei, we have measured 
differential cross sections for the reactiori Fe(n,xy) for 
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nine bombarding neutron energies between 5.35 and 
9.0 MeV. 

The D ( d ~ z ) ~ H e  reaction was used for the neutron 
source. Pulsed deuteron beanis of -1-nsec width, 
obtained from the ORNL 5.5-MV and Tandem Van dz 
Graaff accelerators, struck a gas cell through which Dz 
gas was circulated. The emerging neutrons interacted 
with a 30-g iron sample placed 8 to 10 cm from the 
target and were monitored by a scintillation- 
photomultiplier neutron detector. Gamma rays from 
the sample were detected with a 30-cm3 Ge(Li) 
detector placed 7 5  to 90 cm from the sample. Fast- 
timing discrimination was used to designate a detected 
gamma ray as “prompt” or “background.” Details of 
the experimental arrangement, which uses a PDP-7 
computer for on-line data accumulation as well as 
off-line data reduction, may be found in the papers 
cited in ref. 2. 

Several parameters had to  be determined before 
absolute values o f  du/dw could be obtained; these 
included the efficiency of the germanium detector, 
attenuation o f  gamma rays in the samples, effects due 
to finite sizes of the neutron source and due to sample 
neutron attenuation and multiple scattering, and the 
efficiency of the monitor system. Details of the 
determination o f  most of these parameters are given in 
the previous reports? facets specific io the present 
report are discussed briefly. 

The major iiricertainties associated with reduction of 
the iron data were (a) the very large number of gamma 
rays observed (more than 100 peaks in a spectrum, 
including escape peaks, due to 60 or inore different 
gamnla rays), and (b )  the fact that deexcitation modes 
for levels in  56Fe with Ex >, 4.9 MeV ale not known. 
‘I’he large number o f  gamma rays resulted it1 a sub- 
stantial underlying Compton distribution; peaks related 
to differential cross sections of <O.S mb/sr could not be 
extracted with any reliability. The lack of knowledge of 
the decay modes o f  the highly excited states resulted in 
uncertainties in assignment of nlany observed gamma 
rays and, in addition, resulted in much uncertainty 
about the relationship between energies of  observed 
peaks and the energies of the gamma rays producing 
these peaks. That is, an observed peak could have been 
a full-energy peak due to a gamma ray having E,,, = 
Eobserved, or it could have beer1 a double-escape peak 
due to a gamma ray with E7 = Eobserved -t 1.022 MeV, 
or a combination of these. This problem was par- 
ticularly acute for peaks having small areas where 
neither energy ET could be associated with a known 
transition in ” Fe; it contributed to  the uncertainty in 
cross-section evaluation even in some cases where one 

of the energies ET could be associated with a known 
transition. 

Because of these difficulties it was decided to  
concentrate on reducing the data for the well-known 
transitions whose cross sections were large enough to 
report with reasonable confidence. These differential 
cross sections are collected in Table 1.35.1. rhe 
uncertainties assigned to  the cross-section data are ns 
follows: l0%1 for &/do > 20 mb/sr, 15% for 20 2 
du/do 3 2 mb/sr and 20% for duldw < 2 nib/sr. Our 
data are compared will1 previously published gamma- 
ray cross-section data3 and with curves computed using 
compound-nucleus formalism: the cumparisons are 
shown in Figs. 1.35.1 and 1.35.2 for tlie 0.846-MeV 
transition from the first excited state in ”Fe and the 
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Fig. 1.35.1. Elemental Differential Cross Sections for 
Gamma-Ray Production Due to Neutron Excitation of the 
0.846-MeV First Excited State in S6Fe. The present data, for a 
gamma-ray scattering angle of 55 deg, are coinpared with 
previously published data and with cross sections calculated 
using compound-nucleus formation combined with direct- 
interaction excitation. 
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Table 1.35. I .  Elemental Differential Cross Sections for Gamma-Ray Production Due to Neutron Interactions with Inow' 

Cross Section (mbisr) for En of 
...... .............. .......................... ._ 

~ , ~ ~ ~ l  5.35kO.20 5.85-kO.02 6 . 4 0 t 0 . 2 0  6 .90 t0 .15  7.45iO.15 7.95*0.10 8.50+-0.10 9 . Q k 0 . 1  -% 
MeV 
_I______ 

....... MeV MeV MeV MeV MeV MeV MeV ......... ...... 
( k e V  (keV) 

55' 90' 55' 90' 55' 90' 55' 90° 55O 90' 55' 30' 5 5 O  90' 55' 90' 

~e Isotope 

846 846 85.0 81.7 86.6 83.2 88.0 82.0 89.2 84.2 84.6 77.5 94.6 84.2 93.4 85.1 101.0 88.8 
5.7 5.7 5.6 5.6 6.5 6.1 6.5 6.4 6.3 5.8 7.0 5.3 7.9 6.4 7.4 7.3 

1168 3826 
1175 4298 2.1 2.2 2.2 . 1.9 2.5 2.1 1.6 1.8 1.9 1.8 2.6 1.8 2.2 1.9 1.8 2.0 

1238 2085 23.9 22.6 27.0 23.5 2X.9 24.5 30.0 25.3 29.6 27.5 33.2 27.2 34.5 31.1 40.0 33.7 
1771 3857 2.2 3.2 2.4 3.3 2.4 2.4 2.6 3.1 1.9 2.2 2.0 2.0 2.3 2.3 2.4 1.8 
1811 2658 9.3 10.6 11.2 9.6 9.9 8.9 11.0 9.5 9.6 8.2 9.6 8.1 9.2 8.5 9.6 9.0 
2035 4120 1.4 1.9 2.8 2.1 2.4 2.3 1.6 1.7 2.2 2.5 2.0 1.4 2.8 2.2 2.6 2.4 
2113 2960 5.5 5.9 5.1 5.2 5.4 4.9 5.2 4.7 4.2 4.2 4.3 3.7 4.1 3.7 4.3 4.4 
2274 3123 3.3 3.4 2.4 2.9 2.1 2.6 2.2 2.6 2.5 2.8 2.3 2.0 1.7 1.6 2.4 1.8 
2523b 3370 5.3 4.5 5.0 3.8 3.5 3.4 3.6 2.0 1.8 1.7 1.6 1.4 2.4 2.2 2.1 1.8 
2599' 3445' 3.7 5.8 5.3 5.2 5.6 6.3 6.0 6.7 5.8 6.0 5.5 5.8 5.8 6.0 5.1 5.7 
2759 3604 3.2 3.1 3.2 2.6 2.6 2.1 2.4 1.7 1.7 1.7 1.7 1.5 1.9 1.4 1.0 1.1 
3202 4049 2.4 1.9 2.7 1.5 1.6 1.8 2.3 1.8 1.6 1.4 1.9 1.7 2.2 1.8 2.1 1.4 

2.5 3.5 2.3 3.0 2.4 2.8 1.9 2.0 1.6 2.0 2,2 2.4 1.8 1.6 2.8 1.4 
3451 4298 

359Rd 359sd 2.6 3.3 2.9 2.6 2.4 2.5 2.4 1.9 1.8 1.6 1.5 1.4 1.6 1.2 1.2 1.4 

s4Fe  Isotope 

3123 I 

3445 3445 I 
3548b 4395 2.0 2.2 2.9 2.6 2.2 2..5 1.7 1.9 1.5 2.2 1.1 1.5 2.0 1.4 2.8 1.9 

1130 2538 1.3 1.1 1.0 1.0 1.2 1.2 1.1 1.3 1.6 1.3 2.1 1.5 1.6 1.3 1.4 1.3 
1408 1408 3.8 4.2 3.7 3.0 4.1 3.3 4.4 3.5 3.7 3.3 3.3 2.8 4.2 3.7 4.4 3.5 

.................... ................... .................... _____ 
"Not corrected fox relative sbiriidances of the isotopzs. 
b2523- and 3548-keV lines each appear to be doublet. 
'These data include contributions from 2599- and 2604-keV transitions from 3445- and 3450-keV levels. 
dThese data include contributions fioin 3598- and 3604-keV ground-state transitions. 

1.238-MeV transition from the second excited state. 
The solid lines represent the calculations which include 
the known or probable contributions for gamma transi- 
tions from lcvels in ' Fe up to 4.87-MeV excitation. As 
is seen for E,, > 5.5  MeV, the calculations predict too 
little cross section for both transitiom shown. We 
conjecture that nearly all of the levels in Fe with Ex 
> 4.87 MeV decay through the first excited state. This 
conjecture is supported quite well by the nearly 
complete lack of gamma rays in our raw spectra which 
can be associated with ground-state transitions from 
hjghly excited states. The dashed curve in Fig. 1.35.1 
shows the predicted excitation function for the 0.846- 
MeV gamma ray if the conjecture were completely 
valid. 

I t  IS evident, however, that a bigger detector with 
more efficiency for high-energy gamrna rays and better 
resolution a$ well as a better understanding of the Fe 
nucleus will be required before we can reliably obtain 
more complete results on this clement. 
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Pig. 1.35.2. Elemental Differential Cross Sections for 
Gamma-Kay Production Due to Neutron Excitation of the 
2.084-MeV Second Excited State in 56Fe Compared with 
F'reviously Published Data and with Cross Sections Calculated 
Using Compound Ntrcleiis Formation. The difference between 
the data and the calculated curve suggests that levels with Ex > 
4.87 1 MeV deexcite through the 2.084-MeV level. 

1.36 CALCULATED Fe NEUTRON ELASTIC 
AND INELASTIC SCATTERING AND 

SECTIONS FROM 1 .O TO 7.6 MeV1 , 2  

GAMMA-RAY PRODUCTION CROSS 

W. E. Minney F. G. Perey 

Measurenients of neutron elastic and inelastic scatter- 
ing from 5 6 F e  have been analyzed theoretically. The 
shape-elastic scattering cross sections, calculated with 
an optical-model potential using enerwindependent 
parameters, added to the compound-elastic contribu- 
tioti obtained from a Wauser-Feshbach calculation 
including width fluctuation connections agree renson- 
ably well with the data from 4 to 7.6 MeV. Inelastic 
scattering cross sections from the Hauser-Feshbach 

calculation agree well with the data from 1 to 7.6 MeV. 
From the known branching ratios for the decay of the 
levels of Fe, calculated gamma-ray production cross 
sections are in reasonable agieement with the data. It is 
suggested that such calculations form the basis for 
consistent sets of (n,n') and (n,n'r) cross sections for 
shielding cslculations. 
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1.37 A REEVALUATION OF NATURAL IRON 
NEUTRON AND GAMMA-RAY PRODUCTION 

CROSS SECTIONS, ENDF/B 
MATEMAL 1 124 I -z  

S. K. Penny3 W. E. Kinney 

Kecent data and good ngreement among calculated 
and experiniental cross sections prompted the reevdlua- 
tinn of natural iron neutron and gamma-ray production 
cross sections with the aim of improving angular 
distributions, extending inelastic excitation functions, 
and putting the evaluated cross sections in the ENDF/R 
format. Calculations are described and are shown to be 
in good agreement with experiment. Below 2 MeV, 
neutron elastic scattering cross sections and cross 
section? for inelastic scattering to leveln in 5 6 F e  are 
obtained by fitting experimental  result^. Above 2 MeV, 
neutron elastic scattering cross sections and cross 
sections for inelastic scattering to  levels in 56Fe  up to 
an excitation energy of 4.116 MeV are obtained from 
calculations. Cross sections for inelastic scatteriiig to 
the continuum ale obtained from fits to experimental 
results. The total cross sections are those of Irving and 
Straker from 330 keV to 15 MeV arid those of [J.K. 
DFN91 from lo-' eV to  330 keV. The m , p )  and (I?,?) 

cross sections were taken from 1J.K. DFN64, while the 
(n,%) cross sections are those of ENDF/R material 
1108. The (n,?) cross sections were taken from U.K. 
DFN91. The ganma-ray production cross sections were 
calculated from the evaluated (YZ,~') and ( n , ~ )  c~oss  
sections, together with known and assumed branching 
ratios. The evaluated cross sections are presented in 
graphical form. 
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2.0 INTRODUCTION 

C. E. Clifford 

The objectives of the ORNL sliieldins program, which 
i s  largely supported by the Space Electric Power Office 
(SEPO) project, the Defense Atolnic Support Agency 
(DASA), and the Division of Reactor Development and 
Technology for the LMFBR, are the development of 
basic methods for solving radiation transport problems, 
the testing of these methods by comparison with 
experimental results, and the development of data and 
techniques that engineers can use with a high degree of 
confidence in designing shields to meet their require- 
nents. Further. the intent is to provide design tech- 
niques that are general in nature so that shields caii be 
optimized not only with respect to weight, as required 
for the SEPO program, but also with respect to cost, 
radiation heating, radiation damage, or any other 
requirement or constraint that may be imposed by the 
design engineers. 

The experimental effort in support of the program 
has been expanded to include the use of a shielding 
facility added to ORELA dwing the past year (see Sect. 
I .  13). State-of-the-art instrumentation has been as- 
sembled for neutron spectral measuremeiits utilizing an 
NE-? 13 detector by time-of-flight and pulse-height 
unfolding techniques, and a gamma-ray spectrometer 
using an Na l  single-crystal detector is under develop- 
ment. The facility  dl be used for time-dependent 
radiation transport studies and for experimental evalua- 
tions of cross-section data of interest to DASA. It will 
also be used for mearureinents of cross sections for 
secondary- gamma-ray production in materials of 
interest to the Space Shielding Program (for SEPO) and 
for calibration of instrumentation to  be used both at 
OREIA and at the Tower Shielding Facility. 

During the past year a large part of the Monte Carlo 
work has been concerned with the debugging and 
documentation of the MORSE code, which is a multi- 
group neutron and gamma-ray transport code. Because 
of its high degree of flexibility and the many options 
available within the code, the programming and check- 
out tasks were extensive and time consuming. ‘The use 
of many test problems having solutions obtained 

through the discrete ordinates methods expedited the 
debugging process, however. Collision analysis routines 
have been developed for use with MORSE which 
eliminate much of the drudgeq- formerly required for 
processing collision tapes generated by 05R. These 
analysis routines (SAMRQ) are a further development 
of the in-core analysis-utilized subroutines in the 
06R-ACTIFK code package and thus can be used with 
O6R as well as with other random-walk generating 
codes. 

The intercornparison of the discrete ordinates and 
Monte Carlo results has also been beneficial in the 
development of the discrete ordinates methods. This 
has been particularly true in the evaluation of the 
time dependent code ANISN-T 1 ,  since little or no 
experimental data exist which are witahle for use in 
such an evaluation. Monte Carlo transport results of the 
spectra transmitted through thick iron spheres have also 
been useful in evaluating the selection of the group 
structure for multigroup cross-section sets for iron. 
Cross-section sets havin-g up to  300 fine groups whose 
width and energy are tailored to fit the iron tota.1 cross 
sections were found to  be necessary in order to match 
the Monte Carlo results. Efforts are continuing to 
collapse the 300-group set to a 40- or 80-group set with 
the appropriate weigkting required io predict accurately 
integral quantities such as total flux or dose. The effort 
here has not been completely successful, and factors of 
approxinntely 2 are observed from results of the fine- 
and coarse-group calculations. 

In addition to  the MORSE work, the Monte Carlo 
program has continued to develop a priori biasing in the 
selection of directions after collisions. A technique has 
been documented (see Sect. 2.7) which gieatly 
simplifies the mechanics of calculating and utilizing the 
altered distributions from which selections are made. 
This technique has been incorporated into the 06R 
system of codes and is designated as 04R-D. 

Application of the advanced calculational techniques 
requires continued improvement in the basic cross- 
section data needed as input. A sizeable effort has been 
maintained in both the measurement and calculation of 
the cross-section data for neutron-induced g a m a  rays. 
Experiments have been conducted at the TSF which are 
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used to evaluate the adequacy of existing infomation 
for the gamma rays produced in shielding materials, 
including lead, uranium, and tungsten, and the materials 
f o ~ n d  in soils and concrete. These data, and also 
experimental data from GulT General Atomic for 
tutigsteri arid uranium, have been utilized to compare 
newly evaluated cross-section sets for use i o  the 
shielding library. Nuclear model theory continues to be 
studied as a useful tool for evaluating existing cross- 
section information and hopefully for extrapolating the 
data in a systematic way. 

As part of the DASA program, a number of practical 
problems have been studied in order to continue to 
develop the detailed description of tlie nuclear environ- 
ment in which the nljlitary must operate. Time- 
dependent data have been developed for tlie transport 
of neutrons and secondary gamma rays in an air-over- 
ground geometry for a number of neutron sources. 
Included are data of heating in the ground as well as 
energy and angular time-dependent spectra for many 
points within the atmosphere. 

2.1 'THE MORSE CODE .-- A MULTIIGKOZJP 
NEUTRON AND GAMMA-RAY MONTE CARLO 

TRANSPORT CODE' 

E. A. Straker 
P. N. Stevens* 

V. R. Cain 
D. C .  Irving 

The MOKSE code is a multipurpose neutron and 
gainina-ray transport Monte Carlo code. Through the 
use of multigroup cross sections, the solution of 
neutron, gamma-ray, or coupled neutron ---gamma-ray 
problems may be obtained in either the forward or 
adjoint inode. Time dependence for both shielding and 
criticality problems is provided. General three- 
dimensional geometry, as well as specialized one- 
dimensional geometry descriptions, may be used with 
:in albedo option available at any material surfxe.  

Standard multigroup cross sections such as those used 
in discretz ordinates codes may be used as input; either 
ANISN or DTF-IV cross-section formats arc accept- 
able. Anisotropic scattering i s  treated for each group- 
to-group trariskr by utilizing a genzralized Gaussian 
quadrature technique. The modular form of the code 
wiih built-in analysis capability for all types of esti- 
mators makes i t  possible to solve a complete neutron-- 
gamma-ray probleni as one job and without the use of 
tapes. 

A detailed discussion of the relationship between 
forward and adjoint flux and collision densities, as well 
as a detailed description of the treatment of the angle 

of scattering, is given in the appendices. Logical flow 
charts for each subroutine add t u  the understanding of 
tlie code. 
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2.2 SAMBO, A COLLISION .4NALYSIS 
PACKAGE FOR MONTE CARLO CODES' 

v. K. Cain 

S,4&lBO2 is a package of computer roirtines which 
handles most of the drudgery associated with analysis 
of collisions in a Monk Carlo code. It was written for 
use with [he MORSE multigroup Monte Carlo code3 
but should be readily adaptable to incorporation into 
other random-walk generating codes. An arbitrary 
number of detectors, energy-dependent response func- 
tions, energy bins, time bins, and angle bins are allowed, 
with virtually no numerical limitations other tlian the 
availatile core storage. Analysis is divided into ( I )  
uncoIIided and total response (iIuence4 integrated over 
each mponse function at each detector), (2) fluence vs 
energy and detector, (3 ) time-dependent response 
(time-dependent fluence integrated over each response 
at each detector), (4) fluence vs time, energy, and 
detector, and ( 5 )  fluence vs angle, energy, and detector. 
Each quantity in the above arrays is output, along with 
an associated fractional standard deviation. 
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See Sect. 2.1. 
Current, collision density, or any other fluence-like 

quantity may be substituted for fluence at  each 
detector. For example, if current and fluence at a plane 
are desired, two separate detectors would be uszd. 

2.3 A REVIEW OF SOME RECENT 
MULTIDIMENSIONAL DISCRETE OKIIINATES 

SHIELDING CALCULATIONS >z 

F .  R. Mynatt3 

Radiation transport calculations which are time de- 
pentien t and involve only one space dlmcnsion are now 
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relatively commonplace. ‘l’he several “exact” methods 
which are available ~ moments method, spherical 
harmonics, characteristic integration, integral methods, 
discrete ordinates, and Monte Carlo - differ widely in 
capability and state of development. IIowevei-, with 
modern computers it is relatively easy t o  perform 
highly accurate one-dimensional calculations. 

For problems requiring transport calculations with 
two space dimensions or time-dcpendent problem in 
one or two space dimensions. the present capability i s  
much less. 71ie only “exact” metliods which have been 
widely developed for these problems are discrete 
ordinates and Monte Carlo. Although all numerical 
methods give approximations to a true solution, the 
term “exact” is used to  describe a method in which the 
approximations are continuously adjustable to give a 
solution as close t o  the true answer as desired. 

In recent years the two-dimensional discrete ordinates 
riieihod has been generalized sufficiently to  qualify as 
an “exact” method. This development effort plus the 
significant advances in computer capabilities and the 
concurrent improvement of cross-section data and 
processing codes has provided the means to solve some 
rather difficult neutron and gamma-ray transport prob- 
lems. 

Some of the specific problems which have becn solved 
illustrate the increasing utility of the method. The 
problem of a monodirectional beam source incident on 
large slabs of lead and polyethylene demonstrated the 
effect of tlie anisotropic scattering treatment using 
Legendre expansions up to P8 ? Earlier calculations 
illustrated tlie accuracy of loworder (P2 , P 3 )  scattering 
approximations for predicting fast-neutron dose in 
water and the effect of positive difference methods on 
mesh stability .’ The effect of convergence acceleration 
in the inner iterations has been demonstrated in calcula- 
tions of intermediate-energy neutrons in lead‘ and by 
special test  problem^.^ Flux anomalics in problems hav- 
ing a point source in air over a ground interface, which 
were due t o  the ray effect, were resolved by the w e  of 
an analytic first-collision source.’ A related difficulty 
was encountered in attempting to calculate the effect of 
sirearning in a large-radius annular slit in a missile silo 
cover shield.9 This problem was solved by using a 
biased high-order quadrature which could accurately 
represent the streaming paths in the slit. In the 
calculation of a long, thin (L /D - 50) unit cell with an 
implicit white bouiidary condition, the traditional mesh 
sweep is not suitable for converging the boundary- 
condition. However, an alternate i-ciesh sweep which 
iterates to  f i r s t  converge the boundary condition for 
each polar angle level and axial interval is successful in 
obtaining convergence within ten inner iterations. 

Much progress has been made, and the two- 
dimensional discrete ordinates method is now being 
routinely applied t o  real design problems rather than to  
test cases. However, rriost of  the difficnlties associated 
with anisotropic scattering, convergence acceleration 
and criteria, quadrature, and stability and accuracy of 
the difference equations have been reduced to ac- 
ceptable levels rather than completely resolved. 
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2 4 A STUDY OF THE OVEREAI’ C 0 N D l l  IONS 
AND RESUL? lNG ACCURACY OBTAINED IN 

SEQUENTIAL, DISCRETE ORDINATES 
TRANSPORT CALCULATIONS FOR A POINT 

SOURCE 5N A 5000-m h4DlUS SPHERE OF AIR1,?  

J V.Pace’ F R.Mynatt’ 

In order t o  perfoiin a DOT calciilation for an 
air-over-ground geometly for a range up to 5000 m, i t  IS 

necessai y to run the problem as several overlapping 



39 

segments, a piocedure called bootstrapping. In ordei to 
determine the neceqsary conditions for the overlap, a 
study was performed in which the one-dimensional 
problem of a point 14-MeV source in a 5000-ni-radiw 
spline of air was calculated with a single ANISN run 
m d  was then calculated with a sequence of ANISN runs 
arhitiarily limited to  GO space intervnls. It was de- 
termined thai with vacuurn boundary conditions on the 
subproblem, a large overlap of approximately 300 ni 
was required for 1% accuracy. With a propeily de- 
termined albedo boundary condition, the overlap for 
compardble accuracy w,is reduced to  approximately 30 
111. 
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2.5 06R-ACTIFK, MONTE CARLO NEUTRON 
TRANSPORT CODE’ 

C. L. Thompson* E. A. Straker 

A prelitninary version of O6R has been written for 
the IUM 360 to perr-ni t simultaneous neutron transport 
and analysis. This report serves as a modification of tire 
reports on 0 S R  and ACTIFK. 
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2.6 06R-D, A DISCRETE SCATTERING 
VERSION OF 06R WITH IMPORTANCE 

SAMPLING OF THE ANGLE OF SCATTER’ , 2  

C. E. Burgart 

Discrete angle scattcring, angular importance sam- 
pling, and angular-dependent path length stretching 
haw been incorporated into ObR, a Monte Carlo 
neutron transport code. This report contairis a descrip- 
tion of tlie modifications and additions to 0 6 K  and 
NUSECT, the cross-section preparation codc. A brief 
desciiptiori of the methods of importance sampling is 
given here in  the context of 06R-D. An example of a 
method of pieparation of importance sampling param- 
eters i s  also presented. 
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2.7 A GENERAL METHOD OF IMPORTANCE 
SAMPLING THE ANGLE OF SCATTERING 

IN MONTE CARLO CPILCLJLATIONS’-4 

C. E. Burgart P. N. Stevens’ 

The application of the Monte Carlo method ta the 
so luk t i  of deep-penetration radiation transport prob- 
lems requires the use of “iniportarice sampling.” A 
systematic approach to obtaining a n  impottance func- 
tion is to calculate the solution v i  the inhomogeneous 
adjoint transport equation (using the Monte Carlo 
estimator of the answer of interest as the source term) 
and to use this adjoint flux (or value function) as the 
importance function. The adjoint flux is calculated for 
simplified geometries using one-di~nensional discrete 
ordinates methods. 

Tn three-djniensional deep-penetration Monte Carlo 
calculations, the alteration of both the transport and 
the collision kernel is desirable. The exponential trans- 
form is quite useful for altering the transport kernel. 
However, selection from the altered collision kernel is 
much more difficult. The approach taken here is to 
introduce a11 angular grid with 30 discrete directions 
fixed in the laboratory coordinate system, along which 
particles are required to  travel. After determining 
appropriate scattering probabilities and values of the 
importance function fox each of the discrete directions, 
tlie selection of the outgoing direction and, hence, 
enzrgy frorn tlie resulting discrete distribution is easily 
performed. 

The effects of the discrete angular grid and the 
capability of angular-biased Monte Carlo have been 
investigated for neutron transport by comparison with 
standard Monte Carlo and discrete ordinates calcda- 
tions, experiment, and exact analytic solutions for 
several configurations. In all cases the discrete grid 
done (no angular biasing) was observed to  have no 
significant effect on the results. Monte Carlo calcula- 
tions were performed utilizing the exporieritial trans- 
form, nonleakage, source energy biasing, Russian 
roulette, and splitting plus the angular biasing. The 
results of these calculations illustrate i.he general useful- 
ness of this discrete grid -approach to  angular biasing in 
several ways. First, meaningful results were obtained 
with angular biasing at much greater distances from the 
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source than were practically possible with the earlier 
biasing techniques. The answers, variances, and com- 
puter times were all on the same order or better than 
those obtained with the earlier biasing techniques. 
Finally, this method utilizing the discrete grid t o  
incorporate angular biasing requires very little human 
interaction once the adjoint configuration is selected. 
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2.8 ‘TKEATMENT OF Li(n,dn)cu, 7Li(n,liz)cu 
REACTIONS IN 86R RANDOM WALK AND 

ANALYSIS‘ 

C. E. Burgart 

Subroutines treating Li(rz,dn)a and 7Li(n,tn)ol reac- 
tions for use in 0 6 R  random walk and analysis for 
point detectors have been written. These subroutines 
utilize ENDF/B cross-section information except for 
energies near the threshold. AI! cross-section data and 
angular distributions are included in a block data 
subroiitine. 
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2.9 THE ADJOINT BQLTZMANN EQUA’T’ION 
AND ITS SIMULATION BY MONTE 

D. C. Irving 

The Holtzmaiiii equation for neutron transport is 
discussed in both integrodifferential and integral form. 
The “value” or “importance” equation is derived and 
shown to be equivalent, in the integral form, to the 
adjoint of the collision density. However, the value is 
also equivalent to  the adjoint of the flux when the 
adjoint operation is carried out on the integiodif- 
ferential equations. Possible ways of simulating both 
the forward and the adjoint equation by Monte Carlo 
are discussed. Because the value equation is a ‘*flux- 
like” equation, direct simulation of it proves t o  be 

unwieldy. Instead a “collision density” for adjoint 
particles, equal to the value or adjoint flux times the 
total cross section, is introduced. ‘The equation for this 
adjuncton collision density may be simulated by the 
same routines as were used for the forward calcdztion, 
and only the cross sections need to be changed. The 
extension of this t o  problem involving multiplying 
media is also included. 

’ Kesearch partially funded by the Defense Atomic 

* Abstract of ORNL-TM-3879 (May 18, 1970). 
Suppoit Agency under Subtask No. PE074-01. 

2.10 PLOTTER, A GENERAL-PURPOSE 
PLOTTING ROUTINE ‘ * ’ 
D C. living H. S. Morm 

The INTRIGUE Calcomp plotting packagc has been 
modified to make the height of the plot variable. I his 
variable-height plotting package has been incorporated 
in a general-purpose routine, PLOTTER, controlled by 
input card5 This obviates the need for the mer to wiite 
a mam routine to  call the INTRIGUE package. 

References 

’ Research partially funded by the Defense Atomic 

2L4bstract of OWL-TM-2873 (May 23, 19‘70). 
Support Agency under Subtask No. PIF074-01. 

E: AN AID IN DEUUGGING GEOM 
INPUT 

D. C. Irving G.  W. Morrison3 

Program PICTUKE was written to provide aid in 
preparing correct input data for the general-geometry 
routine GEOM. PlCTUWE provides a printed view of 
arbitrary two-dimensional slices through the geometry. 
By inspection of these “pictures” one may determine if 
the geometry specified by the iiiput cards is indeed the 
desired geometry. Input specifications for PICTURE, 
sample problem input, and program listings a x  all 
contained in this report. 

aeaerences 

’ Research par iially funded by the Defense Atomic 

’Abstract of OWL-TM-2897 (May 14, 1970). 
Support Agency under Subtask No.  PE0’74-Ql. 

Computirig Technology Center, Union Carbide 
Corp., Oak Ridge, Tenn. 
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2.1 2 NEUTRON-ENERGY-DEPENDENT CAPTURE 
GAMMA-RAY YIELDS IN 3 s  U132 

R. S.  Booth 
K. J.  Yost 

F. J. Muckenthaler 
J .  E. White 

S. K. Penny 

In earlier p a p e r ~ 3 7 ~  we have described methods for 
calculating neutron-captuie and inelastic-scattering 
gamma-ray yields to  be used in the preparation of 
gamma-ray production cross sections. In ttie present 
paper we present the results of a series of such 
calculations in the form of neutron-energy-dependent 
capture gamma-ray yields for * I J in conjunction with 
a description of a relatively simple experitnental tech- 
nique for validating the calculated yields. The measure- 
ments were performed a t  the Tower Shielding Facility 
at ORNL, and many aspects of the experiment have 
been repoited by Maerker and M~ckent l ia ler .~ In this 
piper we compare theoretical predictions and measure- 
ments of gamnia-ray spectra from thernlal-neutron and 
intermediate-energy neutron interactions with * U. 

References 

‘ Tu be submitted for journal publication. 

’K J .  Yost, “A Method fot the Calculation of  
Neutron-Capture Gamma-Ray Spectra,” iVucl. Sci. Elig. 
32, 62 (1968). 

4R.  3. Yost, P. 11. Pitkanen, and C.  Y. Fu, “The 
Calcula lion of Gamma-Ray Transition Probabilicies in 
Odd-A Nuclei,” Nrccl. Sei. Erg. 39, 379 ( I  970). 

R. E. Maerkei and F. .I. Muckeathaler, Gamnzu-Ray 
Spectra h is ing  from Thermal Neutron Cuptiwe in 
Elements Found iri Soils, Concretes u r d  Stnictiual 
Materials, OKNT-4382 (August 1969). 

Abstract of ORNL-TM-3059 (to be published). 

2.1 3 THE TOTAL GAMMA-RAY ENERGY 
SPECTRUM ABOVE 1 MeV FROM NEUTRON 

INTERACTIONS IN * U AND ’ * U1 

R. S. Booth F. J. Muckenthaler 

The work discussed in this report is a ramification of 
an expeiimental program designed to determine the 
ginma-ray energy spectrum resulting from neution 
jriteractions with elements found in  reactors and 
shields. These nieasuretnents were made at the Towel 
Shielding Facility (TSF) at ORNL, and many aspects of 
the experiment have Been ieported by Maerker and 
Muckenthaler ’ The eniphasis of this report shall be 
upon the analysis of 235u and 238u data. Sorile 

gerierd results derived from less accuiate data taken for 

Correlation analysis is used to remove background 
from the 2 3 5 U  axid 2 3 8 U  data. We prove that the 
measured background for the experiment represented 
only part - sumetimes a very small part of the total 
background. The final analysis of rliese data is ac- 
complished thi ougli an iterative technique where the 
intensities o f  kriuwn backgiouizds, both measured and 
derived, are determined with correlation analysis. 

The derived gamnla-ray spectra are compared on an 
absolute b&s with other rneasurenients and with 
theoretical predictions. 

U and *Pu will also be discussed. 

References 

’ Abstract of ORNL-TM-3060 (to be published) 
*I<. E. Maerker and F. J .  Muckenthaler, Cunznza-Ray 

Spectra Arisirig from Themul-Neutron Capture in 
Elements Fourid in Soils, Concretes, and Structiirai 
Matcriuls, OIW 1,4382 (August 1969). 

2.14 A COMPARXSON OF FOLDING AND 
UNFOLDING TECHNIQUES FOR DETERMINING 

THE GAMMA SPECTRUM FROM 
THERMAL-NEUTRON CAPTURE IN ALUR.ILNUM”-3 

R. S. Booth 

The gamma-ray spectrum above 1 MeV resulting from 
thernml-neutron capture in aluminum is determined by 
both a folding and an unfolding analysis of data taken 
at the Tower Shielding Facility. This results in a 
comparison of the relative merits of the two analysis 
techniques and demonstrates the accuracy that c;m be 
obtained in unfolding a complex spectrum. It is 
concluded that the accuracy of the final photon 
spectrum is not governed by the technique employed to 
unfold the measured counts. 

References 

Research partially funded by the Defense Atomic 
Support Agency under Subtask No.  PE037. 

2Abstract of OWL-TM-2898 (Mar. 5 ,  1970). 
Abstract of paper submitted for journal publication. 

2.15 ANALYSIS OF PROPORTIONAL COUNTER 
PULSE-HEIGHT SPECTRA 

K. M. Freestone, Jr. 

Three hydrogen-filled proportiorid counters, con- 
structed according to the design of Benjamin et ai.,’ are 



being used at the Tower Shielding Facility in order t o  
measure spectra of neutrons having energies in the 
kilovolt range. These counters are spherical, with a 
radius of 2.36 cm, and are filled with hydrogen to 
pressures of 1 ,  3, and 10 atin respectively. The basis for 
the counter design is the prenlise that, for a counter of 
a given diameter and filling pressure, there exists a 
limited energy range which can he observed without 
distortion due t o  either gamma-ray events or wall 
effect. 

The pulse-height spectra resulting from measurements 
with these counters are unfolded to produce neutron 
energy spLctra by an IBM 360 program, SPEC4, which 
is essentially identical with the SPEC4 program of 
Benjamin and Kemshall.2 We have made some small 
modifications, adding provision for background sub- 
traction and a normalization step requjred because our 
method of obtaining an estimate of the high-eneigy (>1 
MeV) portion differs from that of Benjamin. 

Briefly, SPEC4 computes and subtracts from the 
input spectrum the contribution dire to neutrons having 
energies greater than the energy range of interest, then 
unfolds the differential of the pulse-height curve using 
an internally computed differential response matrix, a 
dcvice intended to eliminate spurious oscillations in the 
result. Residiial wall effects are taken into account by 
employing the analytic equations derived by Snidow 
and Warren.3 

Results obtained to date from the counters and the 
unfolding code have been of mixed quality. i-he 
counters were operated in beams of monoenergetic 
neutrons produced by the ORNL 3-MeV Van de Graaff 
during October 1969, and the unfolded results were 
reasonably satisfactory. Peaks were found at or very 
close to the proper energies, and all but a negligibly 
small fraction of the counts were concentrated in the 
peak. 

On the other hand, it is reasonable to expect that if 
an unknown continuous spectrum is examined by each 
of the counters in turn, the unfolded results will agree, 
within statistics, in the energy regions where the results 
overlap. We have had a great deal of difficulty in 
consistently realizing this expectation. From the 
evidence of very, very many test unfoldings of the same 
spectrum in which input parameters were arbitrarily 
wried, the difficulties seem to be related to inaccuracies 
in calibration values and in determining true analyzer 
linearity zero. 'The unfolding procedure seenx to be 
inordinately sensitive to both of these quantities. 

Howevrr, present evidence indicates that varying 
these quantities within the limits of reasonable experi- 
mental error (assumed to be ? I  to 2% in calibration, *1 
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to 1'/2 channels in analyzer zero) can usually force 
agreement between the three counters in their overlap 
regions. Arriving at the proper combination of varia- 
tions, however, can be a tedious procedure. 

References 

' P .  W. Benjamin et  al., Nucl. Inst?. Methods 59,  
77-85 ( 1  968). 

2P.  W. Benjamin and C. 2). Kernshall, TJ7e Analysis of 
Recoil Proton Specirzl, AWRE Report No. 0-'7/67 
(1967). 

3N.  L. Snidow and 13. D. Warren, Nucl. Instr. 
Methods 51,109-16 (1967). 

2.16 THE CALCULATION OF GAMMA-WAY 
TRANSITION PROBABALHTES IN ODD-A 

NUCLEI' 

K. J. Yost P. M. Pitkanen 
C.  Y. Fu  

Gamma-ray transition probabilities intended for use 
in the preparation of gamma-ray production cross 
sections have been calculated for four o d d 4  nuclei and 
compared with experiment. Wave functions used in the 
calculation of M1 and E2 transition matrix elements 
were generated with a deformed shell (Nilsson) model 
code which allows for asynimetric quadrupole deforma- 
tions. Inverse moments of inertia and deformations 
were treated as adjustable parameters. The collective 
,gyromagnetic ratio was assumed to  be a constant for all 
levels. The iesiilts suggest in the context of the 
simplified model an angular momentum dependence of 
the nuclear deformation. 

Reference 

' Abstract of Nucl Sci. Eng. 39, 379-86 (1970). 

2.17 '4 UNLFLED MODEL OF DEFORMED 
ODD-ODD NUCLEI FOR NUCLEAR DATA 

GENERATION AND ANALYSIS'-4 

C.Y. Fu K. J.Yost 

A unified model of deformed odd-odd nuclei has been 
formulated as an aid in nuclear data generation and 
evaluation. The nlodel einploys products of single- 
particle Nilsson wave functions as basis functions. The 
coupling of angular niomnenta of the odd nucleons is 
assumed to obey the Gallagher-Moszkowski coupling 
rules. The matrix elements of the proton-neutron 
residual interaction potential are evaluated with the use 
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of oscillator brackets. The validity of the model has 
been established by computing and comparing with 
experimental data nuclear energy levels and/or gatnma- 
ray transition probabilities for 23Na,  ’ 8A1, 66EJo, ’ Ta, and ’ 38Np. The calculated results compare 

quite well with experiment. Special attention has been 
given to the establishnient of an efficient computational 
method. 

References 

‘Ab~t iac t  of OKNL-TM-2832 (Jan. 20, 1970). 
To be published in Nuclrur Science urd  Engirieeuing, 

August 1970. 
3Ahstract of paper to be presented at American 

Nuclear Society Annual Meeting, Los Angeles, Calif., 
June 29,1970. 

4Abst ra~t  of doctoral dissertation submitted by C. Y. 
Fu t o  the University of Tennessee, Department of 
Nuclear Engineering. 

2.18 THE APPLICATION OF EXTENDED 
R-MATRIX THEORY TO ELASTIC 
SCATTERING OF NEUTRONS BY 

‘ * C  

K. J .  Yost P. H. Pitkanen 

The present method for cross-section generation and 
analysis has two primary ingredients: (a) the core-quasi- 
particle coupling or bootstrap model for describing 
intermediate and highly excited states o f  the nucleus? 
and ( h )  the extended R-matrix theory of nuclear 
 reaction^.^ One motivation for the mating of (a) and 
(h)  is to produce a method for resonance cross-section 
analysis which is practical from the computational 
standpoint. Some preliminary results for elastic scatter- 
ing in ’ ’ C are presented. 

Let X” represent a nuclear structure wave function, 
which can be expressed as 

xn = 2 u p ,  
k 

where the xk’s are a harmonic oscillator basis function 
and the aE’s are determined by a bootstrap model 
calculation. Further, let \k be the wave function of the 
target nucleus-incident neutron system. If is the 
nuclear radius, then 

where a denotes a reaction channel, $ contains 
nonradial components of 9, and ra is the separation 

distance between the incident/exit particle and the 
target/residual nucleus. An alternative representation is 

*= 2 C‘”X?’, O < r < w .  ( 3 )  n 

Since the Xn’s  do not satisfy the appropriate boundary 
conditions at infinity, the C2’s are optimized over the 
range 0 < r < a, and Eq. 2 is used for Y > a. Invoking 
Green’s t l~eorern,~ the representation in Eq. 3 is, in 
practice, required to be valid in  the range ro < r <a. 

Figures 2 18.1 and 2.1 8.2 show comparisons between 
measureds and calculated resonances i n  the elastic 
scattering cross section in “C. The sharp resonance of 
Fig. 2.18.1 is the result of a ‘I2 + state at 7.02 MeV in 
’ j C .  The smoother resonance is due to  a ‘I2- state at 
9.19 MeV. The bootstrap niodel wave functions used in 
the extended R-matrix cslculations were generated by 
achieving a best fit between measured and calculated 
energies for the first six levels in 13C.  For each 
resonance the ’ 3 C  energies calculated with tlie boot- 
strap niodel were adjusted to  coincide with the COT- 

responding ’ C resonance energies. 
Six channel radii were chosen for the calculation of 

the elastic scattering cross sections. The same cliannel 
radii were used in a preliminary calculation of the 
inelastic scattering cross sections €or C. Results 
indicated the need for an additional parameter giving a 
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background contribution to the R-matrix elements 
representing states not predicted by the bootstrap 
calculation. This problem is currently under investiga- 
tion. 

WefePences 

'Paper to be presented at Meeting of American 
Nuclear Society, Washingtoll, D.C., Nov. 15-1 9, 1970. 

3 K .  Kurnar and K. J. Yost, Bull Am. Phys. SOC. 15, 

41. Garside and W. Tobocrnan, Phys. Rev. 173, 1047 

' J. R. Stehn et al., Neutrorz Cross Sectrorrs, Vol. I, L 

Reactor Division. 

No, 4 (April 1970). 
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2.19 NEUTRON ENERGY-DEPENDENT 
CAPTURE GAMMA-KAY YIELDS FOR ' T m ' y 2  

K. J. Yost J .  E. White 
c. Y .  Fu 

In the ' Ta capture gamma-ray yield calculation 
there are two possible s-wave (Q = 0) neutron capture 
state spins, 3' and 4+. The data of Wasson et aL3 were 
used to establish average intensities for 35 primary 
transitions for 3' and 4' resonance capture re- 
spectively. Measured energy levels in ' "Ta were used 
in the range 0 < R < 0.174 MeV? A nuclear model' 
appiopriate to odd-odd nuclei was used to generate 
energy levels in the range 0.174 < E < 1.01 MeV. 
' ' Ta level density parameters were determined by 
comparing a calculated thermal-neutron capture 
gamma-ray pulse-height distribution with a correspond- 
ing measurement at the Tower Shielding Facility. 'This 
set of parameters was then used in the calculation of 
gamma-ray yields for neutron energies up t o  1 MeV. 

The capture gamma-ray yields for Ta given in 
Table 2.19.1 compared well with an integral measure- 
ment performed a t  the O W L  Tower Shielding Facility. 
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2.20 A BOOTSTRAP METHOD FOR THE 
CALCULATION OF HIGH-LMNG NUCLEA 

LEVELS AND EIdIEC'rKOMAGNETIC MOMENTS 
(I). THEORY' 

K. Kuniai 

The hjgh-lying (about 4-8 MeV) nuclear levels, into 
which a neutron may be captured via compound 
nucleus formation, are of some interest from the point 
of view of the calculation of neutron cross sections.2 
Although much progress has been made during recent 
years,3 the calculation of such states has remained a 
challenging problem. 

The method outlined below is not a revolutjonary 
new one. It is an attempt to combine the good and 
essential features of several well-known models in the 
simplest possible, yet nontrivial, manner. 

The basic idea in this method is that given the states 
of a nucleus A ,  those of the nucleus A + 1 (A - 1)  can 
be obtained by coupling a particle (hole) t o  the core 
(known nucleus). This idea has been employed ex- 
tensively"' for ?he calculation of the low-lying and 
intermediate levels of odd-A nuclei. We attempt to 
extend this idea to higher energy levels and also t o  
improve the description of the intermediate levels. 

The method under study coiisists of two parts, the 
first being the core-quasiparticle coupling treatment of 
o d d 4  nuclei. As in the core-excitation mode! of 
de-Shalit? the core levels and electromagnetic moments 
are taken from experinlent. The core may be spherical, 
transitional, deformed, or noncollective. As in the 
unified model of Bohr and Mottelson,' the core- 
nucleon interaction is dcrived from the deformation- 
dependent expansion of the average nuclear potential. 
This interaction is cast in such a form that all 
multipoles and static moments (for which core informa- 
tion is available) can be included with the use of a single 
strength parameter. As in the quasi-random-phase ap- 
proximation of Kisslinger and Sorensen,6 the pairing 
theory and the quasiparticle technique are employed to 
describe the odd nucleon. This allows for the iiiclusion 
of both particle and hole states in the same calculation, 
a better treatment of the Pauli principle, and a more 
realistic treatment of nuclear level densities and electro- 
magnetic moments (compared with methods4-' not 
including pairing effects). Numerical results for I 3 C  aiid 

"'Pb are described el~ewliere .~ 
The second part of the study is the bootstrap method 

of generating higher-lying levels of even-A and odd-A 
nuclei. This procedure is intended t n  compensate for 
the insufficiency of the core information needed for the 
first part. The 1,3, ... quasiparticle states of odd-A nuclei 

and the 2,4, ... quasiparticle states of even4  nuclei are 
generated by starting from the zero quasiparticle 
(collective) states of an even-even nucleus and couplirig 
a single quasiparticle at a time. The coupling mechanism 
is the same as that discussed above, but the roles of the 
core and final nucleus are interchanged after each cycle. 
Since the quasiparticle energy varies typically from 1 to 
5 MeV, each successive addition takes us to higher 
energies. The number of core states and hence the final 
nmtrix size does increase after each cycle. This part of' 
the program is incomplete as yet. but we hope to  report 
numerical results in the near future. 

Nuclear structure wavefunctions of 3 C  obtained via 
core-quasiparticle coupling have been combined with 
extended R-matrix theory in order to calculate the 
elastic ( H ,  ' 'C) scattering. Comparison with experiment 
is discussed elsewhere.' 
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*See Sect. 2.18. 

2.2 1 A BOOTSTRAQ MB i'iior) FOR THE 
CALCULATION OF HIGH-LYING NUCLEAR 

LEVELS AND ELEC TKUMAGNE'B'IC MOMENTS (11) 
APPLICATION TO C AND "' Yb 3 

K. Kumar K. J .  Yost 
C.Y Fu 

In a previouq paper3 the thzoiy and the relev'i 1 

references are given. 
Wc repoit here some initial results for I 3 C  and ' Pb. Energy levels and wave functions of these nuclei 

are calculated by coupling a neutron to an even-even 
core ("C or *"'Pb). Ihe core-particle interaction is a 
scalar product of core inomentc and particle moments. 
Thp core moments, related t o  certain gamma-ray 
transition strengths, and energy levels are taken froin 
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experiment. The particle moments are obtained from 
the quasi-particle model which combines shell effects 
and pairing effects. The single-particle energies and the 
core-riIi"siparticle coupling strength are the parameters 
(five for I3C,eight for 'OSPb) of the calculation. Using 
a single coupling strength pardmeter, we have included 
X = 2,3 multipoles for I 3 C  and X = 2,3,4,.5 for *09f?b. 

Figuie 2.21 .I shows the comparison of theoretical 
and experimental levels of ' 3C. Although the agrez- 
mcnt i s  quite encouraging, the calculation in it5 present 
form is not adequate for levels above 8 MeV. This is 
evide 11 ce d by the compar isvri wit 11 the experi men t a1 
dectiornignetic monients in Table 2.21 . I .  The first iow 
of Table 2.21.1 compares the giound stdte magnetic 
rnoment. Note that no :idditional palameter has been 
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used. T h e  rest of the table cotnpares the transition 
widihs. Again, there i s  no additional p;trariieter for the 
magnetic transitions. I-Iowever, an effective charge of 
one unit has been used (as in previous calculations4) for 
the electric transitions. The discrepancy in the last row 
of the table arises from the fact that in this initial 
calculation only the N = 0,1,2 oscillator shells have 
been included. Calculations including also the higher 
shells are in progress. 

Figure 2.2 1.2 gives some de tails of our calculation for 
O 9PtI. The single-particle ertergies given in colunm sPL 

have been obtained by fitting the experimental levels. 
The quasiparticle energies in column QPC have been 
obtained by solvirig the pairing equations. Note that 
even the "bole" state P , , ~  is allowed and appears in the 
final spectrum of 209Ph at a n  excitation energy of only 
2.2 MeV. The pairing theory is particularly useful for 
describing such states. The colunm CAIX gives, in 
addition to the  energy levels, the calculated spectro- 
scopic factors (X100). These values lie within the range 
of the experimental values5 (not given here for the sake 
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Tabla 2.21 .l. Comparison of Theoretical. and Experimental Magnetic 
Moments and Radiative Transition Widths _.. __. ... .. -._. 

Radiative Transition Width (eV) _.. ...._ Initial Final 

Energy F Fnergy P Type -I.heoretical Cxperimental 

0.0 Y2 - 0.0 '4 - 
3.085 '/2+ 0.0 '1' - 

3.680 3- 0.0 'I2 - 
0.0 '1' - 

3.850 'I2+ 0.0 '1' - 
0.0 'I2 - 

6.85 512+ 0.0 g -  
7.54 "2 - 0.0 5: - 
8.86 '1' - 0.0 '4 - 

3.085 '12' 

3.085 '/2+ 

3.680 '12- 

M.M. 
E l  
M 1 
E2 
El  
1512 
E3 
EL 
E l  
.M 2 
E2 
hf 1 

0.758 
1.31 
3.26 E-1 
3.76 E-3 
2.19 E 4  
9.82 E-5 
1.69 E-7 
9.67 E-7 
1.99 E-5 
13.5 E-5 
1.73 8-1 
4.79 t - 2  

0.7024' 
>2.60 E-Lb  
3.58 :k 0.45 F,-i' 

>1.83 E 4 b  

7.90 24 .70  E-7b 
8.40 * 3.24 E-76 

6.9 * 3.6 E-5C 
1.15 20 .06  E-SC 
3.36 2 0.46' 

3.61 * 0.39 t -3 '  

5.87 i- 2.05 E - j b  

3.30 i 1.17 E-56 

'Magnetic moment in nuclear magnetons, tabuiated by G. H. Fuller and V. W. C'ohen, 

b S .  J .  Skorka. J.  Hcrtel and T. W. Retz-Schmidt,Nucl. Data .42, 347 (1966). 
'G. Wittsver, H. G.  Clerc and G.  A .  Beer,Phys. Letters 308, 634 (1969). 

Nucl. Data Tables A5,433 (1969). 

of brevity). Attempts are in progress to extend the 
'Pb calculation to higher energies. 

The model is presently being used' in the generation 
of neutron elastic and inelastic scattering cross sections 
in "C, 56Fe,  '07F'b, and '"Fb and inelasticand cap- 
ture gamma-ray yields in the same nuclei. This choice of 
nuclei is dictated by cross-section requirements for 
SNAP shield design and weapons effect analysis. 
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2.22 C0LLEC:'TlVE TREATMENT OF THE 
PAlRING HAMILTOMAN (I). 

FORMULA I'1ON Oh; THE IMQIEL' 

K .  1'. J.  PerazLo' L). K. Bes' 
It .  A.  Broglia' K.  Kuinar 

We develop a treatment of the pairing force problem 
in terms of two collective variables: the intrinsic 

deformation 01 and the gage angle p. 'The comparison 
between the results obtained by solving the corre- 
sponding quantum mechanical Hamiltonian and those 
obtained by an exact diagonalization shows the 
adequacy of the present approach. 

RefeIY?nic€% 

Abstract of the paper published in Nucl. Phys. 
A 1 3 4 , l  (1970). 
' Ilniversity of Minnesota, Minneapolis. 

2 23 THE PROI.,A'TE-OBLATB DIFFERENCE ANI) 
ITS EFFECT ON ENERGY LEVELS 

AND QI.JADRUk'OLE MOMENTS1 

K. Kumar' 

The existence of a rotational spectrum means not 
only that the nucleus has a permanently deformed 
shape, brit also that it has a strong preferencc: for 
prolate over oblate shapes (or vice versa, depending on 
the sign of the quadrupole moment). Moreover, nuclei 
considered previously to  be spherical and good vi- 
brators are found to have large static quadrupole 

,4 It has been suggesteds that such quad- 
rupole moments can be attributed to the piolate-oblate 
difference (POD) caused by the cubic term in deforrna- 
tion. Even in a nucleus whnse equilibriurn shape is 
spherical, the cubic term can lead to a "rotational" 
value (denoted in what follows by Q R )  for the static 
quadrupole moment Q2+.  'The POD is directly 
responsible' $6 for the splitting of 2; and 4+states. 
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We take a closer look at  the numerical results' for the 
W, Os, arid Pt legion and obtain simple, semiquanti- 

corresponds to  the relation 

tative relations among POD,E2 c - Ea+, and Q 2 + / Q R .  1 
2 

s = E"', -E4+. = - v,, A convenient measure of P ~ D  is vP0, t ~ i e  energy 
difference between the oblate, prolate minim of the 
potential energy of deformation (VpO i s  defined here 
to  be positive f o r  prolate nuclei). The calculated and 
observed3 splittings of 2;,4+ levels are plotted against 
the calciilated VpO in Fig. 2.23.1. The straight line 

(--Oh< VpO<1.5A4eV). (1) 

This straight line passes through the origin in accord- 
ance with the Wilets-Jean rule6 that the 2;,4' lcvels in a 
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Fig. 2.23.1. The 2;,4' Level Splitting and the Prohte-Oblate Difference. 'The straight line ha5 been drawn for convenknce, b u t  it 
certainly doe4 not give the correct behavior at large ( V p g ( .  
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Fig. 2.23.2. The Quadrupole Moment Ratio and the Prolate-Oblate Difference. The smooth c ~ ~ r v e  hay been dmwn for 
convenience, but it certainly does not give the correct behavior of VpO Q O .  
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y-independent potential well are degenerate (no matter 
how large or small the magnitude of omin may be!). 
IIowever, the change of sign of S in Fig. 2.23.1 is a 
direct consequence of tlie fir dependence of the mass 
parameters. 

The calculated and observed values of Q2+/QR are 
plotted against V,, in Fig. 2.23.2. The smooth curve 
corresponds to the relation 

Q2+/QR = 1 - 0.45 e ~ p ( ~ 2 . 6  Vp,) 

( -0.6 < V,, < 1.5 MeV) . (2) 

? h e  net quadrupole nionient i s  nonzero even when V,, 
equals zero! The reason is that the mass parameters 
favor prolate shapes and hence increase the domain of 
"prolate" type quadrupole moments. 

These semiquantitative relations pi-edict correctly tlie 
trends of Q,+/QR for 24hlg ,  s6Fe,  ‘“Cd,and lS2Sm.  
However, for precise predictions or fits, detailed numer- 
ical calculations of  the type discussed previo~isly,~ ,7 are 
needed. 
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2.24 UKE - -  A COMPUTER P 
TRANSLATING NEUTRON CROSS-SECTION 
DATA FROM ‘ H E  UKAEA NUCLEAR DATA 
LIBRARY TO THE EVALUATED NUCLEAR 

DATA FILE FORMA4T’ 

R. Q. Wrighi2 S. N .  Cramer2 D. C. Irving3 

A computer progi-am, UKE, has been written to 
translate neutron cross sections on computer tape from 
the United Kingdom Atomic Energy ,4uthoiity Nuclear 

Data Library to  the Evaluated Nuclear Data File, 
ENI)F/U. The code will translate UK library smooth 
cross-section data, secondary angular distributions, and 
secondaiy energy distributions t o  the ENDF/B format. 
No resonance parameters, thermal scattering data, or 
photon data are considered, however. ?‘he secondary 
angular distributions are translated as differential scat- 
tering probabilities only, and no Ixgendre expansion 
coefficients are given. 

General information is piesentetl concerning the 
format of the two libraries along with a detailed 
description of the translation from the UK secondary 
energy distribution laws to those of ENL)F/B. Pro- 
gramnurig details and a user’s guide are also presented. 

KdWelmCeS 

Abstract of OWL-TM-2880 (htarcli 1970). 
Computrng recl1nology Center, Union CarLide 

3Piesent address: 816 Eegare Koad, aiken, S.C. 
Corp., Oak Ridge, Tenn. 

29801. 

2.25 REz4CTOR RADfATIBN SHIELDING 
PROGRAM A‘r [HE TOWER SIPIELDHNC FAClLLTY 

C. E. Clifford 
F. J. Muckenthaler 

K. M. Meniy 
J .  L. 1-1~11 

L. €3. flolland 

A Tower Shielding Facility experimental program was 
continued t o  generate accurate data for use in evalu- 
ating the current calculational techniques used for 
radiation transport problems. Evaluat,ions of the tech- 
niques can best be realized through a comparison of the 
measured and calculated neutron and gamma-ray energy 
spectra. Such spectra have been measured in the SEPO 
program, which has consisted of a study of lithium 
hydride and heavy metal shields utilizing a SNAP IJ-ZrH 
reactor as a source, and in an experimental program 
being performed in support of the LMFBR project. 

The LMFBK effort is mainly concerned with (1) the 
evaluation and development of calculational techniques 
for predicting the fluence of neutrons penetrating a 
sodium and stainless steel shield protecting the reactor 
grid plate,’ (2) the penetration of neutroris through a 
solid iron shield covering the top of tlie reactor tank, 
and (3) the prediction of the neutron-spectra arriving at 
the bottom surface of the iron shield. The prediction of 
the penetration of neutrons through tile iron shield has 
top priority in the FFTF design slipport program. The 
problem is complicated by the fact that there are many 
penetrations through the top shield which are filled 



with plugs that must have clearance gaps surrounding 
then,. 

I n  order to provide data against which the techniques 
can be checked, measurements have been taken of the 
neutron spectra transrni t ted ili  rough iron shields up to 
36 in. thick. The spectra were determined for the 
energy region from 50 keV to 1.5 MeV using the 
hydrogen-filled proportional counters of the spherical 
type and the techniques originally developed by 
Benjanun et nL2 These results have been used primarily 
to  evaluate a number o f  different iron cross-section 
point data sets and to  develop suitable multigroup 
cross-section sets.3 The LMFBR program has occupied 
approximately one-third of the effort a t  the 'TSF during 
this reporting period. However, it is anticipated tirat the 
future program will be expanded to  utilize one-half to 
three-fourths of the effort at the 'TSF. 

7'he major effort in the SNAP program during this 
fiscal year has been concerned with the measurement of 
gamma-ray spectra transmitted by shields of single 
materials and also of shields which were laminates of 
heavy metals and lithium hydride. In these experiments, 
slabs of material were placed directly beneath the SNAP 
reactor and gamma-ray spectral measurements were 
made with a 5-in. Nal single-crystal spectrometer placed 
at a distance of approximately 28 ft from the slab. 
Gamma-ray spectral measurements were completed for 
a slab of lithium hydride I 2 in. thick, slabs of lead from 
1'12 to  6 in. thick, slabs of 2 3 8 U  from 1'/2 to 4'/z in. 
thick, and tungsten powder in thicknesses up to the 
equivalent of 6 in. of natural tungsten. 

For the laminated configurations, the following slab 
arrangernents wcre used: (1) 3 ,  4, and 6 in. of lead, 
adjacent to the reactor, each followed by 6 in. of 
lilhium hydride; (2) 6 in. of lithium hydride followed 
by 1 '/z in. of lead; ( 3 )  6 in. of lithium hydride followed 
by 1 '/2 and 4'& in of ' * U; (4) three layers of uranium 
and three layers of lithium hydride; and (5) a contigura. 
tion simulating a specific shield design and containing 4 
in. of lead followed by 26 in. of lithium hydride, 1 in. 
of uranium, and 6 in. of lithium hydride. 

Considerable effort was required during the c o m e  of 
these experiments t o  minimize Ihe background so that 
1.11 e spe ct ea1 measurements could be obtained thr ougli 
the thicker shields. Because of difficulty in predicting 
{he measured gamnu-ray spectra transmitted by the 
shields described above, additional measurements were 
made of the gamma-ray spectra produced from thin 
samples in a good geometry c~nf igura t ion .~  Saniples of 
lead, tantalum, 2 3 8 U ,  and Hastelloy were used. 
Gamma-ray spectra emerging from thick satnples in 
good geonietry were also measured for polyethylene 
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and laminations of 
lithium hydride, as 
lead and uranium. 
progress. However, 

lead, iiraniitrii, and hevimet with 
well as for various thicknesses of 
Analysis of these data is still in 
preliminary results indicate that 

large cliscrzpancies still exist between predicted and 
measured values of gamma rays emerging from thick 
lead or uranium shields. 
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'See Sect. 2.26. 
'P. W. Benjamin et ul., Nucl. Itistr. Medicids 59, 

'See Sect. 2.27. 
4See Sects. 2.30 and 2.31. 

77 -85 (1968). 

2.26 LMFBR SHIELDING DEVELOPMENT 

PKELIMINARY EVALUATION OF TECHNIQUES 
FOR PREDICTING THE SPECTRA OF NEUTRONS 

TRANSMITTED BY GRID PLATE SHIELDS' 

PROGRAM - INTEKIM REPORT: 

C. E. Clifford F .  11. Mynatt2 
H. C. Claiborne 

This is an interim progress report on the status of the 
LMFBR shielding program in progress at Oak Ridge 
National Laboratory. The effort is inainly concerned 
with the evaluatiort and developnient of calculational 
tecliniques for predicting the fluerice of rieutrons ihat 
penetrate a sodium and stainless steel shield to  reach 
the grid plate beneath the FFTF core. Experimental 
determinations of the spectra of neutrons transmitted 
through up to  24-in.-tliick shields of pure sodium in 
iron pins plus sodium and of  pure iriin are compared 
with two-dimensional discrete ordinates calculations 
and, in some cases, with Monte Carlo calculations of 
these spectra. Also presented are the results of a series 
of one-dimensional ANISN calculations made to  evalu- 
ate the effect of material choice in an  early FFTF 
configuration. On the b of the studies completed to 
date, a number of conclusions are presented outlining 
the current situation regading shieldirlg design calcula- 
tions of this nature. 
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2.27 NEUTRON TRANSPORT IN IRON' T~ 

F. R. Mynatt3 
F. J. Muckenthaler 
M .  L. Gritzne? 

E. A.  Straker 
R. Q. Wright3 
L. R.  Williams3 

R. M. Freestone, J r .  

The study of nei.rtron transport in iron which is 
reported in this papcr is a mixture of several efforts. A 
purely calculational part of the program is the study of 
the effects due to different cross-section sets (evalua- 
tions) and the use of rnultigroup cross sections. This is 
done by coinparing several Monte Carlo and discrete 
ordinates calculations for a point fission source in' a 
1.5-m-radius sphere of iron. Cross-section sets used 
include 0 5 K ,  ENDF-B, and new evaluations by ORNE4 
and Westinghouse.' The multigroup calculations were 
performed using a large number of groups (-300) 
selcctcd to best fit the important valleys of the total 
cross section. 

Discrete ordinates calculations have been perfornied 
for comparison with two integral experiments. The first 
of these was performed at the ORNL Tower Shielding 
Facility. Transmitted neutron spectra in the energy 
region from 50 keV t o  15 MeV have been measured for 
8-, 16-, and 34in.-thick iron cylinders which are 20 in. 
in dianirtcr and for several thicknesses of large iron 
slabs. In order to  test the effects of heterogeneous 
iron.-sodium shields, experiments and two-dimensional 
calculations have been perforned for a 0.591-in.-pitch 
square array of 881 iron pins, 0.375 in. in diameter, 
which were immersed in sodium. Explicit Monte Carlo 
and approximate two-dimensional discrete ordinates 
calculations were compared with the experiment. Calcu- 
lations have also been performed for comparison with 
angle-dependent neutnm spectra measured for a 
spherical iron assembly by Cerbone.6 The hollow 
sphere has a maximum iron thickness of 13.4 1 in. 
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2.28 COMPARISONS OF MONTE CARLO 
CALCULATIONS WlTH MEASUREMENTS 

OF NEUTRON LEAKAGE FROM THE 
TSF-SNAP REACTOR' 

V. R. Cain 

The TSF-SNAP reactor is being uscd a t  ORNL as a 
realistic source for investigations of the light-weight 
shields required for space power systems. As part of this 
pcograni, experimental and analytical determinations 
have been iilade of the energy and angular distribution 
of neutrons leaving an area roughly equal t o  10% of the 
reactor lower surface. The agreement between expeii- 
ment and Monte Carlo calculations was found to  he 
quite good when the reactor was described in sufficient 
detail in the calculations. 

Reference 

'Abstract of paper to be published as a Technical 
Notc in Nucledr Seielzce and Engineering. 

2.29 THE IMPORTANCE I,dlS'T'RIBU'TION OF 
NEUTRON REAC'UONS RELATIVE TO THEIR 

CONTRIBUTION TO THE SECONDARY 
GA MMA-RAY T?OS E FRA NSMITTED BY 
TUNGSTEN AND LAMINATED LITHI LIM 
HYDRIDE AND TUNGSTEN SHIELDS' 

J. V. PaceZ F. R. Mynatt' 

The determination of the importance, as a function of 
neutron reaction type, energy of reacting neutron, and 
position in the shield, for the events which produce 
secondary gamma rays that contribute t o  the exit 
gamma-ray dose is of interest in determining what cross 
sections and features of the transport process need to  
he improved. For one-dimensional shields of tungsten 
and laminated lithium hydride and tungsten, thc 
ANISN code has been used to determine the gamma-ray 
importance function for an exit gamma-ray dose re- 
sponse and the neutron flux distribution for an incident 
leakage spectrum for the ?SFSNAP reactor. Convolai- 
tioo of these distributions with selected secondary 
gamma-ray production data displays the origin of the 
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secondary gamma-ray dose as it is distributed in space 
dnd neutron energy. 
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2.30 GAMMA-RAY SPECTRA ARISING FROM 
FAST-NEUTRON INTERACTIONS IN ELEMENTS 

FOUND IN SOILS, C 
STRUCTURAL MATERIALS' ,2 

R. E, Maerker F. J. Muckenthaler 

Experimental data are presented for the production 
of secondary gamma rays arising from the interaction of 
a fissiun-like spectrum of fast aeutrons with oxygen, 
carbon, iron, aluminum, copper, zinc, titanium, nickel, 
silicon, calcjuni, potassium, sodium, barium, sulfur, and 
a stainless steel. Measurernents of the gamma-ray 
spectra for these elements were made at the Tower 
Shielding Facility with a carefully calibrated 5- by 5-in. 
NaT(T1) detector. These data are useful in evaluating the 
accuracy of (n,xy) cross-section sets. The data are 
difterential in the ganinia-ray energy from 1 MeV io 
approximately 6.5 MeV and are expressed as  values of  
471 times the average differential gamma-ray production 
cioss section at 90 deg to  the incident neution beam for 
all neutrons in the beam lying above 1 MeV. These 
results are estimated to have an accuracy of t3W% and 
to  include the contributioo frotn both discrete and 
continuunn gamma rays. Comparisons of these data with 
results 1)btained by averaging previously published 
diffeiential cross sections over the inciderit spectrum 
indicate that considerable differences exist between the 
values obtained at the Tower Shielding Facility and the 
eailier data. Very approximate experimental data are 
presented foi g a m a  rays arising from resonance 
capture of  neutrons frotn a l/E energy spectrum in the 
energy range 10-200 keV. 
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2.31 GAMMA-KAY SPECTRA ARISING FROM 
THERMAL-NEUTRON CAPTURE IN ELEMENTS 

FOUND IN SOILS, CONCRETES, AND 
STRUCTURAL MATERIALS' 

R.  E. Maerker F. J. Muckenthaler 

Gamma-ray spectra arising from the capture of 
thermal neutrons have been measured for several 
naturally occurring elements of interest to  the shielding 
corrimunity. The spectlal intensities in units uf photoris 
per 100 captures are presented as sums over 0.5-MeV 
intetvals. These results have an estimated accuracy of 
* 1 S% and include the contributions from both discrete 
and coritinuuni gainma rays. The present results do not 
go below 1 MeV, b u t  when the relatively small 
contributions from energies less than I MeV are added 
to  them, binding energy checks averaging within ?5% 
are obtained. 

Reference 

'Abstract of Technical Note to be published in 
Nuclear Engineering u r d  Lksigli. 

2.32 GAMMA-RAY SPECTRA ARISING FROM 
FAST-NEUTRON INTERACTIONS IN IRON, 

ALUMINUM, COPPER, ZING, AND 

R. E. Maerker F. J. Muckenthaler 

TITANBUM' J 

An extensive study of secondary gamma-ray produc- 
tion cross sections has now been completed at the 
Tower Shielding Facility; we report liere the first series 
of results for fast-neutron interactions. 

Thin slabs of the materials of the order of 5-ft squaie 
and varying in thickness between and 'Il6 in. were 
placed in a collimated beam emanating from the 
TSR-[[. The slabs were oriented at an angle of 45" to 
the incident beam, and a collimated 5- by 5-in. Nal(T1) 
crystal was placed at  90" to the beam. For ( h e  results 
presented here, the crystal response due to a known 
specltum of fast neutrons (see Table 2.32.1) was 
measured by placing a -2-cm -thick boron filter over 
the reactor collimator. Small correclions to  the re- 
sponse from gamma rays arising from capture of 
incident thermal neutrons which leaked through the 
reactor shield were made, as were approximate correc- 
tions from ganuna rays above -6 MeV arising from 
resonance capture of incident neutrons in the energy 
range 10 to 200 keV which leaked through the boron 
filter. 
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From knowledge of the absolute neutron spectrum 
above 1 MeV incident on the slab samples and the 
unfolded absolute spectral intensities of the gamma 
rays, production cross sections were determined as 477 
d@/ds2 (90"), where d@/dR (90") is the production 
cross section in millibarns per steradian at 90" to  the 
neutron beam averaged over the neutron spectrum 
above 1 MeV. 

The uniqueness of these results lies in the determina- 
tion of any continuum contribution to  the spectra in 
addition to  the discrete contribution. They are intended 
primarily to seive as integral checks Oil production 
cross-section sets obtained by other means which are 
differential in the neutron energy. 

Table 2.32.1. Relative Number of Nciitrons Incident on 
the Slab Samples as a Firnction of Neutron Energy 

Neutron Neutron 
Energy Number Energy Number 
(MeV) (RIeV) 

1-1.5 
1.5-2 
2-2.5 
2.5-3 
3-3.5 
3.5-4 
4 4.5 
4.5-5 
5 --5.5 

0.174 
0.163 
0.169 
0.118 
0.079 
0.063 
0.056 
0.045 
0.034 

5.5-6 
6.- 6.5 
6.5-7 
7-7-5 
7.5 --8 
8-9 
9-10 
10-12 
12-14 

0.026 
0.021 
0.01 5 
0.01 1 
0.008 
0.009 
0.005 
0.003 
0.001 

Table 2.322. V ~ M ~ S  of In du /dn  (90") in Millibarm from 
Past-Neutron lntemctions in Iron, Aluminturn, 

Copper? Linc, and Titanium 

Gamma-Ray 
Energy Iron" Aluminum Copper Zinc Titanium 
(MeV) 

1-1.5 
1.5-2 
2-2.5 
2.5-3 
3-3.5 
3.5-4 
4 --4.5 
4.5-5 
5-5.5 
5.5-6 
6-6.5 

27 8 181 -1030b 909 68W 
110 36 256 195 116 
101 103 127 113 97 

74 25 87 59 48 
44 42 45 41 22 
33 8.8 35 27 20 

8.7 5.8 24 16 9.5 
5.6 6.9 13.5 <13.3 5.1 
3.8 4.9 9.1 c 6 . 4  <4.4 
2.4 2.0 6 . 9  <5.6 <2.8 

<2.1 <1.7 <6.2 (2.4 

"For E y  = 0.55 MeV, 47r dG/dn (90") -600 mb. 

b0.98-1.50 MeV. 

"0.99--1.50 MeV. 

Table 2.32.2 presznts the results for iron, aluminum, 
copper, zinc, and titanium. 'lhe overall accuracy of the 
values is estimated to be 230% for each ganma-ray 
interval. 

' Research funded by the Defense Atomic Support 
Agency under Union Carbide Corporation's contract 
with the U S .  Atomic Energy Commission. 

*Summary of paper presented a t  the Ariierican 
Nuclear Socicty Meeting, Los Angeles, Calif., June 
29 -July 2, 1970. 

2.33 THE POPOP4 LIBRARY OF §ECQNDJ4RY 
GAMMA-RAY DATA' ,' 

W. E. Ford 1113 

The data-set titles and literature sources of the data in 
the initial distribution of the POPOP4 library are listed. 
This library is a compendium of secondary gamma-ray 
data for the various neutron-induced reactions and is 
available on magnetic tape from the Radiation Shielding 
Information Center. The data are in a format for use 
with the POPOP4 system of codes in the preparation of 
multigroup cross sections for coupled neutron-garnrna 
transport calculations. Input and output from sample 
cases using data from the library with the PCPOP4 
system of codes i s  shown. 

'Absti-act of USAEC Report CTC-42 (to be pub- 
lished). 

Research partially sponsored by the Defense Atomic 
Support Agency under linion Carbide Corporation's 
contract with the U.S. .Atomic Energy Commission. 

3Cornputing Technology Center, Union Carbide 
Corp., Oak Ridge, Tenn. 

2.34 THE USE AND ''TESTING" OF Al, Fe, Ni, Cu, 

DATA SETS FROM THE: POPOF4 LIBRARY' ,2 

AND Pb SECONDARY GAMMA-WAY PRoDucrIoK 

W. E. Ford 1113 D. II. Wallace3 

Aluminum, iron, nickel, copper, and lead secondary 
g a m a - r a y  yield data sets for gamma rays resulting 
from neutron capture and inelastic scattering reactions 
were evaluated by comparing calculated secondary 
gamma-ray pulse-height spectra with spectra measured 
a t  the Tower Shielding Facility. The calculated spectra 
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were obtained by using a discrete ordinates transport 
code to  calculate the secondary gamma-ray angular flux 
resulting from the exposure of slabs of the materials of 
interest to  bare, cadmium-filtered, boron-filtered, and 
‘‘thermal’’ neutron beams from the TSR-I1 reactor and 
by then folding the angular flux into pulse-height 
spectra. 

The FORTRAN-TV codes LINFOLD, A Sample 
Simple Coupling Code, and POPOP4 Library Tape 
Maker are described. LINFOLD folds the calculated 
intensity of photons striking an NaI(T1) detector into 
secondary ganma-ray pulse-height spectra and com- 
pares calculated and measured spectra. A Sample 
Simple Coupling Code couples I;, neutron cross-section 
sets, IJN gamma-ray cross-section sets, and POPOP4 P, 
secondary gamma-ray-productioti cross sections into PN 
coupled cross sections for use with ANISN, DOT, 
MORSE, etc., transport codes. POPOP4 Library Tape 
Maker makes or updates a binary library tape of yield 
data sets for use with POPQP4. The latter code also 
makes o r  updates a RCI) formatted library tape of yield 
data sets. 
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2.35 SIMULTANEOUS FAST-NEUTRON SPECTRAL 

PULSE-HEIGHT UNFOLDING TECHNIQUES’ ,2  

MEASUKEMENTS BY TIME-OF-FLIGHT AND 

E. A. Straker 
C. E. Rurgart 

T. A.  Love 
R. M. Freestone, Jr. 

A s  a first step in neutron measurements conducted at 
the ORELA Shielding Facility, neutron spectra were 
nieasured simultaneously by both time-of-flight (TOF) 
and unfolding pulse-height spectra (IJPHS) techniques 
to provide an internal check on the experinierital 
system and to provide an additional check on the UPHS 
technique that has previously been employed3 r4 at the 
Tower Shielding Facility. Fast-neutron spectra are 
usually measured by TOF techniques if the source is 

time dependent and by WHS techniques if a steady- 
state radiation field is used. Linear accelerators have thc 
unique ability of providing shot t pulscs of neutrotis 
with a wide spectrum of energies. ‘Illis ability makes 
possible the collection of two-parameter data’ (time 
and pulse height) and the simultaneous collection of 
pulse-height and time-of-flight spectra. 

The radiation source for the ORELA Shielding 
Facility consists uf a 140-MeV electron linear accel- 
erator capable o f  producing up to 15 A of electron 
current per pulse, 1000 pulses/sec, and pulse widths of 
2.3 rrsec to 1 psec. Neutrons produced in a water-cooled 
tantalum converter are observed at  165 deg to the 
electron benm. Two shielding rooins at 30 and 50 m 
provide space for neutron and gamma-my nieasure- 
ments. 

For these measuretnents, several materials were placed 
in good geometry at 9 m from the electron target alocig 
the collimated flight path, and llie nominal 2- by 2-in. 
NE-213 was placed at 48.5 in. An RCA-8575 photo- 
multiplier tube with a linear signal derived from dynode 
9 and a fast-timing signal from the anode were used. 
Gamma-ray discrimination was provided by using cross- 
over timing pulse-shape discrimination techniques with 
double front edge timing between fast signal and pulse 
crossover. A built-in fiducial time tws obtained from 
giinmla flash events in the detector, but these events 
were generally not stored. Pulsepileup I ejection tech- 
niques were used to elirrunate d e a d - h e  corrections. 
The data were sorted by software programs in the 
on-line PDP-9 computer so as to  store pulseheight 
distributions regardless of time and time-of-flight distri- 
butions integrated over pulse height. The dynamic range 
of the NE-21 3 in neutron energy was 45. 

Spectra traiisnzitted by 3.5 in. of depleted uranium, 8 
in. of water + 3.5 in. of 3 x  U, and 8 in. of carbon + 3.5 
in. of ’ 3 8 U  were measured. Figure 2.35.1 shows results 
obtained for the C-’ 3 8  U sample. The agreement be- 
tween the TOF results (solid line) and the UPHS iesults 
obtained with FERDOR‘ (vertical bars) i s  excellent, 
with differences being due to the poorer resolution 
inherent in the IPHS techniques. This is further 
illustrated by other higher-resolui ion TOF data not 
shuwn. Comparisons with calculations must therefoic 
takc into account the resolution inherent in the 
particular measu reinent. 

These results clearly illustrate that there i s  internal 
consistency in the two neutron spectioscopy techniques 
arid further validates the results of previous measure- 
ments that depended on unfolding pulse-height spectra. 
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Fig. 2.35.1. Comparison of Tirne-of-Plight and Unfolded Pulse-Height Spectu;~ for the Neutron Spectrum Transmitfed 'Through 
3.5 in. of * 3 8 U  and 8 in. of Carbon. 
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2.36 MEASIJRIEMENT OF 'TIME-DEPENDENT 
GAMMA-RAY SPECII'RA d;ROM 

POLYETHYLENE 

C. E. Burgart 
T. A. Love E A.Straker 

R. ha. Freestone, Jr. 

'4 measurement of the time-dependent secondary 
gamina rays from polyethylene due to a Linac neutron 
source has been made to provide a benchmark-type 
experiment to test time-dependent transport codes. 
There has been an increased interest in the past few 
years in determining the time-dependent behavior of 

the radiation fields from weapons. Several tinie- 
dependent transport codes have been written for 
calculating such fields; howcver, there are few experi- 
inents that may be used to validate the codes. Although 
the time-dependent solution by Monte Carlo techniques 
is straightforward, discrete ordinates calculations of the 
time-dependent neutroii and secondary ganiina-ray 
fields are more difficult due to coupling effects in the 
space-time mesh. A preliminary set of measurements 
has been made at the OIIELA Shielding Facility to 
provide data useful in testing time-dependent transport 
codes. 

The Linac neutron source is produced by 140-MeV 
electrons incident on a water-cooled tantalum target, 
For this experiment the neutrons were collimated down 
a flight path 165 deg to the electron beam. 'OB and 
' 3 8 U  filters (34 and 3'4 in. respectively) placed in the 
flight path 9 in. from the target filtered out  low-energy 
neutrons and target-produced gamma rays. A 6-ix-thick 
polyethylene slab was positioned in the flight path 48.5 
m from the target and at an angle of 45 deg from the 
nearly parallel beam of neutrons. The gamma-ray 
detector, a 5- by 5-in. NaI crystal mounted in a lead and 
lithiated paraffin shield, was placed 43 in. from the 
polyethylene a t  an angle of approximately 135 deg 
from the neutron beam. The anode signal was used to 
determine the time of flight, and a linear signal taken 
from dynode 10 was used to determine the pulge 
height. These two-parameter data were stored in an 



on-line PDP-9 computer. The gamma flash from the 
Linac provided a time fiducial but was not intense 
enough to require the photoinultiplier tube. A pulse 
pileup circuit was used to eliminate bias due to  system 
dead t h e .  

The preliminary data clearly illustrate the 4.43-MeV 
gamma ray from neutron inelastic scattering in carboil 
at early times ( t  5 1.2 psec), with the 2.22-MeV 
hydrogen capture gamma ray appearing at later times. 
Figure 2.36.1 shows the time-dependent count rate 
integrated over pulse height; the structure due to the 
inelastic cross section i s  clearly visible. At longer times, 
>2.5 psec, the hydrogen capture gainma rays donlinate. 

Figure 2.36.2 shows pulse-height distributions for the 
time intervals marked in Fig. 2.36.1. Besides the carboil 
inelastic and hydrogen capture gamma rays, there i s  a 
prominent 6.0-MeV gamma ray in the background. The 
time dependence of the 4.43-MeV carbon inelastic 
ganinia ray is due almost entirely to the time de- 
pendence of the wiirce arid thus may provide a test of 
the time-dependent source and wave propagatjon 
capabilities of the codes. The b ~ ~ d d ~ p  and decay of the 
low-energy neutron capture gainma ray in hydrogen is 
due entirely tu the high-energy neutr oris incident on lhe 
shield arid thus can provide a check of  time-dependent 
paiticle transport capabilities. 

Fig. 2.36.1. Investigation of Time-Dependent Secondary Gamma-Ray Production in Polyethylene: Garnrna-Ray Count Rate vs 
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Pig. 2.36.2. Gamma-Ray Pulse-Height Distributions for the Time Intervals Shown in Fig. 2.36.1. 
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2.37 THE ENERGY SPECTRUM OF 
PHOTONEUTRONS PK DUCED BY 140-MeV 
ELECTRONS INCIDENT ON TANTALUM' 

C. E. Wurgart 
E. A. Straker 

T. A. Love 
R. M. Freestone, Jr. 

The neutron energy spectrum produced by 140-MeV 
electrons incident on tantalum has been measured by 
time of flight in  the 0.7- to  20-MeV energy range. 'This 
energy spectrum normalized per incident electron is in 
excellent agreement with previous calculations. 
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2.38 TIME-DEPENDENT COUPLED NEUTRON- 
GAMMA CALCULATIONS IN POLYETHYLENE' 7 2  

C. E. Burgart W. W. Engle, Jr.3 

Prelininary calculations have been made of the 
time-dependent neutron and secondary gamma-ray 
spectra emerging from a polyethylene slab due to a 
time-dependent incident neutron source. The configura- 
tion consisted of a monodirectional neutron beam 
originating 50 m from the slab and having a pulse width 
of 24 nsec. This beam impinged iiurnrally on a 6-in. slab 
of polyethylene. Neutron and gamma-ray time- 
dependent energy spectra returning from the surface of 
the slab toward the source were calculated. The source 
energy spectrum was that calculated by Alsnuller et aL4 
for 1 SoMeV electrons impingiug on 20 radiation 
lengths of tantalum. This configuration is similar to a 
proposed experiment at the OREEA Shielding Facility. 

These time-dzpendent coupled neutron-gamma cal- 
c u l a t i o n s  were perforrileti using MORSE and 
ANISN-Ti. MORSE is a multigroup Monte Carlo code,5 
while ANISN-T 1 is a time-dependent one-dimensional 
discrete ordinates code.6 Each of these codes i s  cnpahle 
of solving the coupled time-dependent problem in a 
single pass on the computer with no tapes. These 

calculations utilized cross sections from GAM-I1 and 
MUG with 21 neutron groups and 18 gamma-ray 
groups. 

In the MORSE calculation, estimation of the energy 
spectra at the front face was performed following each 
real collision utilizing the SAMBO analysis package.7 
Source energy biasing and nonleakage were utilized. In 
the ANISN-I 1 calculation a time-dependent boundary 
source was used to describe the time and energy 
dependence of the neutrons entering the slab. This 
calculation was performed with fine time steps for both 
neutrons and secondary gamma rays. The neutron 
velocities in both calculations corresponded to  the 
mean energy of each goup3  except for the thermal 
group, which was assigned a velocity of 2200 m/sec. 

Agreement between MORSE and ANISN-'i'l was 
excellent for all times and energies. Shown in Figure 
2.38.1 are the time distributions of two gamma energy 

Fig. 2.38.1. 1'1me Dependence of Gamrna-ky Plan Emerging 
from Polyethylene in the Fnergy G o n p s  2.0 to 2.5 and 4,O to 
5.0 MeV. 
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groups, 4 to 5 and 2 to 2.5 MeV. Due to the large 
distance from the source to  the slab, the time separa- 
tion between the carbon inelastic gartinmas (4.43 MeV) 
and the hydrogen (2.22 MeV) and carbon (4.95 MeV) 
capture ganimas may be easdy observed. The intensity 
of the carbon inelastic gammas arid the hydiogen 
capture gamma is of the same order of magnitude. 

These calculations have proved to be useful as an 
intercomparison of the codes and as an aid in designing 
the experiment. Following the experiment they will be 
useful in evaluating the cross sections and the ability of 
these codes to perform time-dependent coupled 
neutron .. gamma-ray calculations. 
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2.39 ON-LINE DATA-ACQUISITION AND 
TREATMENT PROGRAMS FOR A PDP-9 

COMPUTER 

K. M. Freestone, Jr. C. E. Rurgart 

A computer-based data acquisition system located at 
the Tower Shielding Facility (TSF) was described in a 
previous report.' The equipment described is now at 
the ORELA Facility, where it is being used in time- and 
energy-dependent shielding experiments. 'This new ap- 
plication of the PDP-9 computer' necessitated the 
development of a fresh set of programs tailored to  fit 
the specific needs of the current cxperiments. 

The intent underlying the program development has 
been to minimize the amount of core required for 
program storage and to maximize the amount available 
for data storage. Operating programs are restricted to 
ilie lower half of memory, leaving 4096 1 %bit words in 
the upper half for data storage. All programs are writteo 
in assembly language. Minirnuni-length 1/O handlers 
were written to serve all programs and peripherals. 

Presently in use during data taking are routines to 
accept pulse-height data from [lie analog-to-digital 
converters, sort it, store it as pulse-height or tinie-of- 
flight spectra, present it as a continuously updated 
oscilloscope display3 having a variety of x and y scale 
factors, including a semilog option, and output corn- 
piled results in typed, punched paper tape or magnetic 
tape (DECtape) modes. Soon to  be added is a multi- 
plexer connection which will allow data from the PDP-9 
to  be tranwnitted to  the peripherals, including disk 
storage and IBM-compatible magnetic tape, of the rnain 
OKELA data system. 

Programs which are not in continuous demand during 
an experimental run are stored on DhCtape and recalled 
to  core as required by sitnple keyboard conmiands. One 
of these is LSTSQ, a routine which computes a liriear 
least-squares fit over any scope-displayed, light-pen- 
designated4 region of interest. It IS used during calibra- 
tion of an organic scintillator neutron spectrometer, 
and not only ensures accuracy but cuts the time 
required to obtain a calibration value by a factor of a t  
least 10 over previous hand-plot, hand-fit methods. 
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2.40 DESlGN CONSIDERATIONS FOR AN ORELA 
TARGET USING TANTALUM FOLLOWED 

BY BERYLLIUM' 7 z  

R .  S. Booth 

Presented here are the nuclear calculations associated 
with the design of a neutron source composed of 
tantalum followed by beryllium for the Oak Ridge 
Electron Linear Accelerator (OKELA). Electrons inci- 
dent on the tantalum conveiter produce a narrow beam 
of intense photons which then generate neutions in the 
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beryllium. The primary considerations associated with 
this analysis are the size of the beryllium block and the 
distance between the beiyllium block and the tantalum 
converter. Monte Carlo calculations of the neutron 
interactions in the beryllium are used to  predict the 
expected neutron intensity at two flight stations as a 
function of position in the source plane and 'rime of 
arrival (energy) of the neutron flux. 'The time spread, 
caused by migration in the beryllium, of a mono- 
energetic neutron pulse is calculated for the same flight 
stations. The final predicted neutron intensity is corn- 
pared with a measured neutron intensity from a target 
system similar to the one designed here. 
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2.41 A T A ~ ' ~ , 4 L U ~ - ~ E ~ ~ ~ ~ ~ ~ ~ J ~  TARGET 
FOR ORELA 

J .  Lewin 

On the basis of Booth's calculations,' a tantalum- 
beryllium target was designed and fabricated. Figure 
2.41.1 shows a plan view of the assembly and its 
location in the ORELA target room. I t  is anticipated 
that the target will be operable up to  a beam power of 
50 kW for an unfocused (quadrupoles off) beam. 'The 
beryllium will reach a temperature of about 800°F at 
its hottest point and will be cooled by radiation to the 
target room walls as well as by conduction to a 
water-cooled base plate. The assembly is retractable so 
a? to he fully iritercilangeable in the target position with 
the present tantalum assembly. Installation in the target 
room is planned for July 1970. 

See Sect. 2.40. 

2.42 TIME-DEPENDENT NEUTRON AND 
SECONDARY GAMMA-RAY TRANSPORT IN 

AND IN AIR OVER GROUND' ,* 

E. A. Straker 

The general. description of the radiation field was 
determined for several neutron source energies in 
infinite air and in an air-over-ground geometry for 

source heights of 50 and 1125 ft. The effect on dose of 
source height and detector height and the effect of the 
groilrid on energy, angular, and time dependence are 
discussed for both fission and 12 2- to 15-MeV neutron 
sources. The satisfactory agreement of calculations with 
experimental results from operations BWbN and 
HENRE and the agreement between Monte Carlo and 
discrete ordinates results lend confidence to the cross 
sections used and the computational techniques. 
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2.43 NEB1 F RON AND SECONDARY GL4MMA-WAY 
INDUCE11 HEA r IN THE GROUND DUE TO POINT 

,4T AN ALTITUDE OF 50 ft' ,2  

E. A. Straker M. B. Emmett3 

12.2-TO-1 S-MeV AND FISSION SOURCES 

M. L. Gritzner4 

The energy deposited in groutid due to  neutrons and 
the secondary garnnza rays has been determined as a 
function of range, ground depth, and time from 
instantaneous point source neutrons for a fission 
spectrum and for a 12.2-to-1 5-MeV energy band. In all 
cases the source was at a height of 50 ft above the 
air-ground inteiface. Discrete ordinates and Monte 
Carlo calculations illwtrated that there i s  a significant 
effect on the energy deposited due to source energy 
distribution, but little effect due to  ground composi- 
tion. The importance of gainma rays produced by 
low-energy neutrons was found to be small for the 
12.2-to-1 5-MeV source, but large for the fission source. 
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Fig. 2.4 1.1. TantaIomBeryllium Target Installation in ORELA Target Room. 
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2.44 CROIJND HEATING DUE I'O A POINT 
SOURCE OF 12.2-TO-1 5-MeV NEUD'ROPJS 

AT AN ALTITUDE OF 56) 

E A. Straker M. B. Emmett4 
C.  L. Thompson4 

The heat deposited in the ground as a firnction of 
range, ground depth, and time due to the neutrons and 
their secondary garnnia rays from a 12.240-1 5-MeV 
neution soiirce has been determined The source was 
situated at an altitude of 50 ft above the ground in air 
of uniform density (1.10 g/liter). Both Monte Carlo and 
discrete ordinates methods were used to transpoit the 
neutrons and gdrnma rays through the atmosphere and 
into the gound. The importance of low-energy new 
trons and the secondary gamma rays to  the total heat 
deposited is shown. 
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2.45 SENSITIVITY OF SECONDARY GAMMA-RAY 
DOSE TO ANGULAR DBSTRIB1JTION 
OF G4MMA RAYS FROM NEUTRON 

INELASTIC SCATTERING' J 

E. A. Straker 

It is well known that the gamma rays produced by the 
inelastic scattering of high-energy neutrons are not 
always emitted isotropical!y. There is also experimental 
evidence that the angular distribution sometiines peaks 
in both the forward and backward directions (measured 
with respect to the neutron direction). However, the 
current practice in solving transport problems is to 
assume isotropic emission of these gamma rays, and in 
order to obtain S O I - I I ~  idca of the sensitivity of transport 
results to this assumption, the secondary ganinla-ray 
dose due to a 12.2-to-15-MeV neutron source in 
infinite homogeneous air was calculated for three 
assumptions for the angle of emission of the gamma 
rays. First, the gamma rays were assumed to be 
isotropic; second, they were assumed to be emitted in 
the straight-ahead direction, that is, in the direction of 
the neutron; and third, they were assumed to  be 
crnitted straight backward, that is, 180 deg from th.e 
neutron direction. The secondary gamma-ray dose as a 

furrction of range was determined for these cases. 
(Note: 'The contribution to the sccsndavy dose by 
capture gamma rays is very small at these source 
energies.) 

Research sponsored by the Defense Atomic Support 
Agency under Union Carbide Corporation's contract 
with the U.S. Atomic Energy Commission. 
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2.44 STATUS OF NEUTRON TRANSPORT IN 
THE AThNXPIIERlE' J 

E. A. Straker 

Attempts have been made since the mid-1940's t o  
determine thc radiation fields from nuclear weapons. 
Earlier attempts were experimental in nature, with the 
efforts in the last few years being mostly calculational. 
,4 revicw of the progress that has been made in the past 
few years, the information that is currently available, 
and approaches to solving the problem of determining 
the detailed radiation field description is given. 
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2 47 ,?a FORTIPAN-360 SUBROUrINE PACKAGE 
FOR PRODUCING PWlNTED LINEAR, 

SEMHLOGARITIIMIC, OK IAOCARITB~I IC 
GRAPHS' 

C. L. 1 hornpson' 

A FORTRAN-360 subroutine package has been 
written to produce printed linear, semilog, or log-log 
plots similar to those produced on the CA4LC0MP 
Digital Incremental Plotters by the suhoutine package 
INTRIGUE. 
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2.48 DOSE U T E S  IN A SLAB PHANTOM 
FROM h40NOENERCETIC GAMMA RAYS1 *' 

H. C. Claiborne D. K. Tnibey 

Gamma-lay flux-to-dose-rate conversion factors ob- 
tained with a plulosophy consistent with that used for 
neutrons liavc not been generally available. To elinmate 
this inconsistency and develop inore iealistic gamma-ray 
conversion factors, gamma-ray dose-rate distributions 
were determined in a slab phantom 

Calculations were made with the discrete ordiriates 
code ANISN and by the Monte Carlo code OGKb. 
Agreement between calculations and the available ex- 
perimental results was excellent. Rased on these results, 
a recommended curve was prcpared for use when 
low-level exposure is the consideration. 
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2.49 PROJECT SAFEGUARD 

I-I. C. Claiborrie 

Under Interagency Agreement No. 48-1 85-69, assis- 
tance in engineering shield design has been given to the 
1J.S. Army Corps of Engineers for the Safeguard 
project. This assistance included shielding calculations 
for various enemy threats and consultation with the 
design personnel. Several informal reports have been 
made on the results. However, since the work iq  

classified, no  results are given here. 

2.50 THE CALCULAYlON OF NEUTRON- 
INDUCED PHYSICAL DOSES IN 

HUMAN TISSUES1 ,' 

J.  J .  Ritts3 M. SoJomito 
P. N. Stevens4 

The purpose of this investigation was to calculate 
improved niulticollision neutron fluence-to-dose con- 
version factors by solving the combined neutron and 
ga nuna-ray transport problems in phantom models 
designed to represent Iiuman beings. Also, new neutron 
fluence-to-kerma factors and improved secondary 
gamma-ray yields were to be determined for the 
elemeiits composing the slabs. 

The neutron and gamma-ray cross-section data used in 
the calculation canie primarily from ENDF/H and thc 
OGRE Library respectively. 

The computer code ANTSN was employed in solulion 
of tliz transport equation. 

The neutroti fluence-to-kerma factors calculated here- 
in agree vcry well with previous work. The results are 
presented for the eleven most common elemeiits in the 
standard man. 

Multicollision neutron fluence-to-dose conversion fac- 
tors were calculated for neutron sources, either bearm 
or isotxopic fluxes of energies from 15 MeV to thermal 
incident on a 30-cm slab with infinite or finite 
transverse dimensions. The times representiiig the total 
of the neutron and gamma-ray energy deposition were 
found to iaiige from approxiinatcly 6% to a factor of 2 
lower than those previously reported. This effect is 
attributed primarily to the treatment of secondary 
gamma rays and becomes more pronounced with 
increasing depth. Results are presented for 38 different 
combinations of source and geometry and for the 
maxiniums as a function of thc source energy for each 
set of calculations. 
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2.51 DIFFERENTIAL NEUTRON AND 
SECONDARY GAMMA-RAY ALBEDOS FOR 

SLABS: VOLS. I--v[' ,2 

STEEL-COVERED CONCRETE 

M. B. Wells3 J.  D. Marshall3 

Calculations were performed with the two- 
dimensional S,, procedure DOT to determine the 
distilbution in energy and angle of the neutrons arid 
secondary gamma rays reflected from steel-covered 
concrete slabs for 27 incident neutron energy iritervals 
ranging from 14.918 MeV to 2 53 X IO-' MeV and foi 
5 incident directions. The doubly differential neutron 
current albedo was computed for 30 emergent di- 
iections arid fur each of the 27 energy intervals ly1ng 
between and including thc incident energy intrrvd and 
2.53 x 1 P  MeV. 

The secondary gamma-1 ay doubly different i d  current 
albedo was computed for the same parameters as those 
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used to  define the neutron albedo, except that 13 
energy intervals between 10.0 and 0.01 MeV were used 
to define the reflected secondary gamma-ray energy 
distribution. 

The neutron and secondary ganma-ray doubly differ- 
ential current albedos were converted to number 
albedos, differential current- and flux-dose albedos, and 
current- and flux-dose albedos. These data are com- 
pared with albedo data reported by othcr investigators 
for iron slabs and concrete slabs. 
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2-52 ANALYSIS OF INITIAL RADIATION 
PROTEC’T’ION AEOAIZD SHIP’ ,’ 

R. l.,” French3 J. M. Neweli3 

A system of machine codes has been developed to  
calculate the protection against initial radiation from 
nuclear weapons that may be affordcd a t  various 
positions aboard ship. ‘The codes transform and regroup 
arbitrary free-field neutron and gamma-ray angle and 
energy distributions into a fixed set of incident angle 
and energy groups for each of the major exterior 
surfaces of the ship. Transmission matrices for iron 
dahs,  which represent the hull, exposed decks, and 
superstructure of the ship, are then folded with these 
distributions. The transmitted radiation (including 
secondary ganuiia rays produced in the slabs) is treated 
as a “virtual” source in calculating subsequent pene- 
tration io the detector. Attenuation by the ship’s 
internal struciure is represented by a modified “mush” 
mode;. This model gives the proper mass thickness 
along the line of sight between individual differential 
areas of the virtual source and the detector. Uncollided 
radiation traveling directly from the virtual source to  
the detector is treated precisely by this approach. 
Radiation scattered to  the detector by materials off the 
line of sight, inclutljrig backscatter from material 
beyond the detector, is approximated by that scattered 
from the rnusli. Secondary gamma radiation produced 
in the interior of the ship is treated in a like manner. 
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2.53 PREDICTION OF NUCLEAR WEAPON 
NEUTRON RADKATION ENVIRONMEN‘TS’ ,’ 

R. I,. French3 L. G. Mooney3 

Techniques were developed fox applying the results of 
Straker’s recent discrete ordinates calculations4 of 
neutron transport in an air-over-ground geometry to  
predict the neutron radiation environment produced by 
the detonation of nuclear weapons. Straker’s results 
include the spatial, energy, and angle distributions of 
neutrons at the air-ground interface from source neu- 
trons in each of nine source energy bands emitted from 
a point isotropic source 50 ft above the ground. The 
source energy bands cover the range from 0.0033- 
0.1 1 1 to 12.2- 15 .O MeV. The energy spectrum of the 
leakage neutrons from a particular weapon may be 
integrated over corresponding energy bands to obtain 
source intensities which arc then multiplied by the 
trarrsport data for corresponding bands and summed 
over source energy. The results thus obtained are for 
Straker’s original air density of 1.1 X g/cm3, but 
they may be sealed to other air densities by use of mass 
equivalent ranges. A satisfactory adjustment to source 
heights other than the 50-ft height used in the original 
calculations may be made with the “first-last collision 
method” if the source-detector separation is as much as 
two or three mean free paths (--lo00 ft). When folded 
witii leakage spectra for numerous test devices and 
adjusted to the proper air density and burst height, 
Straker’s data give neutron dose spatial distributions 
generally within 25% of those measured in field tests. 
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2.54 CALCXILATIONS OF WEAPON RADIATION 
DOSES IN SINGLE-COi\llYARTMENT 

ABOVE-GROUND CONCRETE STRUCTURES’ ” 

L. G. Mooney3 

Calculations were performed to determine energy and 
angle distributions of the fission-product gamma-ray, 
air-ground secondary gamma-ray, and neutron fluences 
incident on structures resulting from the detonation of 
a representative intermediate-yield thermonuclear 
weapon 100 ni above the ground. These energy and 
angle distributions were used as input data to the 
ANISN discrete ordinate5 code to calculate the pene- 
tration of the radiation through various thicknesses of 
type O-HJV1 concrete. The production and transport of 
concrete capture gamma rays were calculated in tandem 
with the neutron transport. The penetration results 
were used to calculate the vxious radiation components 
at the center of a sitnple concrete blockhouse. The 
inside lengths and widths of the structure varied from 
10 to 50 ft, and the inside height was fixed at 10 ft. 
Wall and roof thicknesses varied from 6 to 60 in. The 
results of the calculations were expressed as structure 
protection coefficients (dose at the receiver per unit 
free-field dose). The neutron dose was found to 
contribute the highest fraction of the total dose for wall 
and roof thicknesses up to 12 in. For thicknesses of I8 
in. and more, the air-ground secondary gamma rays and 
concrete capture gamma rays were found to donlitlate, 
becoming increasingly more important with increasing 
thickness. The relative nlagnitude of each component 
did not vary significantly with structure size; however, 
all components were found to decrease with an increase 
in structure size for a given wall and roof thickness. 
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2.55 ANALYSIS OF INITIAL PADIATION 
PROTECTION ABOARD THE CVA-66I 7 z  

R. L. French3 
L. G. &looney3 

J. M. Newel13 
N. M. Scbaeffer3 

The ship shielding codes were applied to an analysis 
of the CVA-66. This system of machine codes was 
developed to calculate the protection against initial 
radiation from nuclear wcapons at various pofitions 
aboard ship. The codes Iransformed and regrouped 
representalive free-field ncutron and gamma-ray angle 
and energy distributions into a fixed set of incident 
angle and energy groups for each of the major exterior 
surfaces of the ship. Tiansnlission nutrices Tor iron 
slabs, which represent the hull, exposed decks, and 
superstructure of the ship, were then folded with these 
distributions. The transmitted radiation (inchiding 
secondary gamma rays produced in the slabs) was 
treated as a “virtual” soiirce in calculating subsequent 
penetration to several detector positions. Attenuation 
by the ship’s internal structure was represented by a 
modified “mush” model. 

Neutron and gamma-ray attenuations for representa- 
tive positions helow deck are given, as well as dose by 
radiation componetit for a range of weapon yields and 
overpressui es. 
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2.56 SYSTEM OF SHIP SHIELDING CODES’ ,2 

J. M. Newel13 R. Kinunel13 
R. L. French3 J .  K. Warkentin3 

A sysicm of three machine codes has been developed 
to calculate the protection against initial radiation from 
nuclear weapons that may be afforded aboard ship. The 
codes were written in FOKTKAN and are operational 
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on the IBM 360 model 75 and 91 computer systems at 
ORNL. One of the codes, called the Source Code, 
regroups and transforms arbitrary input free-field neu- 
tron and gamma-ray energy and angle distributions into 
a fixed set of incident energy and angle groups. The 
code then folds the incident distributions with energy- 
and angle-dependent transmission matrices for iron 
slabs of several thicknesses. The transmitted radiation 
(including secondary gamma rays produced in the slabs) 
is recorded on tape and is treated as a “virtual soi~rce” 
in calculating subsequcnt penetration to the detector. 
7he Geometry Code, which is applied independently of 
the Source Code, analyzes an array of rectangular 
compaxtments which approximates the structure of the 
ship in the samc manner used in the Ship Vulnerability 
Model. All outer surfaces of tlie ship are identified and 
divided into differential areas. The code then traces a 
line of sight from each dA to  the detector and records 
on tape the cumulative thickness of iron along the line 
of sight betwccn the d A  and the detector. The 
Integration Code accepts the Source and Geometry 
Code output tapes, intcrpolates the Source Code output 
to obtain the radiation transrinitted through each d A ,  
then applies a modified mush model to  obtain the 
attenuation along individual lincs of sight. The modified 
inush model appxoxilnates radiation scattered to the 
detector by material off the line of sight and includes 
secondary gamma rays produced in the ship’s interior. 
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2 5 7  \VEMONS Ht48)1,4TION SHIELDING 
HANDBOOK: STATUS REPORT 

L. s. Abbott, 1%. c. Claiborne, 
and C. E Clifford, Editors 

The recent publication of Chap. 2 of the Weapons 
Radiation Shielding IIalrdbook (DASA-1892-5) in- 

creases the number of pul9lished chapters to five. Titled 
“Basic Concepts of Radiation Shielding Analysis” and 
authored by P. N. Stevens and I1. C. Claiborne, the 
chapter discusses quantities that are used to describe 
radiation fields, radiation interactions, and responses to  
radiation. It also discusses in sonie detail the processes 
whereby neutrons and gamma rays are produced, as 
well as the processes whereby these radiations interact 
with materials. The chapter is a necesszy prerequisite 
to  the understanding of radiation transport calculations 
by the sophisticated methods described in Chaps. 3-5. 

The first shield engineering chapter of the Handbook 
has also been completed and is awaiting approval by the 
Defense Atomic Support Agency. To be issucd as Chap. 
7, it is titled “Engineering Method for Desigrijng Initial 
Radiation Shields for Blast-Hardened Underground 
Sti-uctutures” and is authored by I,. G. Mooney, M. B. 
Wells, and H. C. Claibornc. 

The current Handbook effort is centered on revising 
and enlarging one of the basic chapters, Chap. 3, 
“Methods for Calculating Neutron and Gamma-Kay 
Attenuation,” and on editing the second engineering 
chapter, Chap. 8, “Engineering Method for Designing 
Initial :‘Cadiation Shields fox Above-Ground Structures.’’ 
In addition, preparation of a new chaptei, which will be 
issued as Chap. 9 and titled “Methods for Calculating 
Neutron and Gamma-Ray Dose Rates in Structures,” 
has been begun. Chapter 9 will be based on data 
currently being generated iii the OWL-DASA program 
aid elsewhere and will be a i r i d  a t  providing techniques 
for predicting dose rates in missile silos and other types 
of shelters. An index of all the published chapters is 
also under way. The form of the index will be such that 
it can be easily updated and reissued with each new 
chapter or chapter revision. 

The status of a chapter on an engineering method for 
designing fallout radiation shelters is at present uil- 
certain. If the chapter is published it will rely heavily on 
a inethod already available and wili be integrated in the 
Handbook only so that all aspects of the radiation 
shielding problem will have been covered. As s ~ h ,  it 
would probably be published as the tenth and final 
chapter of the Handbook. ‘The only other remaining 
chapter is Chap. 1 ,  which is to  be an introductory 
chapter that cannot be prepared until all other chapters 
of the Piandbook become fixed. 



3. Radiation Shielding Information Center 

3.1 RECENT DEVELOPMENTS IN RSIC 
OPERATIONS 

D. K. Trubey Betty F. Maskewitz 
K. W. Roussin 

The Radiation Shielding Information Center con- 
tinues to  serve the technical community engaged in 
radial ion shielding research and This 
coinmuriity represents a wide variety of interests, as 
indicated by the fact that KSIC i s  supported by three 
agencies: the Atonlic Energy Conunission, the National 
Aeronautics and Space Administration, and the Defense 
Atomic Support Agency. The people served by RSIC 
generally have interests in parallel with or are doing 
work for one of those agencies. 

The Center’s operations have continued to develop in 
the area of data collecting, checkout, and distribution. 
This activity inay be regarded as consisting of three 
parts. (1) acquisition of differential cross sections in 
ENDF/B format and data checkout in collaboration 
with the Brookliaven Nal ional Laboratory National 
Neutron Cross Section Center (NNCSC) and the Cross 
Section Evaluation Working Group (CSEWG) Shielding 
Subconunittee, ( 2 )  acquisition, packaging, and distribu- 
tion of fine-group cross sections and other shielding 
data, and (3) collaboration with the Benchmark Prob- 
lems Group of the American Nuclear Society Shielding 
Standards Subcommittee in the acquisition and pub- 
lishing of shielding benchmark problems. All of these 
activities are described in more detail below. 

3.1.1 Data Libraries 

Data libraries 011 magnetic tape or in other form 
continue to  be packaged, maintained, and distributed in 
a manner analogous to computer code distribution. 
Each data set carries a Data Library Collection (DLC) 
number and is packaged as a unit. The package includes 
a suitable handling program, which is sent with each 
DLC data set for editing and/or otherwise manipulating 
the data, and documentation, which includes an KSIC- 
prepared abstract. Additions to  and revisions of the 
data libraries are announced in the KSIC Newsletter. 

Both cross-section data, especially energy group cross 
sectivns, and voluminous results of calculatiuns of 
radiation environment are typical examples of data in 
the collection. hlaintaining and distributing data li- 
braries separately from the codes which use the data as 
input has proved to be an efficicrnt mode of operation. 
Thus a code package does not have to  be revised each 
time new data are wadable. Also, as data formats 
become standardized, each library is likely to be used 
by at least several codes. 

A summary of {lie DLC data sets is givcn in Table 
3.1.1. 

A total of 234 sepaiate shipments of these data sets 
were made in the year’s operations. 

3.1.2 Code Center Operations 

The yea1 completed has witnessed a consolidation and 
stabilization of the RSIC Code Center functions in 
implementing the technical institute ~ o t i c e p t . ~  94 The 
integration of the Radiation Shielding Information 
Center into the many ftinctions and programs of the 
parent organization, the Neutron Physics Division, c3n 
be clearly seen in the computer codes operations. This 
year has also seen increased cooperation between KSIC 
arid the general shielding community, and feedback into 
the Center is ~ubstant ia l .~  

Table 3.1.2 shows the percentage distribution of 
KSIC Code Center services. Since, to a large extent, the 
universities and private firms are doing their research 
and development under contract, with government 
funds, it is estimated that about 85% of RSIC services 
are for government-related work. The 1 !%I spinoff 
reflects the guidirig principle of the funding agencies of 
“permitting and encouraging the dissemination of scien- 
tific and technical information so as to provide that free 
interchange of ideas and criticism which is essential to  
scientific progress.”6 ,7 

A manpower level of about six is devoted to the codes 
part of RSTC operations. 

Statistics compiled w e i  12 m u n t h  of RSIC Code 
Center operations show a 26% increase in the total 
number o f  letters of  request received and a 35% 
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'Table 3.1.1. Summary of RSIC-DLC Data Sets 

Data Library 
Designation 

Contributor 

DLC-l/LEP ORNL-N 

DLC-2/ 93C ORNL-N 

DI,C-4/HPIC ORNL-N 

Dl C-S/HALLMARK ORNL-N 

D W - 7 /  HPTC 

DlX-XA/BP-3 

DLC-Y/I:ARS 

DI,C- IO/AVKEK 

DLC-I l/RITTS 

LRI. 

ORNL-N 

ORNL-N, 
CTC 

ORNL-N 

ORNL-R, 
ORNL-N. 
CYC 

DLC-1 ?/POPT.IR C K .  
0RNI:N 

DLC-13lGARLIB LRC 

Form 
.. . . .. . . . . 

16 mm Microfilm 
Magnetic tape 
Machine listings 

Magnetic tape 

Magnetic tape 

Magnetic tape 

Magnetic tape 

Cards 

Magnetic tape 

Magnetic tape 

Magnetic tape 

Maenetic tape 

Maznetic tape 

. . . . . . . . .. . . 
Data Type/Computer Code/Comment 

Bertini low-energy intranucle;rr cascade results. Output from 
hNALYSlS Codes I and I1 and from EVAP (ORNL-3433). 

99-group, 
ANlSN/DOT/DTF-IVlMORSE. Produced from ENDf./B Cate- 
gory I,  Version I,  data by SUPERTOG (1969). Energy range 
14.92 MeV to 0.414 eV. 

Gamma-my photoelectric and pair-production data in OGRE 
format (ORNL-3805). Data saine as in DLC-7. 

Output from DOT, O5R-ACTIFK, and OGRE. Striker's time- 
dependent air-over-ground results for point isotropic sources. 
Handling routines also cornbine results for arbitrary source neu- 
tron energy spectrum. Sources: Neutron energy range 15 MeV to 
3.3 keV. Results include neutron and secondary gamma-ray 
fluxes (ORNL-4289, vol. 11). 

Livermore gamma-ray interaction data in ENDF/R format. Ele- 
ments Z = 1-83, 86, 90, 92, 94. Energy range: 1 keV to 100 
MeV (UCRL-50400. vol. VI; UCRL-50174 Sect. 11, May 1969). 

22-group, P5 expansion, cross szctions for air in the ANISN/ 
DO.I'/MORSE format. Data used by Straker for Benchmark 
Problem No. 3, neutron spectrum from point sources in infinite 
air (ORNLRSIC-25). Energy range: 15 h4eV to thermal. 

I 04-group neu tion, 1 %group gdillnla-ray, P, expdnsion, coupled 
cross sections for PI, C, N,  0, Mg, AI, Si, Ca, and Fe. Data format 
for ANISN/DOT/DTF-IV/MORSE. Compiled by F. Schmidt for 
concrete calculations (ORNL-RSIC-26). Energy range: neutron, 
15 MeV to thermal; gamma ray, 10 0.02 MeV. 

Data library of neutron fluence-to-kerma factors for many ele- 
ments. The retrieval progiain will compute energy giOUp values 
for any composition for use with group fluence to  calculate dose 
or heating (ORNI,-l'hl-25.58). Energy range: 19.2 MeV to 0.023 
eV . 

100-group neutron, 21-group gamma-ray, P 3  expansion, coupled 
cross sections for 11, C, 0, N, Na, Mg, P, S, CI, K ,  and Ca. The 
100-group neutron sei is also provideil. Also, 121 group coupled, 
P3. macroscopic data for standard inan, skin, bone. tissue, brain, 
lung, red marrow, and muxle. Data format ANlSN/DOT/ 
MORSE. Energy range: neutron, 15 MeV to thermal; gamma-ray, 
14 to 0.01 MeV (ORNL-7%-2991). 

A compendium of neutron-induced secondary gamma-lay yield 
and production cross-section data. Data library for PSR-1 I /  
POPUP4 code. Oiiginal library has 139 data sets (CTC-INF-1004). 

32-group resonance region neutron capiure and  scattering cross 
scclions for moderated tungsten and uranium slabs. Produced by 
the CAROL code. Group fluxes calculated by GAKOI. are also 
included for further collapsing of the group struc'lure. Energy 
range: 1.234 keV to 0.414 eV (NASA TM X-1909). 

expansion, neutron cross Fections for input to 

Library contributors: 
C'IC 
NAS.4-LE 
ORNL-N 
ORNL-R 
1.RL 

Computing Technology Center, Union Carhide Corp., Oak Ridge. Tenn. 
NASA J>ewis Research Center, Cleveland, 0. 
Oak Ridgo National Laboratory, Neutron Physics Div., Oak Ridge, Tenn. 
Oak Ridge National Laboratory, Reactor Div., Oak Ridge, Tenn. 
Lawrence Radiation Laboratory, Livernore, Calif. 
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Table 3.1.2. Percentage LWribution of RSIC 
Code Center Services 

Organization Percent 

... .... .. . 

USAECa 27.5 
D A S A ~  20.9 
NASAa 18.5 
Other Govt. 0.8 
Universities 11.0 
Private Fmns 10.1 
Fotcign 11.2 

aAgencies or theh cont.tactors. 

increase in the nuniber of codes packaged over that of 
the prcvious year. Other statistics are as follows: 

Improvements Made to the Computer Code Collection: 

1. 34 

2 .  24 

3. 11 

4. 10 

additional codes were packaged. 

code packages in the collection were updated, 
szveral of which included major modifications 
and extensions to the program. 

new hardware versions of existing code packages 
were fed back into KSIC by installations where 
conversions were made. 

data library sets were collected and packaged; 
improven~ents were made to the documentation 
in 

Services 
Center: 

1. 1200 

2. 628 

3 .  113 

4. 37 

5. 317 

6. 192 

7. 182 

each of the data sets. 

t o  the Shielding Community by the Code 

letters o f  request were logged into the Center 
- over 100/monah, resulting in more than 
2900 separate aclinns required to satisfy thc 
requests. 

separate code packages were shipped, in- 
cluding full documentation. 

abstracts o f  code packages or computer lists 
of programs were mailed. 

requests for updated msterial were fjlled. 

requests were handled in which staff members 
spent considerable time in trouble-shooting 
specific codes as a requester was learning how 
to  use the codes, including advice concerning 
his input preparation. 

requests were handled in which rime was 
spent in assisting the requester t u  solve his 
problems - general advice and counsel. 

requests were handled in which assistance was 
given in the selection of the computer code to 

fit the reqoester's problem, his computer, and 
his capabilities. 

307 separate miscellaneous service requests were 
filled. 

'I'he work of the RSIC Code Center got under way in 
mid-1963 with only a fzw shielding codes, written in 
assembly language for the IBM 704. Annua! growth 
may be seen in Pig. 3.1.1 and in Table 3.1.3, which 
show the number of requests filled in each category pel 
working day, aveiaged over each year. 

C'urrently (June 1970), 142 shielding code package 
numbers have been assigned. A survey shows that users 
have added to the existing packages new and different 
versions, bringing the count of distitlct code packages to 
216. The 22 peripheral shielding code packages avail- 
able at the beginning o E  the year have hzen increased by 
5 additional versions. 

Abstracts of computer code packages were written 
and published as additions to  OItNL-RSIC-1 3.8 As 
codes are packaged, additional abstracts will be issued. 

Literature describing computcr codes is reviewed 3s a 
routine RSIC function. The literature of interest is 
indexed, and an abstract is written. Currently, informa- 
tion has been retained for 1215 separate documents 
written to describe computer codes. 

8. 

1364 1965 49bb 1961 19bR 19F9 
YEAR 

Pig. 3.1.1. Chart, by Yea, of Number of Requests Filled by 
RSIC Code Center, 1964-1969. 
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Table 3.1.3. Annual Growth of RSIC Code Center Services 
.................... .._ . ____ 

Year Average Number of .............................. ~- 

Requests per Workday 1964 1965 1966 1967 1968 1969 

Code packages shipped 0.08 
Answers to specific inquiries 0.10 

about codes 

in connection with shielding 
c;rlculations 

Sum of requests handled on an 
average day 

Miscellaneous services performed 0.49 

0.67 

- .. ..__...........__.....-I___ _ ................. 

3.1.3 RSIC Foreign Visits 

In implementation of  the USAEC-ENEA (OECD) 
Exchange Agreement, an RSIC staff member spent 
three weeks in 1969 a t  lspra (Varese), Italy, conferring 
with the European Nuclear Energy Agency Computer 
Progranme Libi-aiv (ENEA CPL) staff and with visiting 
members of the European shielding community. New 
sources of shielding information were discovered, im- 
petus was given to the flow of European shielding 
literature into RSIC, and several new computer codes 
were placed in the KSIC collection. Firsthand study of 
procedures a t  the ENEA CPL was of value in con- 
nection with the work involved with the RSIC codes 
depository. 

A visit to  the European Organization for Nuclear 
Kesearch (CEKN) computer Codes Library cemented 
the tentative efforts in effect to cooperate in informa- 
tion exchange. KSIC has been placed on direct distri- 
bution of information about codes placed in the CERN 
library, and requests for computer code? of interest to  
the U.S. shielding community will be honored. 

‘Travel in the USSR was undertaken to  make contact 
with Soviet shielding scientists to  investigate the possi- 
bility of information exchange. Visits were made to the 
Joint Institute for Nuclear Kesearch (JINK), Dubna, 
MCSCQW Region, and to  the Physics and Power Engi- 
neering Institute (PI9EI), Obninsk, Kaluga Region. 
There was evidence of considerable shielding research 
and development at YPEI and interest shown in a 
cooperative sharing of information. Several books and 
technical reports of  interest to  the shielding community 
have been sent to RS1C as a result of the visit. 

3.1.4 Coopentive Efforts 

In furtherance of the effective use of computers in 
the nuclear industry, an KSlC staff member served as 
general chairman of the biennial topical meeting of the 

....... 
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Mathematics and Computation Division of the Aiiler- 
ican Nuclear Society (ANS) in 1969 and published the 
proceedings.’ RSlC is also represented on Sub- 
committee 10 of the ANS Standards committee, 
charged with promoting standards and guidelines’ in 
documeritation and programming to facilitate exchange 
of computer codes. 

3.1.5 Shielding Subcommittee, CrossSeetion 
Evaluation Working Graup (CSEWC) 

RSIC works in close collaboration with the National 
Neutron Cross Section Center (NNCSC) at Brookhaven 
National Laboratory- and the Shielding Subcommittee 
of the Cross Section Evaluation Working Group 
(CSEWG). D. K. ‘I’rubey of the KSK staff is chairman 
of the subcommittee. The Center’s role in this activity 
i s  to  assist in the acquisition, checkout, and review of 
“shielding” cross sections in ENDF/B format which will 
ultimately be placed in the ENDF/B file. In this 
context, “shielding” cross sections arc evaluations 
perforrncd in the shielding community which are likely 
to have an emphasis on ganmia-ray production cross 
sections, garnma-ray interaction cross sections, and 
neutron cross sections in the energy range of interest 
for shielding with detailed energy and angular distri- 
bution resolution. 

I n  order to  organize the acquisition, computerized 
checking, and Phase I testing’’ of shielding data on 
hand and expected in FY 1971, a multilaboratory task 
force within the Shielding Subcommittee was appointed 
(Task Force 1) with I>. J. Dudziak, l,os Alanios 
Scientific Laboratory, as chairman. The task force met 
at I,os Alamos May 12-13, and a number of actions 
were taken, including the following: 

I .  the photon interaction data for elements Z = 1 -83, 
86, 90, 92, and 94, energy 1 keV to 100 MeV, 
available at RSIC as DLC-7C (.l‘able 3.1.1) are 
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considered to  have passed Phase I review and should 
be nude  available as part of ENDF/B Versioii 11. 

2. KSTC will extend the NNCSC codes CHECKER and 
FLOTFB to be able to check and plot gamma-ray 
production data (files 12---16) in the new format. 

3. RSIC will receive new data, nin CHECKER, and 
otherwise check and, in some cases, revise data 
before forwarding to NNCSC. 

perform Phase I reviews of the data. The packets will 
include review forms, graphics, listings, output from 
CHECKER, and physics-checking codes. The data 
will be available as part of the ENDF/A file until 
accepted for ENDF/K. 

Task Force 2, R. E. Maerker of Neutron Physics 
Division, Chairman, has also been initiated to  plan and 
irnplenient Phase I1 testing which involves the coin- 
parisori of transport calculational results based on the 
data with integral measurements. 

I n  connection with the ENDF data handling, RSIC 
participates in the QRNL CSEWG work and the central 
ORNI, data library management in cooperation with 
several other groups. 

A s  a means of acquiring evaluated data in the UKAEA 
Nuclear Data Library, the computer code UKE 
(PSK-15) was developed to  translate data in UK format 
to ENDF/B fol~llldt. 

4. NNCSC will prepare packets for individu, ‘ I S  1 t o  

3.1.6 Seminar-Workshops on Group Cross-section 
Preparation and Two-Dimensional Discrete 

Ordinates Calculations 

A dual-topic seminar-workshop was held at Oak Ridge 
Sept. 30-Oct. 3 under sponsorship of Neutron Physics 
and Reactor Divisions. The topics were: (1) two- 
dimensional discrete ordinates calculations, with special 
emphasis on the DOT-I[ code (CCC-89), and (2) 
niu11.igroup cross-section preparation --.. theory, tech- 
niques, and computer codes. 

‘rhere were 124 participants (88 from outside Oak 
Ridge) from 57 separate organizations. There were eight 
papers on discrete ordinates calculations and 24 papers 
on inultigroup cross-section preparation and applica- 
tion. I-Ialf-day workshops were held to teach input 
preparation for DOT-liI and XSDKN and an informal 
question-answer session followed. 

The proceedings were issued as ORNL-RSIC-27 (see 
bel ow) ~ 

3.1.7 RSIC Newsletter 

As of May 31 the newsletter was being sent to  1100 
subscribers, most of whom are individual shielding 

specjalists. This number is about the same as last year, 
with additions replacing withdrawals. The subscribers 
were required to  indicate that they wished to continue, 
and rnany levisions of the list resulted from this. 

Several issues of the newsletter have been used to 
transmit and publicize recently available basic data of 
great interest. These were thermal-neuhon capture and 
fission gamma-ray spec1 ra. Other uses of the newsletter 
have been to publicize conf2rences and short courses of 
interest, to  announce computer codes and data libraries 
newly available from RSIC, to announce changes in 
codes or data, to outline RSK policies, to  announce 
personnel changes of addiess, arid to publish the KSIC 
literature accessions. 

3.1.8 General Information Services 

The Center provides a variety of information services, 
such as personal conferences regarding shielding prob- 
lems, computer searches of bibliographic material, 
computer-produced abstracts, microfiche copies of dif- 
ficult-to-obtain reports, and inquiries regarding RSIC 
services or reports. Duiirig the year ending May 31, 
1034 requests were processed in addition to those 
requests connected with computer codes. 

The reprogranimitig of the computeriLed information 
retrieval system was essentially completed, and the new 
system was placed in operation on the IBM 360 
computer a t  the Union Carbide Corp. Computing 
Technology Center. Taking aclvantage of modern hard- 
ware and software, the new system is faster, more 
powerful, and easier to  operate. The speed results 
principally from the use of [he large fast-memory, disk, 
and data cell storage compared with the use of niultiple 
tapes with the previous system on the TRM 7090. The 
increase in power is manifested in the tlexible Boolean 
logic available in search and soiting and in the avail- 
ability of a multiple citation search capability. The ease 
of operation is due to the system’s correcfion routines 
and the single data file format. 

The program is now being extended to  use magnetic 
tape typewriter input which will largely eliminate the 
m e  of punched cards as the primary d a h  input. 
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checking for obvious errors of data as it exists on tape. 

DIA'II'ION s H I E L r m G  INFOTIMATION 
CENTER - A TECHNICAL INFORMATION 

SERViCE FOR NWCLEAR ENGINEERS' 

D. K. Trubey 

The Kadiation Shielding Information Center (KSIC) 
at Oak Ridge National Laboratory is a technical 
institute serving the international scientific community. 
It serves those engaged in research and development for 
the design of shields that provide protection from 
biological and physical damage due to penetrating, 
ionizing radiation. 

The Center is sponsored by the United States Atomic 
Energy Commission (IJSAEC) under contract with the 
IJnion Carbide Corp. and is also supported by the 
National Aeronautics and Space Administration 
(NASA) and the Defense Atomic Support Agency 
(DASA). In serving the interests of tiiese agencies, RSIC 
is concerned with the shielding of radiation from 
nuclear reactors, nuclear weapons, radioisotopes, acccl- 
erators, and radiation present in space. 

Reference 

'Abstract ofNucl. Eng. Design 9, 392-95 (1969). 

3.3 COMPUTER CODES FQK SHIELDLNG 
CALCULATIONS - 1?691,2 

D. K. 'Trubey Betty F .  Maskewi tL 

An extensive library of Computer codes useful for 
radiation transport or shielding calculations is available 
from the Radiation Shielding Information Center at 
Oak Ridge National Laboratory. In  addition to  the 
point kernel, Monte Carlo, and discrete ordinates codes 
used for neutron and gamma-ray transport calculations, 
the collection includes cross-section libraries a i ~ d  codes 
for processing cross sections, calculating fission product 
inventories, proton penetration of spacecraft, and elec- 
tron-photon transport, and analyzing neutron activation 
detector data to determine spectra. A list of the most 
current codes is given, and essential information for 
each i s  included. 

RefeItilc65 

'Abstract of lVucl. Eng. Design 110, 505 17 (1969). 
'Work partially fiindcd by the National Aeronautics 

and Space Administration and the Defense Atoiriic 
Suppoi t Agency. 

3.4 THE INFORMATION ANALYSIS CENTEK 
CONCEPT AS DEVELOPED BY THE RADIATION 

SHIELMNG INFOR ATiON CENTER IN ITS 
COMPUTER CODES ACHVTlIES' ,2  

B F. Maskcwtz R. W. Rouqsin 
D K.Trubey V. A. Jacobs 
li. E.. Comolander 
11. R. Hendiickson J .  Guiney 
I. J. Brown 

C. M .  Anthony 

M. W. Landay 
A.  B. Gustin 

In implementing the information analysis center 
concept of acquiring, analyzing, and synthesizing a 
body of information, the Kadiation Shielding Informa- 
tion Center (RSIC) packages and distributes computer 
codes. These codes, used for calculating radiation 
transport, solving related problems, or processing 
needed data, are used by scientists and engineers in 
research or shield design w o ~ k  for government and 
industry. A description is given of the objectives, scope, 
recent accomplishments, and auxiliary activities of the 
RSIC Computer Codes Center. A brief summary of the 
available codes i s  also given (see Table 3.4.1). 



Table 3.4.1. Computer Code Pxkages .4vailabIe from RSIC 

Con tributof Compu terb Method Geometry Ref.' 
Radiation CCC No./ 

Code Name Type 
Comments 

CCC-116:TRECO 

CCC-117/BETA 
CCC-118:SIGMA 

CCC-1 I9/ELBA 

ccc-12  u/ 
SP.4CETR.4N 

CCC-l21/SABlNE 

CCC-I22!KAD 2 

CCC-I 27IMORSE 

CCC-12YI 
TWOTRAN 

NASA-G (A) IBM 360i75 

ART lBh4 7090 
LID-A IBM 7090 

(B) CDC 66UO 

NASA-MSFC IHhl 7090 

ORNL-N IBM 360:75 

EURATOM IBM 360/75 

GGA IBM 7090 

CTC,ORNL-N Il3M 360/75 

GE-N GE 635 

PPC IBM 7044 

CTC IBM 360/75 

OKh L-N (A) CDC 16W 
(B) IBM 360/75 

(B) i13M 360:75 
ORNL-Y (4) C D C  lb04 

GGA,LASL (A) CUC 6600 
(13) IBM 360!75 

SL CDC 6600 

Numerical 
integr. 

Monte Carlo 
Kernel 

dE!dx 

Numerical 
integr. 

Spinney 

Numerical 

integr. 

Discrek 

Kernel 
ordinates 

in tcgr ., 
Spinney 

Kerncl 
intcgr. 

Discrete 
ordinates 

Multigroup 
Monte Carlo 

Monte Carlo 

Discrete 
ordinates 

U i s c r e t e 
or dinates 

3-dirnens. 

Complex 
Coinp lex 

Slab 

Miinens. 

I-dimens. 

1-dimens. 

Coinplcr 

Infinite 
cloud 

i-dimcns. 

Complex 

Complex 

2-diinens. 

1-dimens. 

1,2 

3 
4 

5 

6 

7 

8 

9 

10-12 

13 

14 

15 

16-18 

1v,20 

21 

Integrates earth rxiialion belt flux along salellite 

Uses importance sampling throughout. 
Computes space radiation dose insid$ space vehicle; 

Computes electron and Bremsstrahlung dose behind 

Computes dose at de,tector point.; due io leakage from 

Particula attention paid to energy transfer in 

Computes fission product activity distributions, decay 

orbirs. 

U S ~ S  CCC-iOjCHL4RGli data. 

aluminum slab. 

cylindrical surface. 

removal source. 

chain any length. Designed for gas-cooled reactor 
problems. 

Designed to finx-weight crow sections; has evtcnsive 
data library. 

Incorporates CCC4S/QAD, NKN-like code, and others 
into system. 

w Computes dose honi release of fission products to 

Iksigned to optimize shield.; using CCC-S2/ANlSX. 
atmosphere. 

Uses \ame cross-section format CCC-82;hNISN. 

Revised version of CCC- 17/OSR. 

Coarse-mesh and Chebyshev convergence accelerations, 
general anisotropic scattering, positive spatial 
differeiicc scheme. 

Special version of CCC42jDTF-IV for x-ray transport. 

~~~~ ~ 

aCode contributors: ART, ART Research Corp., Los Angeles, Calif.; CTC, Computing Technology Center, Union Carbide Corp., Oak Ridge, Tenn.; EURATOM, 
EURATOM Juint Nuclear Research Center, lspra (Varese), Itaiy; GE-N, General Electric Co., Nuclear Systems Programs, Cinchlati,  0.; GGA, Gulf Genera1 Atomic, San 
Dicgo, Calif.; LASL, Los .4lamos Scientific Lab., Los Alanios, N.M.; MD-A, RlcDonneIi Douglas Astroriautica Co., Western Div.. Huntington Beach, Calif.; N.4S.4-C, NASA 
Goddard Space Flight Center, Greenbelt, Md.; N4SA-.\.ISFC, NASA Geo. C. Marshall Space Flight Center, Huntsville, Aia.; OKNL-N, Oak Ridge National Lab., Neulron 
Physics Div., Oak Ridge, Tenn.; PPC, Phillips Petroleum Co., Atomic Energy Uiv., Idaho Fails, Idaho; and SL, Sandia Laboratories, Albuquerque, N.hf. 

'Computer for which versions are availablc. 
CReferences: (1) NASA SP-3024 (1966), ( 2 )  NSSDC 68-02 (1968), (3) AFWL-TR-68-111 (1968), (4) DAC-60878 (19671, (5) NASA SP-169, p. 529 (19681, (6) 

ORNL-Th1-2592 (1969), (7) EC'K 363b.e (1967) and Addendum (1969), (E) GALID-65 19 (1965), (9) ORNL-7hf-2500 (1969), (10) GESP-226 (1969), (11) GEMP-456 
(1966), (12) GEhIP-599 (1968), (13) IW-1715L (19661, (13) CTrC-INF-941 (1909), (15) OKNL-CF 70-2-31 (1970), (16) O R N L C F  69-8-36 (19691, (17j OWL-3622 
(1965), (18j OKNL-3856 (1966), (19) GA-8747 (1968), (20) LA4058 (1969j, arid (21)  SC-RR-69-739 (1969). 
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3.5 THE 1969 RSIC COMPZJI.ER-.kiASED 
INFORMATION RETRIEVAL SYSTEM 

1N BRIEFL.2 

J. G. Jones3 D. K. Ti-ubey 
J. Gurney 

. 1  

1 he computer-based information retrieval system 
used by the Radiation Shielding Information Center 
( M K )  since 1963 has been reprograiiirr~ed to take 

advantage of modern computer hardware and softwarc. 
The logic of the new system i s  similar to the old one 
but has additional retrieval power and flexibility. The 
new system is much easier to maintain, update, and 
operate. 

A brief description of the system is given to aid those 
using it and to inform those who might use it for their 
own information files (see Fig. 3.5.1). A detailed 
system description will be published by the Computing 
Technology Center, Union Carbide Corp. 

Re feereaces 

*Work partially funded by the Defense Atomic 
Suppoit Agency under Subtask E 0 5 5  and the Na- 
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'Abstract of OKNL-TM-2719 (Nov. 14, 1969). 
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Fig. 3.5.1. RSIC Infornution Retrieval System Schematic. 
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3Co~np~it ing Technology Center, IJnion Carbide 
Corp., Oak Ridge, Tenn. 

3.6 ABSTRACTS OF DIGITAL COMPUTER 
CODE PACKAGES ASSEMBLED BY THE 
RADIATION SHIELDING INFOkMATION 

CENTER' 

Betty F. Maskewitz 

Volume 11 of the Abstracts was updated in July 1969. 
Abstracts for coniputer code packages CCC-88 through' 
CCC-115 were added, 

Reference 

'Work partially funded b y  the Defense Atomic 
Support Agency and the National Azronautics and 
Space Administration; report issued as OKNL-KSIC-13. 

3-7 SHIELDING BENCHMARK PROBLEMS' J 

A. E. Profio, Editor3 

The Benchmark Problems Group of the American 
Nuclear Society Shielding Standards Subcommittee 
(ANS-6) has selected several benchmark problems for 
testing computational methods of radiation transport. 
Problems are described and solution data are presented. 
It i s  anticipated that publication of these problems will 
serve to focus attention so that careful work will 
produce solutions which are representative of the state 
of the art. 'The problems will also serve to specify 
standard configurations so that meaningful comparisons 
can be made between different calculational methods 
and between experimental and calculational results. 

Supplement 1 provides an additional solution to a 
problem issued previously (neutron spectrum in graph- 
ite) and presents a new problem (nucleon-meson cas- 
cade in iron). 

References 

'Work partially funded by the Defense Atomic 
Support Agency and the National Aeronautics and 
Space Administration. 

2Abstract of ORNL-RSIC-25 (ANSSD-9) (June 
1969), suppl. l(1970). 

University of California, Santa Barbara. 

3.8 THE ATTENUATION PROPERTIES OF 
CONCRETE FOR SHIELDlNG OF NEUTRONS 

OF ENERGY LESS THAN 1 S MeV1 9' 

F. A. R. schn1idt3 

A review of the literature concerning the a1 tenuation 
properties of concrete for shielding neutrons of energies 
up to 14 MeV has been made, and calculations of 
neutron transrnission, including the secondary gamma 
ray$, were carried out. 

In connection with the literature review, analytical 
formulas were developed which are based on neutron 
1 emoval-diffusion theory ;tnd gamma-ray buildup fac- 

SLAB THICKNESS ( c m l  

Fig. 3.8.1. Total and Neutron Dose Equivalent (rems) as a 
Function of Concrete Slab Thickness for 12.2- to 15-MeV and 
Fission Neutron Sources at Nearly Normal Incidence. 
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tors. They provide a reasonable tool t o  compare 
shielding properties of different concretes. 

In view of the unsatisfactory state of available 
attenuation data, especially the lack of secondary 
gamma-ray results, calculations were performed by the 
discrete ordinates method, and results are presented for 
various slab thicknesses, incident energies, and angles. 
IIie results show the great importance of the secondary 
ganinia rays for large thicknesses (see typical curves in 
Fig. 3.8.1). 

In the course of the work extensive cross sections and 
other data were compiled. The cross-section data are 
available on computer tape from the Radiation Shield- 
ing Information Center. The other data are given in the 
tables of the report. 
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'Abstract of ORNL-KSIC-26 (June 1970). 
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3.9 A REVIEW OF r m x m x o u P  NUCLEAR 
CROSS-SECTION PREPARATION - TI-IEOKY, 

'TECHNIQUES, AND COMPUTER CODES' 3 2  

D. K. I'mbey and Jane Gurney, Compilers 

Summaries are presented of papers given at  a 
seminar-workshop titled "Multigroup Cross Section 
Preparation - - -  Theory, Techniques, and Computer 
Codes" held at Oak Ridge, Tenn., Oct. 1-3, 1969. The 
papers, in their review of the state of the art, show that 
great progress has been made recently in coping with 
what is the most important problem in radiation 
transport ~ cross sections. 

The papers describe the large number of computer 
codes, techniques, and data files now available for 
cross-section preparation for use in transport codes. 

T h e  recent ly  developed codes SUPE!CTOG,3 
XSDKN; and DO'I-II' have been placed with the 
Radiation Shelding Information Center for routine 
dissemination. 
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3R. Q. Wright, J .  L. Lucius, N. M. Greene, and C. W. 
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Group Constants and P, Scattering Matrices from 
ENDF/fj, ORNL-TM-2679 (September 1969). 

4 N .  M. Greene and C. W. Craven, Jr., XSDRN: A 
Discrete Ordimles Speciraal Aver~ging Code, ORNE- 

F .  R. Mynatt. F. J. Muckenthaler, and P. N. Stevens, 
Developrnent of Two-Dimensional Discrete Ordirmates 
Transport Theory  for Radiat ion Shieiding, 

TM-2500 (July 1969). 

CTC-INF-952 (Aug. 11, 1969). 

3.10 COMPARISQNS OF THE RES81L'E OBTAINED 

CODES' ,' 

W. Wayne Scott3 

WITH SEVERAL ELECTRON-PENETMTION 

Comparisons of the results obtained for several similar 
hypothetical problems using electron-pcnetration codes 
available from the Radiation Shielding Information 
Center are presented. These codes are designed to 
determine the tissue surface dose as a function of shield 
thickness. Transmitted electron spectra from those 
codes which provide such spectra are also compared. 
Significant differences between the results given by the 
various codes are found. (Typical results are shown in 
Fig. 3.10.1.) 
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Fig. 3.10.1. Transrdtted Electron Spectra Behind a Semi- 
infinite Slab of Alurmaimrmn of Thickness 0.5 g/em2. 
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3.1 1 KERNEL METHODS FOR RADIATION 
SHIELDING CALCULATIONS' ,* 

D. K. Trubey 

A review is given of the development and use of 
kernel methods in solving problems o f  radiation shield 
design and radiation transport. Two classes of kernels 
are identified: empirical and computational. An analysis 
of the various tecliriiques is made, and examples are 
given, The relcvant computer codes in the collection of 
the Iladiation Shielding Information Center are listed 
and briefly described. 

It i s  concluded that kernel methods are valuable for 
quick estimates, l i d  calculations, checks of  transport 
computer code results, and engineering parametzr 
studies. However, the method can give underestimates 
for situations which the applied kernel cannot treat 
properly. 
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'Work paltially funded by the Defense Atomic 
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2Abstract of paper presented at Special Session on 
Multidimensional Shielditlg Calculations, American 
Nuclear Society Winter Meeting, 1969 [T~LUU. Am. 
Nztcl. Soc. 22(2), 943 (Dec. 196Y), atid to  be published 
in ANS-SD report and in Nuclear Engineering and 
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3, I2 ADJOINT S,  CALCULATIONS OF COUPLED 
NEUTRON, GAMMA-RAY TRANSPORT 

'THROUGH CONCRETE SLABS' >2  

R. W. Roussiri F. A. R. Schmidt3 

The use of the disciete ordinates computer code 
ANISN" to obtain solutions to the adjoint Boltmianti 
equation is discussed. These solutions allow the calcula- 
tion of transmission factors which give the tissue dose 
equivalent from particles transmitted through a con- 
crete slab due to an incident source particle in a given 
energy-angle bin. A coupled set of tnultigroup (22 

neutron, 18 gamma-ray) cross sections allowed the 
consideratior1 of primary neutron, secondary gdITIXIa- 
ray, and primary gamma-ray transport in a single 
ANISN calculation. Tables of lratismission factors are 
presented which allow the calculation of dose equiva- 
lent transmission through concrete slabs from 15 to 200 
cm thick for any arbitrary neutron or ganuna-ray source 
energy and angular distribution. The use of these 
factors is illustrated, and comparisons are nude with 
other calculations. (A typical example of the results is 
given in Fig. 3.12.1) 
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IlJClDENT NEUTRON ENERGY (MeV1 

Fig. 3.12.1. Ratio of Tissue Do.= W e  tit Secondary Gamma 
Rays to Tissoe Dose Due to Neutrons as a Function of Incident 
Neutron Energy for Various Concrete Slab Thicknesses and 
Nearly Normal incidence. 
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4W. W. Engle, Jr., A Users Munuol for ANISN ~ k 
One-Dirnemiotial Discrete Ordinates 7>ansport Code 
with Anisotropic Scattering, K-1693 (March 1967). 

3.13 GAMMA-RAY BUILDIJP FACTOR 
COEFFICIENTS FOR CONCRETE 

AND OT'I-IEK MATERI[AI,S' ,' 

D. K. Trulxy 

Coefficients for the Berger formula gamma-ray build- 
up factor are given for ordinary, magnetite, and barytes 
concrete, air, sand, wood, and lithium hydride. €he 
original data can be reproduced using these coefficients 
with an error for source energies greater than 2 MeV to  
generally less than about 570. Errors for energies 0.5 to 
2 MeV may be of the order of 20%. (Typical results are 
shown in Fig. 3.13.1, in which the data points are from 
C h i l t ~ n . ~  ) 
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3.14 UME - A CQMPUTEW PWCSG 
TRANSLATING NEUTRQN CROSS-SECTION 

LIBRARY TO THE EVALUA'TED 
NUCLEAR DATA FILE FORMAT' , 2  

DATA FROM THE UKAEA NUCLEAR DATA 

R. Q. Wright3 S. N. Cramer3 
D. C. Irving4 

A computer program, UKE, has been written to 
translate neutron cross sections on computer tape from 
the United Kingdom Atomic Energy Authority Nuclear 
Data Library to the Evaluated Nuclear Data File, 
ENDF/B. The code will translate UK library smooth 
cross-section data, secondary angular distributions, and 
secondary energy distributions to the ENDF/B format 
No resonance parameters, thermal scattering data, or 
photon data are considered, however. The secondary 
angular distributions are translated as differential scat- 
tering probabilities only, and no Legendre I:xpansion 
coefficients are given. 

General information is presented concerning the 
format of the two libraries, along with a detailed 
description of the translation from the UK secondary 
energy distributim laws to those of ENDF/B. Pio- 
gramming details and a user's guide are also presented. 
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3Comput~ng Technology Center, Union Carbide 

4Present address. Savannah River I,ahoratory, Aiken, 

Agency under Suhtask No. PE055. 

1970). 

Corp., Oak Ridge, Ienn. 

S.C. 

0 4 8 12 16 20 

DISTANCE FROM SOURCE ( r n f o )  

Fig. 3.1 3.1. Exposure Buildup Factors for Ordinary CQR- 
Crete. Solid liner, Berger Folmula. data point$, Chilton. 

3.15 OGRE CROSS-SECTION PACKAGE FOR 
USING PIPO'TON INTERACTION DATA 

IN ENDF/B FORMAT' 

D. K. Tmbey J. K. Stockton' 

A new version of the OGRE Monte Carlo computer 
code system for gamma-ray transport3 makes use of 
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ENDF/B formatted photon interaction data (File 23). 
‘These data may be either BCD or binary, arid they 
eliminate the use of the OGRE-format BCD and binary 
master tapes and the master tape handling program 
(MASTAPE). 

‘l’be new subroutines, which replace the original 
GENSIG routine, are available from the Radiation 
Shielding Information Center as part of CCC- 
46E/OGRE, together with current data packaged as 
ULC-7. 
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(April 1966). 

3.16 OGRE MASTAPE -- PHOTON 
INTERACTION CROSS-SECTION LIBRARY 

.4ND DATA HANDLING CODE’ 

I), R. Trubey 11. E. Frdncis 

The OGRE master cross-section data handling code 
MASTAPE has been revised to  utilize a RCD data tape, 
as well as card input, to product. a master binaiy tape 
for use by the photon transport code OGRE.’ The code 
and library of photoelectric and pair-production cross 
sections are disk ributed by the Radiation Shielding 
Information Center as DLC-4. 

References 

‘Abstract of ORNL-TM-3046 (formerly ORNL- 

’S. K.  Penny, D. K. Trubey, and M. 13. Emmett, 
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port Studies, Iricluding an Example (OGRE-PI) for 
Transmission Through Ladnuted Slabs, ORNL-3805 
(April 1966). 

CF-69-7-60) (July 30, 1969). 

3.17 USING ANISN TO REDUCE THE DLC-2 
100-GROW CROSS-SECTION DATA TO 

A SMALLER NUMBER OF GROWS’ 

R. W. Roussin 

The use of several options, available in the discrete 
ordinates code ANISN: for collapsing a “many-group” 

set is discussed. The many-group set considered in the 
DLC-2 100-group set generated from ENDF/B cross- 
section data by the progratn SUPEKTOC.3 
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’W. W. Engle, Jr., A Users iVlanuu1 forANISN - A 
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Craven, Jr., SUPERTOG: A Program to Generate Fine 
Group Coizstan ts and P,, Scattering Malrices from 
ENDF/B, ORNL-’i’M-2679 (September i 969). 

CF-69-5-20) (May 7, 1969). 

3.18 JRMACRO: A PROGRAM FOR CONVERTING 

CROSS-SECTION DATA INTO CORRESPONDING 
MACROSCOPIC DATA FOR MIXTURES 

OR COMPOUNDS’ 

iMICROSCOP1C MULTIGROUP, EXPANSION 

J. J. Ritts2 R. W. Roussin 
1. J. Brown 

JRMACRO is used to read microscopic, multigroup, 
P,2 expansion cross-section data, to  “mix” this data to  
produce rtiacroscopic cross-section data as needed, and 
to write on compute1 tape the resulting set in a suitable 
output format. The cross-section data considered here is 
of the general type used by particle transport computer 
codes such as DTF-IV,” ANtSNp DOT: and MOKSE6 

JKMACRO accepts input cross sections by nieans of 
cards, tape written in card iniage format, and unfor- 
matted tape (binary), or a combination of the above. 
Formatted input (cards or card image tape) i s  fiist read 
and stored on a tape or disk before any mixing of 
cross-section data is performed. 

The output cross-section data may be in the forni of a 
card image tape, an unforniatted tape, or both. 

Sample problems illustrating the use of JKMACRO 
are discussed. 
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4W. W. Engle, Jr., A Users Manual for AMSN ~ A 
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with AnisoDopic Scattering, K-I693 (March 1967). 

F. K. Mynatt, F. J .  Muckenthaler, and P. N. Stevens, 
Development of rwo-Dirnensional Discrete Ordinates 
Transport Theory for Radiation Shiflding, C'I'C- 

'E. A.  Straker, P. N. Stevens, D. C. Irving, and V. K. 
Cam, The MORSE Code - A Multigromp Neutron and 
Gumme Ray Monte Carlo Tmisport Code, ORNL-4585 
(formerly ORNLGF-/0-2-3 1) (Feb. 18, 1970). 
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3.19 CALCULATED DATA FOR HNCLlJSIOW IN 
THE SPACE SX-UELWNG HANDR(M3K' 

R. T. Santoro 
H. C.  Claihorne 

I;. S. Alsniiller 
R. G. Alsmiller, Jr. 

Calculations arc being carried out to estimate the 
ahorbed dose arid dose cqliivalent inside space vehicles 
bombarded by solar-flare protons and Van Allen belt 
protons. The results of the calculations are to  be 
included in a space shielding handbook for use by 
aerospace engirieers. 

The calculational model being used at the present 
time is that of a spherical shell spacecraft having a 
30-cm-diam tissue ball at the geometric center to 
simulate an astronaut. In Fig. 3.19.1 the absorbed dose 
from primary and secondary particles is shown as a 
function of depth in the tissue ball when a solar-flare 
proton spectrum, whicli i s  assunied to  be exponential in 
rigidity' (Po --- 100 MV), is incident on a spherical shell 
spacecraft of aluminum of thickness 35 g/cm'. The 

incident flare spectra is normalized to 1 O9 protonslcm' 
with energy >30 MeV. The results shown in the figure 
were obtained from the nucleon-meson transport code 
NM'1-C.3 Primary protons are defined to be those 
protons that do not undergo any nuclear reaction in the 
shield or in the tissue, and secondary particl- -s are 
defined to  be all particles that arise from nuclear 
interactions, that is, from protons and neutrons, from 
positively, negatively, and neutrally charged pions, and 
from mu-mesons, photons, electrons, and positrons. 

Calculations carried out with the nucleon-meson 
transport code NMTC, such as those shown in Fig. 
3.19.1, are very time consuming, and even for the 
relatively thick shield considered in Fig. 3.19.1, the 
contribution of the secondary particles to the dose is 
not large. Therefore a large m o u n t  of the shielding 
data that will be included in the handbook will be 
obtained by neglecting all secondary-particle pro- 

Figure 3.19.2 gives the absorbed dose froin primary 
protons only at the center of a sphexical shell shield as a 
function of shield thickness when Van Allen belt 
proton spectra are incident. The incident spectra used 
to  0btai.n the results given in Fig. 3.19.2 were generated 
with the code TKECO4 and are characteristic of 
circular orbits with inclinations of 30, 60, and 90 deg at 
a height of 240 nautical miles. The results in Fig. 3.19.2 
represent the absorbed dose in a point tissue hall at the 
center of the shield and were obtained using the code 
that treats primary-proton transport only. Work is in 
progress to  extend this primary-proton transport code 
to include the tissue hall at the center of the spherical 
shell shield. 
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4. Theoretical Steadics for Medium- and 
y Radiation Shiclding 

Theoretical studies of medium- and high-energy radia- 
tion transport are pursued on a continuing basis. The 
main purpose of the program is to provide basic data 
and to  study trarisport methods that are applicable to 
the shielding of manned space vehicles and high-energy 
accelerators, but during the past year a part of the 
program has also been directed at space physics 
applications of the transport methods developed. While 
many of the problems involved in the shielding of 
manned spacecraft are quite different from those 
involved in shielding high-energy accelerators, the two 
disciplines have a sufficient area of overlap that it is 
efficient for them to be considered under the same 
general program. An excellent example of the overlap 
between interests of the National Aeronautics and 
Space Administration aiid the IJ.S. Atomic Energy 
Commission is provided by the calculations of the 
radioactive residual nuclei produced in matter by a 
high-energy nucleon-meson cascade. The ability of the 
nucleon-nieson transport code, developed as part of this 
program, to predici with some reliability the produc- 
tion of these nuclei has been used extensively in the 
design of the shielding around the multi-GeV acceler- 
ator under construction at the National Accelerator 
Laboratory and has becn used to  estimate the radio- 
active nuclei induced in the moon by solar-flare and 
cosmic-ray bombardment. 

One of the fundamental difficulties in the study of 
medium- and high-energy nucleon transport has always 
been the lack of information concerning particle pro- 
duction from nucleon-nucleus and pion-nucleus colli- 
sions; therefore a suhstantial portion of the program is 
devoted to  the calculation of such particle-production 
cross sections. Because of the very large amount of data 
required, a reliance on experimental information is not 
practical, but effolts are continually made to obtain 
experimental verification of the theoretical cross sec- 
tions by comparing them with available experimental 
data. Using these thcoretical cross sections, transport 

methods are studied, and the hest available transport 
methods are used to  provide design data as required by 
those space and accelerator shielding groups engaged in 
designing particiilar shields. 

The transport of low-energy (of the order of a fcw 
MeV) electrons through matter is important in the 
shielding of manned space vehicles that are orbited 
through the Van Allen electron belt. Studies of low- 
energy electron trarrsport by means of Monte Carlo 
techniques are available, but because of the poor 
statistical accuracy which can be obtained, a nonstatis- 
tical method of calculation is needed. l’o fill this need, 
studies have been undertaken during the past year to 
adapt the method of discrete ordinates, which has been 
used extensively in the lowenergy neutron shielding 
program, to the tiansport of lowenergy electrons. 

4.1 CALCULATION OF NUCLEAR REACTIONS 

IN THE ENERGY RANGE 30 to 2’700 MeV’ J 

H. W. Bertini 

FOR mcmwr NUCLEONS , ~ N D  1 ~ - ~ ~ ~ ~ ~ ~  

T h e  t w o - s t e p  intranuclear-cascade evaporation 
approach is used in the calculation of nuclear reactions 
for incident nucleons and -rr-mesons in the exiergy range 
where the production of n-mesons is important. The 
model of the target nuclei includes the effects of the 
diffuse nuclear boundary, the motion of the bound 
nucleons, and the exclusion principle. The calculated 
inelastic cross sections, particle multiplicities, energy 
spectra, angular distributions, and radiochemical cross 
sections are compared with experiment, and reasonable 
agreement is found, in general, over broad incident- 
particlc energy ranges and target mass values. Even 
though the agreement found in the present set of 
comparisons is very encouraging, additional compari- 
sons must be made to clearly delineate the areas in 
which the model may or niay not reproduce experi- 
mental results. 
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4.2 RESULTS FROM MEDIUM- AND 
HIGH-ENERGY INTRANUCLEAKCASCADE 

CALCULATION' 

II. W. Bertini M. P. Guthrie 

The low-energy intranuclear-cascade calculation2 has 
been extended to medium and high energies, and data 
from a series of nuclear reactions in these regions will 
be available shortly. The reactions calculated are inci- 
dent neuttons and protons n t  500, 1000, 1500, 2000, 
2500, and 3000 MeV and incident n+  and n-  mesons at 
500, 1000, 1500, 2000, and 2500 MeV on "0, ' 7Al, 
6 s C u ,  "'Ru, and 207Pl). 

'The available data include total noneladic cross 
sections, radiochemical cross sections, energy spectra, 
angular distributions, and multiplicities of emitted 
particles. The data are generated by a consolidated 
version of the analysis codes described in detail else- 
where' and have been put on microfiche, which will be 
distributed by the Radiation Shielding Inforrnalion 
Center. 

A paper that dlustrates cnmparisonr of the results 
from an earlier version of the code with experimental 
data &nvolving incident nucleons arid emitted cascade 
nucleons has been p~b l i shed .~  I t  was Felt that the 
deficiencies i n  the earlier version would not greatly 
affect those particular reactions. A paper comparing the 
results from the final version of the code with pertinent 
experimental data is in preparation. The data to  be 
distributed were generated using the final version. 
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4.3 THE MASKING EFFECT OF MULTIPLE 
SCATTERING ON THE DETERMINATION OF 
THE TWO-NUCLEON CORRELATION FROM 

n--ABSORPTION EXPERIMENTS' ,2 

H. W. Bertini 

The absorption reactions of n--mesons by complex 
nuclei have been calculated assuming that the ah- 
sorptions take place by two-nucleon pairs within the 
nucleus. The life histories o f  each nucleon o f  the 
absorbing pair and of all particles involved in subse- 
quent collisions within the nucleus are followed usittg 
the method of intranuclear cascades. The effects of the 
exclusion principle, the diffuse nucleai surface, the 
motion of the bound nucleons, and Lhe nuclear poten- 
tials for both pions and nucleons are taken into account 
in the nuclear model. The m u l t s  indicate that the ratio 
of escaping n-n to n-p pairs is considerably different 
from the ratio of it-p to  p-p  pairs that initially absorb 
the n-. This distortion is introduced by the nucleons 
that are knocked out when the initial absoibing pair 
scatters internally and by the nucleons that are knocked 
out when all the othei nucleons involved in subsequetit 
collisions scatter. It is suggested that the ratio of 
nucleon pairs that absorb the pion can be ascertained 
accurately if experiments are performed that detect 
only those nucleons that absorb ihe pion and escape the 
nucleus without subsequently colliding. 
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4.4 ABSORPTION, CHARGE-EXCHANGE, AND 
DOUBLECHARGE-EXCHANGE REACTIONS 

COMPARISON OF THEORETICAL PREDICTIONS 
OF n-MESONS WITH COMPLEX NUCLEI: 

WITH EXPEIUMENTAL RESULTS' ,2 

II. W. Bertirii 

'The two-step intranuclenr-cascade evaporation model 
is used in the calculation of nucleon bpectra, particle 
multiplicities, and radiochemical cross sections follow- 
ing stopped n- absorptions by complex nuclei. The 
nucleon spectra and particle rnultiplicities from thc 
pion absorption by light elements are, in general, 
predicted quite well. The theoretical particle yields 
from the heavy elements are overestimated, and the 
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particle spectra are too soft. These discrepancies are 
attributed to an insufficient number of pion absorp- 
tions near the edge of the nucleus for the heavy 
elements in the theoretical model. The magnitudes of 
the theoretical radiochemical cross sections from slow 
71.- absorption by iodine are in fair agreement with 
those from experiments, but the peak jn the cross- 
section distribution vs isotope mass for some of the 
isotopes appears at lower mass values than the measured 
ones. This discrepancy is consistent with those above. 
The model does well in predicting the charge-exchange 
cross section but does poorly in estimating the double- 
charge-exchange cross section for pions with energies 
below 200 MeV. These cross sections represent about 
1 %  or less of the total interaction cross section, and the 
theoretical model does not accurately reproduce such 
events in general. 
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4.5 AN EXTRAPOLATION METHOD FOR 
PREDICTING NUCLEON AND PION 

DIFFERENTIAL PRODUC'HBN CROSS SECTIONS 
FROM WIGII-ENERGY (>3 GeV) 

NUCI,EON-NU@L]EIJS COLLISIONS' ,2  

T. A. Gabriel R. G. Alsmller, J r .  
M .  P. Guthric 

An extrapolation procedure which relates the differ- 
ential cross sections for nucleon and pion production 
from nucleon-nucleus collisions at energies >3 GeV to 
the differential cross sections for nucleon and pion 
production from 3-GeV nucleon-nucleus collisions is 
described. Calculated results for 3CeV nucleon-nucleus 
collisions obtained from the intranuclear-cascade model 
of nuclear reactions are used in conjunction with the 
extrapolation procedure to  obtain differential cross 
sections which may be cornpared with the experimental 
data from high-energy (12.5 to 70 GeV) collisions. In 
some instances the agreement between the calculated 
and %he experimental data is very good, but this is not 
always the case. 
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4.4 CALCULATION OF THE NEUTRON SPECTRA 
FROM PROTON-NUCLEUS NBNEEAS'IIC 

COLLISIONS IN THE ENERGY R - N G E  
15- 18 MeV AND C O ~ ~ ~ ~ ~ ~ ~ ~ ~  

WITH EXPERIMENT' ,' 

R. G. Alsmiller, Jr .  0. W. Hermann3 

The energy distribution of neutrons from proton- 
nucleus nonelastic collisions for 1 8-MeV protons on 
14N, ' 7Al ,  56Fe ,  Is1Ta, and "'Pb and for 15-MeV 
protons on '711nl and "'Pb has been ca.lculated with 
the intranuclear-cascade evaporation model of nuclear 
reactions and with the evaporatiori model of nuclear 
reactions. Comparisons between the calculated neutron 
spectra and experimental. data are presented, and it i s  
shown that neither model is entirely reliable in the 
energy region considered, but that the intranuciear- 
cascade evaporation model is the more reliable of the 
two. 
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4.7 CALCULATION OF THE PHOTON-PRODUCTION 
SPECTRUM FROM PROTON-NUCLEUS 
CCPLLHSIONS IN m E  ENERGY RANGE 

15 TO 150 MeV AND COMPARISON 
WITH EXlPElKIMENT' ,' 

Y. Shima3 R. G. Alsniiller, Jr. 

Calculations of the differential photon-production 
cross sections from proton-nucleus collisions in the 
energy range 15 to 150 MeV have been cairied out and 
compared with experirrienfal measurerncnts on C, 
' 0, * AI, and ' Fe. I he calculations are based on the 
Intranuclear-cascade evapoiation model of nucleas re- 
actions and simple assumptions about the deexcitation 
of excitcd nuclei. The calculated total photon- 
production cross sections are within roughly a factor of 
2 of thc experimental values, but the calculated photon 
spectra ate not in good agrecment with the experi- 
mental spectra. 
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4.8 ELECTROMAGNETIC- AND NUCLEAR- 
CASCADE CALCULATlONS AND THEIR 

APPLICATION IN SHIELDING 
AND DOSLMETRY ,2  

R. G. Alsniiller. Jr. 

Some of the more recent studies conducted at the 
Oak Ridge National Laboratory in tlie areas of high- 
energy shielding and dosimetry are reviewed. The 
subjects considered are electron-photon cascades, 
ph otonucleon and photopion production, nucleon- 
meson cascades, and muon transport. 

Calculated results on the dose in tissue from electrons 
in the energy range 0. I to 20 GeV and from photons in 
the energy range 0.01 to 20 GeV are presented, and the 
calculated dose as a function of depth for 5.2-GeV 
electrons nornially incident on a tissue slab is compared 
with experimental dose-vs-dep th results. 

An essential element in calculating the shielding 
requirenients of electron accelerators is the determina- 
tion of the energy and angular distributions of nucleons 
and pions from high-energy photon-nucleus nonelastic 
collisions. A model for calculating these distributions is 
briefly described, and calculated results are presented 
and coinpared with experimental results for photons in 
the energy range 50 to 350 MeV, 

Nucleon-meson cascade calculations carried out using 
Moil te Carlo tecliniques are described. I n  particular, tlie 
determination of the radioactive residual nuclei induced 
in matter by a high-energy riucleon-meson cascade is 
discussed, arid comparisons between experimental and 
calculated data for 1- and 3-GeV protons incident on a 
very tliick iron target are given. Calculated results on 
tlie energy deposition in tissue for 525-MeV neutrons 
are also presented and compared with experimental 
data. 

The use of Moiite Carlo methods to study the 
properties of nucleoli cascades is often unsatisfactory 
because of the poor statistical accuracy whjch can be 
achieved in deep-penetration problems. To avoid these 
statistical difficulties, the applicability of the method of 
discrete ordinates to the study of nucleon cascades has 
been considered. Results obtained using the method of 
discrete ordinates are presented and compared with 
similar results obtained using Monte Carlo methods. 

In the shielding of high-energy electron acceleratois, 
it is often necessary to consider the transport of veiy 
high-energy muons tlirouyk mattei. Muun-transport 
calculations are discussed, and calculated results ob- 
tained with several approximations are presented and 
compared with exyeiimexital data on tlie transport of 
photomuons pioduced by 18-GeV electrons in a thick 
copper target through a thick iron shield. 
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4.9 ELECTRON TRANSPORT WTH THE 
METHOD OF DISCRETE ORDINATES’ 

D. E. Bartine’ 
R. G. Alsniiller, Jr. 

F. R. Mynalt2 
W. W. Engle, Jr.’ 

J. Barish’ 

The transpoit of low-energy (of the order of a few 
MeV) electron7 through matter is important in the 
shielding of manned space vehicles that orbit through 
the Van Allen electron belt. A code that treats this 
transport by meaiis of Monte Carlo methods is avail- 
able,” but because of the pool statictical accuracy 
which can be obtained, a nonstatistical tnethod of 
calculation is needed. To fill this need, the method of 
discrete ordinates has becn adapted to the transport of 
low-energy electrons. 

In principle, the discrete ordinates code ANISN4 may 
be used to transport electrons by the 5imple expedient 
of introducing into the code the differential cross 
sections for electron-nucleus elastic collisions, electron- 
n u c l e u s  bremsstrahlung-producing collisions, and 
elect1 on-electron collisions. In practice, however, thece 
cross sections are quite different from fliose which 
occur in neutron transport where the method of 
discrete ordinates has been used extensively, and it is 
not clear to what extent the method may be used 
successfully to transport electrons. In the Monte Carlo 
treatment o f  electron transport, the individual elec- 
tronic collisions are not considered, hut rather the 
theories of multiplc Couloi-rib scattering and continuous 
slowing down are used to group together large number 
of colkions ’ 
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In the work reported here, the individual electronic 
collisions are treated except that those clectroii-electron 
collisions which result in very small energy transfers (of 
the order of the average ionization potential of the 
atom) are treated using the continuous slowing--down 
theory. The differential cross sections for electron- 
nucleus elastic collisions and electron-nucleus ),rems- 
strahlung production are taken froin standard 
 source^.^ ,6  The differcntial cross section given by  
Moilers ,7 is used to describe electron-electron collisions 
which result in large energy transfers, and the usual 
stopping-power formula' wiih the energy loss due to 
large energy transfers subtracted out is used to  treat 
electron-elec tron collisions which result in small energy 
transfers. 

In Fig. 4.9.1 the transmitted electron spectrum given 
by the discrete ordinates code ANISN is compared with 
the experimental transmitted spectrum' from 1 -MeV 
clectrons normally incident on an 0.1 l-g/cm2 -thick 
aluiminurn slab. The calculated results arc in excellent 
agreeriient with the experimental data for energies 
below about 0,85 MeV and are in approximate agree- 
ment for the larger transmitted energies. The applica- 
bility of the method to  thicker shields and higher 
energies remains to  be tested. 
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Fig. 4.9.1. riansmbtted Electron Syertnnm for 1-MeV EBec- 
trona N ~ r m d l y  I n d e n t  on an 0.1 l-g/cm2-Thick Aluminum 
Slab. 
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4.10 THE LATERAL SPREAD OF HIGH-ENERGY 
(G480-MeV) NETSFRON BEAMS AND 

M. L. Gritzner2 
J. V. Pace2 

EARTHSHINE' 

R. G. Alsmiller, Jr. 
F. K. Mynatt2 

J. Barish' 

Calculated results obtained with the method of 
discrete ordinates are presented for the cases of 
zero-ividth beams of 100- arid 400-MeV neutrons 
normally incident along the axis of a cylindrical shield 
of silicon dioxide with 5% water by weight. The results 
include the omnidirectional neutron flux per unit 
energy as a function of depth and radius in the shield 
and the neutron and photon dose equivalents as a 
function of depth and radius in the shield. 

I n  the vicinity of well-shielded target areas of high- 
energy accelerators, the neutrons and photons which 
diffuse through the ground irnder the shield, "earth- 
shine," often pose a radiation hazard. Calculated results 
of the earthshine in a specific geometry are presented 
and discussed. 
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4.1 1 PHOTON LEAKAGE FROM THE MOON DUE 
TO SOLAR-FLARE HOMBARDMENT' J 

H.  S. Moran 
T. W. Armstrong R. G. Alsniiller, j r .  

By meawriing the photon spectrum from l h e  moon 
using a lunar orbiting satellite, the average lunar soil 
composition over large areas can be inferred.3 l h e  lunar 
photon albedo arises from both galactic cosmic-ray 
(GCK) and solar cosmic-ray (SCR) bonibardment, atid 
knowledgc of the contribution of each will aid in 
interpreting the measured specl rum. The photons from 
SCR bumbardment are comprised of a prompt com- 
ponent, which exists only during boinbardment, and a 
delayed component, which arises from the decay of 
radionuclides produced during bombardment. In the 
present work the time-dependent photon leakage f rom 
the moon due to the decay of radionuclides induced by 
SCK bombardment i s  calculated, 

The calculations were cariied out using Monte Carlo 
methods to determine the development of the nuclcon- 
meson cascade, the radionuclide production, arid the 
photon transport? The lunar cornposition as de- 
terxniiied from the Apollo l l flight was used.' 

Figure 4.1 1.1 shows the photon leakage flux duiing a 
solar cycle d u e  to  radionuclide decay. The incident 
proton flux was assumed to be isotropic, and all flare 
spectra were taken to be exponential in rigidity. The 
flare intensities arid characteristic rigid1 ties used are 
based on the data for solar cycle 19 (1954 through 
15641.' Radionuclide production by previous solar 
cycles w;is taken into account by using the flare data 
fur cycle 19 for all previous cycles. 

Accurate estimates of the photon leakage due to GCK 
bombartlnierit for the same coniposition as used here 
are not svailable. Howevcr, very approximate calcula- 
tions for the basaltic-type composition give :i piompt 
photon leakage flux approximately L 00 times higher 
than the maximum flux given in Fig. 4.1 1.1 for the 
SCK Calculations to  determine more 
accuidely the photon leakage due to  GCR bombard- 
ment ale in progress. 

Calculated results for the prompt photon-leakage 
specti a, the lime-dependent photon-leakage spectra, the 
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Fig. 4.11.1. Photon Ixeakage Flux from the Moon Arising 
from SI'K Bombardment During Solar Cycle 19. The times at 
which flare? occurred are indicated by arrows 

neutron-leakage spectra, the spatial distrihri t ion of 
produced radionuclei, and the spatial distribution of the 
absorbed dose and dose equivalent from SRC bom- 
bardment have also been obtained. 
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4.12 THE ABSORBED DOSE ANQ DOSE 
EQUIVALENT FROM NEUTRONS 1N THE 

ENERGY RANGE 6 0  TO 3000 MeV 
AND PROTONS IN THE ENERGY 

RANGE 400 1'0 3000 MeV' l' 

R. G .  Alsmiller, Jr. T. W. Armstrong 
W. A. Coleman3 

Nucleon-meson cascade calculations have been carried 
out for monoenergetic neutrons (60 to 3000 MeV) and 
protons (400 to 3000 MeV) normally incident on a 
semiinfinite slab of tissue 30 cni thick, and the 
absorbed dose and dose equivalent as a function of 
depth in the tissue are presented. 'l'he calculated 
absorbed doses from 180- and 525-MeV incident 
neutrons and 660- and 730-MeV protons are compared 
with experimental data. For 525-MeV incident neu- 
trons, the experimental and calculated absorbed doses 
are in good agreement, but this is not the cme with the 
other comparisons. 
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4.13 THE ABSORBED DOSE ANI) DOSE 
EQUIVALENT FROM NEGATIVELY AND 

POSITIVELY CHARGED PIONS IN 'lTIE 
ENERGY RANGE 10 TO 2000 MeV' 

R. G. Alsmiller, Jr.  T. W. Armstrong 
B.  L. Bishop 

The nucleon-meson transport code NM'K has been 
used to calculate the absorbed doses and dose equiva- 
lents as a function of depth when broad beanis of 
negatively charged and positively charged pions are 
normally incident on a 30-cm-thick slab of tissue. The 
method of calculation is the same as that used 
previously for incident neutrons and protons2 except 
that the present results include an approximate trans- 
port calculation for the electrons and positrons that 
arise from muon decay. The energy deposition data for 
electrons were obtained from the electron-photon 
cascade code written by Zerby and M ~ r a n . ~ , ~  

In 1;ig. 4.13.1 the absorbed dose and dose equivalent 
from 84MeV negatively and positively charged pions 
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Pig. 4.13.1. The Absorbed Dose and Dose Equivalent vs 
Depth for 84-MeV Negatively and Positively Charged Pions 
Normally Incident an a 30-cm-Thick Slab of Tissue. 

are shown as a function of depth. The large peak in the 
results for negatively charged pions arises from the 
low-energy particles produced when these pions are 
captured at the end of their range. This peak is very 
pronounced in the dose equivalent results because many 
of the particles produced by negative pion capture are 
heavily ionizing particles and thus have a large quality 
factor.' The peak in the results for positively charged 
pions arises from the decay products produced when 
these pions decay at the end of their range. 

Calculated results for incident pion energies of 10, 
150, 500, 1000, and 2000 MeV have also been 
obtained. 
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4.14 CALCULATION OF THE RADIATION HAZARD 
AT SUPERSONIC AIRCRAFT ALTITUDES 

PRODUCED BY AN ENERGETLC 
SOLAR FLARE - 11.’ *’ 

T. W. Armstrong H. S. Moran 

Calculations have been carried out to estiniate the 
absorbed-dose and doseequivalent rates a t  various 
depths in the atniosphere produced by an energetic 
solar flare - the flare or Feb. 23, 1956. The dose rates 
were determined both by computing flux spectra in air 
only and applying flux-to-dose conversion factors and 
by coniputing the dose rates in tissue for an air-tissue- 
aia arrangement. The two methods of calculation are in 
reasonable agreement when the flux-to-dose factors are 
applied to the forward-flux spectra, but the calculations 
indicate that previous results obtained using omni- 
directional-flux spectra overestiniate the dose rates. 
Also, the effect of the fuel carried by a supersonic 
aircraft on the dose received by the passengers in the 
event of a solar flare has been considered and found not 
to be substantial. 
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4.15 CALCULATION OF THE RADIONUCLIDE 
PRODUCTION IN TISSUE BY SOLAR-FLARE 

BBMBARDMENT~ ,* 

T. W. Armstrong K. C .  Chandler3 

An accurate estimate of the dose received by astro- 
nauts in the event of solar-flare exposure ir o f  prime 
importance. Preliminary investigations4 indicate that 
post-flight nieasurenient of photons from the decay of 
radionuclides induced in tlie astionaut’s body may be 
capable of providing a sensitive estimate of the whole- 
body dose received. To further investigate this method 
of dosimetry, calculations have been carried out to 
determine the dose, induced radioactivity, and tiine- 
dependent photou-leakage spectrum due to solar-flare 
bombardment of tissue 

The particle-transport calculations were carried out 
using Monte Carlo methods.’ -’ The calculations have 
been performed for an isotropic flux of flare protons 
incident on one side of an infinit(> slab of tissue 
(whole-body composition) 30 cin in thickness. Incident 
protons with energies between 30 and 3000 MeV were 
considered, and tlie proton spectrum was taken to be 
exponential in rigidity. ‘The time dependence of the 
flare spectrum was not taken into account; that is, all of 
the protons were assumed to be incident at the same 
time. From the proton and neutron flux spectra in the 
tissue and available experirnentJ8 and calcu- 
lated’ y 1  radionuclide production cross sections, the 
spatial distributiori of those radionuclides with signifi- 
cant production was obtained. It’hotons from radio- 
nuclide decay were lheti transported to obtain thc 
energy spectrum of those photons escaping from the 
face of the slab on which the protons arc incident, The 
absorbed dose and dose equivalent in the tissue from 
both primary protons and all secondary particles, 
neutrons, protons, charged pions, photons from neutral 
pions, muons, electrons and positrons fiorn muou 
decay, photons, and heavy nuclei, were also computed. 

Figure 4.15.1 shows the photon leakage spectnim at 
various times after a flare. These spectra were obtained 
for a flare with a characteristic rigidity of 100 MV and 
an omnidirectional inlegra~ nuence of 1 protonlcrn’ 
above 30 MeV. The energy of the photons emitted by 
various radionuclei is indicated in Fig. 4.15.1. For times 
710 hr, the most prominent line is due to “ C  (EY = 
0.5 1 MeV), wliercas for longer times the ‘Be (EY = 0.48 
MeVj line is strongest. Calculated results for the 
absorbed dose, dose equivalent, and the phuton leakage 
spectra for other flare spectra have also been obtained. 
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Fig. 4.15.1. Photon Leakage Spectrum at Various Times After a Solar Flare. 
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4.16 CALCULATiON OF THE NUCLEON-MESON 
CASCADE INDUCED IN IRON BY 19.2 GeV/c 

PKOTONS AND COMPARISON 
WITH EXPERIMENT' 

T. W.  Armstrotig B. L. Bishop 

The nucleon-meson transport code NMT? which is 
restricted to energies 23 GeV, has been extended to 

higher energies by using an extrapolation me thod3 to 
obtain the description of nonelastic collision products 
23 GeV. This extrapolation method uses the dif- 
ferential cross scctiorls fur the production of nucelons 
and pions from 3-GeV nucleon-nucleus collisions and 
2.56eV pion-nucleus collisions as predicted by the 
iiitranuclear-casc3de evaporation model, together with 
energy, angle, and multiplicity scaling relations which 
are consistent with the sparse experjnientd data avail- 
able for high-energy interactions, to estimate the 
particle production at the higher eneigies. 

To test the validity of iliis new high-energy nucleon- 
meson transport code (I-lbNMT), the cascade induced 
by a zero-width beam of  19.2-GeVlc protons incident 
nornully on a half-space of iron has been calculated, 
and comparisons have been made with the experimental 
data obtained by Citron et 0 1 . ~  for thir same configu- 
ration. Comparison of' the calculatcd and measured 
longitudinal developrnerit o f  the cascade in terms of tlic 
laterally integrated star density and track intensity i s  
shown in Fig. 4.16.1. The calculated star density refers 
to  nuclear interactions produced by all particles with 
energies >200 MeV, and the calculated track intensity 
consists of tracks produced by charged pions >80 MeV 
and protons >500 MeV. Both the calculated and 
measured star densities have been normalked to unity 
at zero depth. The agreement between calculation and 
experiment is reasonably good at sinal1 depths (21 000 
g/cni2), but the calculation overestimates both the star 
density and track intensity at the larger depths. 
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Fig. 4.16.1. Sta? Density and Track Intensity vs Depth. Ihe error bars represent statntical errors of one standard deviation. 

4.17 AN APPRQXIMATE DENSITY-EFFECT 
COlPIKECTION FOR THE IONIZATION LOSS 

OF CHA RCED PARTICLES' ,' 

T. W. Armstrong K. G. Alsmiller, Jr. 

An approximate dendty-efFect correction for de- 
termining the stopping power and range of high-energy 
charged particles is diwussed and evaluated. For a 
variety of materials and all particle energies, using the 
approximate density-effect correction, which can be 
easily computed for both elements and compounds, 
overestimates the stopping power by <6% and under- 
estimates the range by 24%. This error should be 
acceptable in many practical problems that involve 
materials for which the correct density effect has not 
been evaluated. 
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4.18 CALCULAI'IONS EVALUATING SEVERAL 
METHODS FOR REDUCING TilE RESIDUAL 

PROTON ACCELERATORS 

T. W. Artnstrong J. Barish' 

Calculations have been carried out to evaluate several 
methods for reducing the residual photon dose rate 
inside an accelerator tunnel due to the activation of the 
concrete tunnel walls by thermal neutrons from a 
3-GeV proton beam located on the axis of an iron 
cylinder. The reduction of the thermal-neutron pro- 
duction of 2 4 N a  in the concrete, obtained by placing 
cadmium and boron at the surface of the concrete and 
by adding boron to the concrete, is calculated. The 
photon dose due to the activation of the concrete is 
combined with the results from a previous calculation 
for the dose contributed by the iron to obtain the total 
photon dose rate inside the tunnel. The calculations 
were carried out by Monte Carlo methods. 

PHOTON DOSE RATE AROeTND 1-IIGI-I-ENERGY 
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Computing Technology Center, IJaion Carbide 
Corp., Oak Kidge, Tenn. 

4.19 CALCULATED AC'ITIVATION OF COPPER 
AND IRON BY 3-CeV PROTONS' 

T. W. Armstrong J. Harish2 

An estimate of the residual photon dose rate and the 
neutron leakage induced in an accelerator magnet by a 
beam of 3-GeV protons i s  computed. The magnet is 
approximated as an infinire cylinder of copper sur- 
rounded by a layer of iron, with the proton beam 
located on the cylinder axis. Monte Carlo methods are 
used to  determine the development of the nucleon- 
meson cascade, the residual nuclei production, and the 
photon transport I 
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4.20 CALCULATION OF TXE LONG-LIVED 
INDUCED ACTIVITY IN SOIL PRODUCED 

BY LOO-M~V PROTONS' 

T. A. Gabriel 

Calculations have been carried out to  obtain the time 
and spatial dependence of the long-lived induced 
activity in soil produced by 200-MeV protons incident 
on a small cylinder of graphite buried in soil. Only 
radioactive nuclei with half lives greater than or equal 
to that of 7Be (0.147 year) were considered. Monte 
Carlo methods were applied to determine the induced 
neutron flux which was combined with both calculated 
and experimental radiochemical cross sections to deter- 
mi ne the rate of residual-nuclei production. Through 
the use of the resdts of the calculations, a procedure 
has been established whereby the approximate con- 
tribution of each target nucleus to  the production of a 
particular radioactive nucleus can be obtained. The 
results of the calculations are also used to  approximate 
the long-lived induced activity in soil when the small 
cylinder of graphite is embedded first in another 
material, such as iron, which is in turn surrounded by 
soil. 
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4.21 CALCIJLATION OF THE LONG-LIVED 
INDUCE11 ACTIVITY IN THE SOIL 

TARGET AREAS ' 
AROUND HIGH-ENERGY ACCELERATOR 

T. A. Gabriel K. G. Alsnliller, Jr. 

Nucleon-meson cascade calculations have been carried 
out arid estimates o f  the induced activity in the soil 
surrounding high-eneigy accelerator target areas have 
been obtained. Results on the conti-ibution to  the 
induced activity from various residual nuclei are 
presented for a specific irradiation time and as a 
function of time after beam shutdown for a 3 C e V  and 
a 200-GeV proton accelerator. Because of the lack of 
particle production data at very high energies, the 
calculated results for the 200-CeV incident proton 
beam are much more approximate than those for the 
3GeV incident proton beam. 

Reference 

' Abstract of ORNL-TM-3033 (in press); paper also 
submitted for journal publication. 

4.22 HIGH-ENERGY ( 4 8  GeV) MUON 
TRANSPORT CALCULATlONS AND 

COMPARISON WITH EXPERIMENT -- 11.' 

R. G. Alsxniller, Jr. J. Barish' 

Calculations of the transport o f  high-energy photo- 
muons through a very thick iron shield have been 
carried out. The results presented differ from those 
given previously in that the angular distribution of the 
photons which produce the photornuons is included in 
the calculations. I t  is shown that the effect of this 
angular distribution is small and does not account for 
the previously reported discrepancy be tween calculated 
and experimental results. 

References 

'Abstract of QKNL-TM-2669 (July 21, 1969) and 

Computing Technology Center, Union Carbide 
Nzicl. Instr. Aleth. Letters 75, 344 (1969). 

Corp., Oak Ridge, Tenn. 
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4.23 CALCULATION OF THE ENERGY 
DEPOSIrED LN THICK rARGEFS BY 

HIGH-ENERGY (1 GeV) ELECTRON-PNOTON 
CASCADES AND COMPARISON 

WITH EXPERIMENT - 11.' 

R. G. Alsmiller, Jr. 11. S .  Moran 

Electron-photon cascade calculations have been car- 
ried out for a zero-width beam of 1-GeV electrons 
normally incident on semiinfinite slabs of water and 
durninum. The calculated results prcsented here differ 
from those given in a previous paper in that the 
density-effect correction to the stopping power of 
mattcr for electrons has been taken into account. I'he 
calculated results are compared with experimental data, 
and it is shown that the agreement between calculated 
and experimental energy-deposition data is improved 
considerably when the density-effect correction is 
included in the calculations. 

Reference 

'4bstract of ORNL-TM-2843 (Jan. IS, 1970) and 
Nucl. Sci. Eng. 40, 483 ( 1  970). 

4.24 PHOTONUCLEQN AND PHOTOPION 
PRODIJCTION FROM IIIGI 

MeV) ELECTRONS 
IN THICK COPPER TARGETS' 

T. A.  Gabriel R. G. Alsmiller, Jr. 

Electron-photon cascade calculations have been car- 
ried out for high-energy electrons incident on a thick 
(infinite) copper target. The photon track length per 
unit energy from these calci~lations has been used in 
conjunction with a recently developed model of photo- 
nucleon and photopion production from photon- 
nucleus collisions to calculate the energy and angular 
distributions of high-energy photonucleons and photo- 
pions produced when electrons in the energy range 50 
to 400 MeV are incident on a thick copper target. 

Reference 

Abstract of ORNL-4443 (August 1969); paper also 
partially published in Nucl Phys. B14,  303 (1969). 

4.25 ANALYTIC REPRESENTATION OF 
PIIOTONUCLEON AND PHOTO 

D1[ FFERENTIAL YIELDS 
FROM HIGH-ENERGY EI,ECTRONS 

(50 < Eo G 408 MeV) INCIDENT 
ON AN INFINITE COPPER TARGET' 

T. A. Gabriel 

Analytic fits of the Monte Carlo calculated dlf- 
ferential photoparticle yields when electrons of energy 
50, loo, 200, 300, and 400 MeV are incident on dn 

infinite copper target have been obtained by the 
method of linear least squares. For all of the above- 
mentioncd electron energies, analytic expressions are 
given for the photoproton, photoneutlon, and photo- 
pion differential yields in the target in the laboratory 
angular intervals defined by the incident electrons of 
0-30, 30-60, 60-90, 90- 120, 120-1 80, and 0- 180 
deg. 

Refercilce 

Abstract of ORNL-4442 (August 1969). 

4.26 THE ENERGY DIS'1'RIBUTION OF 

ELECTRONS iN  THICK BERYLLIUM 
PHOTONEUTRONS PRODUCED BY 150-MeV 

AND TANTALUM ' F A N  

R. G. Alsmiller, Jr. T. A. Gabriel 
M. P. Guthrie 

Electron-photon cascade calculations and photo- 
neutron-production calculations have been carried out 
for 1 SO-MeV electrons on thick targets of beryllium and 
tantalum. The calculated neutron production spectra 
cover the energy range 0.01 MeV to approximately 100 
MeV. Results on the photoproton production spectra 
are also given. 

Reference 

Abstract of ORNL-TM-2751 (Sept. 1 1 ,  1969) and 
Nucl. Sci. Eng. 40, 365 ( 1  970). 



5. Medium-Energy Nucleon Spectroscopic Studies 

5.0 INTRODUCTION 

R. W. Peelle 

Scintillation neutron spectrometeis based on observa- 
tion of proton recoils in liquid organic scintillants have 
beer1 successfully applied in the MeV region for a 
variety of purposes even though the necessary data 
analysis is quite complicated. The potential of such 
spectrometers for dependable operation i n  remote 
locations s e e m  to have been demonstrated by our 
successful observation last year of the pulse-height 
spectrum induced by neutrons at the top of the 
atmosphere. Inferences about this “albedo” souice of 
protons for tlie Van Allen belt might be drawn from 
knowledge of the spectrum of neutrons of several tens 
of MeV leaking frotn the atmosphere, but long flights or 
satellite observations will apparently be required to 
obtain adequate intensity for energies above I 5  to 20 
MeV. 

Our extensive experiments to determine charged- 
particle spectra arising from 30- to  60-MeV protons on 
a series of nuclides lave led to publication of tabula1 
data for most o f  the cases studied, and this documenta- 
tion work iq continuing as a part-time activity. Final 
cross sections must yet be documented for the rather 
complete studies on targets of carbon and oxygen. The 
cross sectionr behave in a n  orderly manner in- 
conipletely represented, even in the continuum, by the 
intranuclear cascade model. We shall be challenged to 
elucidate this orderliness in a fully satisfactory manlier 
with the resources at hand. 

Difficult experiments are now under way to  de- 
termine the companion outgoing neutron spectra from 
(pJ72) reactions from 40- and 60-MeV protons on a few 
targets. In this region of incident energy below 100 
MeV, where space radiations are intense, the validii y of 
the intranuclear cascade model has been only weakly 
tested for neutron production. (Though experimental 
tests on neution production for higher incident energies 
are inconclusive or imprecise, the general validity of the 
model i s  much more sure a i  500 MeV than a t  50 MeV.) 

Helium nuclei are present in solar flares with intensity 
comparabk with that of the protons, though they are 
less able to  penetrate through the skins of the space- 

craft. Some data are now being analyzed giving the 
charged-particle cross sections induced by iricide tit 
58-MeV alpha particles, so that comparisons will be 
made of outgoing proton cross sections with estimates 
being prepared in the theoreiical group. Unfortunately, 
the experinieritol progrnni may be terminated before a 
critical test can be made of the corresponding spectra of 
neutrons froin (a,xn) reactions. 

5.1 MEASUREPIENT OF NEUTRON 
SPECTRA IN THE ENERGY RANGE 

2 TO 60 MeV IN THE UPPEK 
ATMOSPHERE 

W. Zobel J. T. Delorenzo’ 
T. A. Love C. 0. McNew‘ 

In the last annual report we described an engineering 
test fl ight to measure neutrons in the upper atmos- 
phere. As a result of the experience gained in that 
flight, certain modifications were deemed ndvisable io 
the equipment. 

The drift in the cross-over timing, which led to the 
abortion of the engineering test flight, was remedied by 
changing the delay lines in the linear amplifier to a 
different 1 ype with better temperature characteristics. 
To further ensure that we could perform pulse-shape 
discrimination even if other unforeseen factors caused 
drift in the cross-over point, we decided to telemeter 
the digitized linear pulse-height s ipa l  and the corres- 
ponding d i g i t i d  output of the time-to-aniplitude 
converter, which was used to determine the cross-over 
discrimination point, as a coupled pair. This enables us 
to impose the pulse-shape discrimination criteria during 
the analysis and vary them if required. 

We had thought that the heat buildup in the 
electronic equipment could be cured by removing the 
equipment from the insul,ated box in which it WBS 

housed during the first flight. Tests at ORNL in an 
environmental chamber in which the equipment could 
be subjected to the reduced prcssure and lowered 
temperature to be encountered at float altitude showed 
that inadequate heat transfer due to lowered convection 
cooling resulted in “hot spots” in the equipnient with 
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resulting drift in the output. We therefore decided to 
retain the picssurized equipment box for the second 
flight but to  rearrange the interior configuration, 
reducing the insulation surrounding it and making 
provision for cooling it by passing Freon through tubes 
soldered to four of its sides. This last change was made 
Oidy shortly before the equipment was shipped to the 
launch site, and no provision was included to monitor 
the cooling system. We therefore do not know if, or 
when, it turned on during flight. The temperature in the 
box stayed between 32 and 52°C. A white cloth cover 
was draped over the top of the gondola during the flight 
to ;educe the heat load from the 'Fun 

The other major change was the removal of the 
detector from the gondola, hence from the mass that 
was located thereon. The 'I8 ~in.-thick stainless steel 
pressure can of the first flight was replaced by a 
'/, -in.-thick aluminum can to reduce the m a s  sur- 
rounding the detector. Foam insulation was ietained 

around the can, since the detector must be kept above 
15°C. The assembly, which now also included the 
high-voltage power supplies for the photorriultipliers 
and the preamplifier, was lowered after launch from the 
gondola by a distance of -90 ft. Since it was 
impractical to attempt to  hoist i t  in again prior to  
landing, an exterior can of 16-gage sheet steel sur- 
rounded the foam insulation to  take the impact 
expected on landing. 

The flight was launched on June 17, 1969 at 0627 
hours CDT from the NCAR launch site at Palestine, 
Texas.' 'The lowering of the detector was accomplished 
successfully shortly after launch. The system ascended 
at an average rate of 849 ft/min to a float altitude of 
104,400 ft. The flight was terminated after floating at 
altitude for 9 hr and 24 min. The gondola was 
parachuted safely to the ground 2 rniles southeast of 
Bronte, Texas. The equipment was recovered un- 

................. 

............. 

.... 

- .- - 

t 
_I ...... ............... 

10 .. I .+..+-.. ++.Ifj+j 420 i i o  (60 (80 .-c--c 200 I\ 
CHANNEL NIJMRER 

GRNL-DWG 70-7141R 

...... 

. . . . . . . .  

........... 

..... ~ 

.- 

- ............ ~___ 

.............. 

r--I !O 240 ........ 2GO 

Fig. 5.1.1. Cumulative Neutron Spectnim from Balloon Flight 17, June 1959. 
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harmed, and after being returoed to  OKNL it func- 
tioned normally. 

The telemetered data taken during the flight were 
recorded on magnetic tape in real time and were also 
accuniulated on a TMC tnultichannel analyzer for 
monitoring purposes. The magnetic tapes from the 
recorder are not compatible with computers, so that 
some way must be devised to transform the data so that 
they can be analyzed. To this end, equipment was 
designed, built, and tested which enables us to convert 
the data to computer-compatible form using the divi- 
sion's PDP-8 computer. Suitable programs for this 
computer were written and debugged to accomplish this 
task and are currently being extended to  incrcase their 
usefulness. Conversion of the data is expected to take 
place in the near future. 

The data stored in the niultichannel analyzer, while 
not including all the available data, were combined into 
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cuniulative pulse-height spectra separated into neutron 
and gamma-ray events by using an on-board hardware- 
set flag. These pulse-height spectra are shown jn Figs. 
5.1.1 and 5.1.2 respectively. It is apparent from Fig. 
5.1.1 that there are some events due to  high-energy 
neutrons (channel 230 corresponds approximately to 
recoil protons of 60 MeV); it is also obvious that the 
time during which data were taken was quite insuf- 
ficient to acquire good statistics for high-energy events. 

It does riot appear frasible a t  this time to obtain data 
from balloon flights lasting weeks or  months. Since we 
are interested largely in the neutron spzctrurn above the 
atmosphere, it seems more practical to endeavor to 
make such measurements with equipment carried 
aboard a satellite. We have therefore subnlitted a 
proposal to  NASA to fly a neutron spectrometer, 
similar to the one used in the balloorn fljghts, aboard a 
proposed High Energy Astronomy Observatory. In the 
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Fig. 5.1.2. Cumulative Garnma-Rdy Spectrum from Balloon Flight 17, June 1969. 
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event that we will not be chosen to participate in the 
I-IEAO series, we expect to request consideration on 
other suitable spacecraft. 

References 

' Instruinentation and Controls Division. 
*We wish to acknowledge the assistance for this flight 

of NASA which furnished the balloon and helium for 
tiit: flight. In addition, through Mr. H. W. Parker and his 
assistants, the Marshall Space Flight Center furnished 
the telemetry and the battery power for all electrical 
equipment. 

5.2 DIFFIEREN'T'IAL. CROSS SECTIONS FOR 

TO 60-MeV PROTONS ON NUCLEI' 
HYDROGEN AND HELIUM PAR'1'ICLES F 

R. W. Peelle F. E. Bertrand' 

A series of experiments was performed to study the 
production spectra of hydrogen and helium isotopes 
resulting from bombardment of nuclei by incident 30- 
to  60-MeV  proton^.^ During this year major improve- 
ments have been made in the data analysis software, 
and a series of reports is being produced to make 
tabulated cross sections a~a i lab le .~  This report describes 
some of the qualitative findings which have become 

I T  

evident from the results and from comparisons of the 
results against the intranuclear-cascade theory. The 
paragraphs below discuss the dependence of the ob- 
served cross sections on incident energy, the presence of 
quasifree scattering. peaks, the integral spectra, the 
dependence on target mass number of the production 
of the various secondary hydrogen and helium particles, 
and the present ability of the cascade model with 
evaporation to predict the intensities of protons and 
alphas at low energy and at wide angles. 

Figure 5.2.1 shows for a scattering angle of 30 deg 
from ' Fe a comparison between experimental second- 
ary proton differential cross sections and the pre- 
dictions of the Bertini (MECC) cascade program with 
the consequent evaporation added in. The broad 
histograms are the theory. From left to  right the 
incident proton energies are 29,39, and 62 MeV. At the 
highest incident energy, the continuum regions agree 
very well except below 5 MeV, but at lower incident 
energies agreement is destroyed. l'his suggests the 
demise of the cascade + evaporation model in the 
50-MeV region, a conclusion which would surprise no 
one. But other angles must be considered, and Fig. 
5.2.2 does this by showing the differential energy 
spectra (integrated over angle) for the same cases. 
Elastic scattering has been removed. l'heoiy is every- 
where very high in the "evaporation" region and 

l l  I .  
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Pig. 5.2.1. Scattered Protons at 30 deg fmm 54Fe for 29-, 39-, and 62-MeV Incident Protons. 'The histograms with the broader 
steps represent the Bertini cascade plus evaporation model (also shown divided by 10). 
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PROTON ENEKG t (mv)  

Pig. 5.2.2. lntegrals over Angle of Protons Scattered from '"Fe for Incident 29-, 39-, and 62-MeV Protons. The dashed 
histogram represents the result given by the Hertini cascade plus evaporation model. 

slightly low in the continuum rcgion, but any energy 
dependence of the disagreement is not marked. This 
pair of figures illustrates that the understanding of the 
energy dependence of thc theory-experiment cotn- 
parison will have to be approached with considerable 
care. 

The cascade process in nuclei is based on elementary 
nucleon-nucleon scatterings within the nucleus, and the 
Bertini cascade model outputs always show the resolt- 
ing quasifree scattering peaks at small angles, broadened 
by the momentum distribution within the nucleus. 
Quasifree scattering peaks have been clearly observed 
experimentally for incident proton energies above 300 
MeV, and they appear in calculated results down to 
incident energies at least as low as 25 MeV. Figurc 5.2.3 
showy a typical comparison of our results with theory 
at 15 deg. The theory predicts a marked peak, while the 
experiment shows no  sign of it. Generally, great 
imagination is required to see any trace of quasifree 
scatteiing in any of our data. Indeed, no experimenter 
has reported such a peak for incident proton energies 
below 100 MeV, but perhaps only two others have 
looked. The reason the predicted peak is "washed out" 
is unknown, but may be related to wave-mechanical 
effects of the average nuclear potential which are 
intentionally not included in the Bertini model. 

Figure 5.2.4 shows comparisons between the cascade 
+ evaporation model and differential energy spectra 
(integrated over angle) for the five observed secondary 
particles from 62-MeV protons oti * 7Al. Ekistic scatter- 
ing has been removed. Note that the vertical scales are 
different for each type of outgoing particle. The proton 

ORNL-OWG 69-tO213R 
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Fig. 5.2.3. Scattering of 62-MeV Protons at 15 deg from 7AI 
Compared with Predictions of the Cascade Plus Evaporation 
Model Shown by the Broader4 tepped Histogram. 
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Fig. 5.2.4. Differential Fnehgy Spectra for the Hydrogen and Helium Ions from 62-MeV Protons on 27AI. The dashed 
distributions are from the cascade pluc evaporation model. 
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spzctrum is in better agreement than for s4Fe ,  since 
there is a smaller surplus of predicted evaporation 
protons. For the other particles the present theory 
predicts only evaporation, while the experiment for H, 
3 H ,  ,md 311e gives a conipletely different type of energy 
distribution. The alpha prediction is more reasonable in 
shape, but tliete is a high-eneigy tail in the experiment. 
Further, there is no easy way to  bring the theory up to 
the experiment in the evaporation peak for any of the 
targets whete evaporation is likely to be significant 
(helow tin). (Since the proton and alpha-particle in- 
tensities disagree in opposite directions in the evapora- 
t i o n  region, changes in the average post-cascade excita- 
tion energy cannot be helpful.) The low-energy 
deuteron peak is not seen from the heaviei targets 
studied. 

Figure 5.2.5 illustrates the dependence of the con- 
tinuum cross sections on mass number for incident 
62-MeV protons. For scattering at 30 deg, it shows the 
average observed cross section in the 20- to 30-MeV 
range. (This range avoids Coulomb effects and the 
highmzrgy cutoff, and the fixed detector angle was 
chosen because we have the greatest variety of data at 
30 deg.)Note that there is some scatter in the points for 
a given mass region, often much laiger than our 
estinlated systematic uncertainties, but iievertheless the 
trends are clear. ‘The proton cross section rises like A 1 I 3  
up to  tin (as if the length of the nuclear fringe 
determined the magnitude), and then becomes con- 
st ant. Deuteron and alpha production cross sections are 
ahnost a fixed fraction o f  the pioton cross section, 
wliile 3He and 3 H  show nlnrked and opposite mass 
dependence. T h e  has often been speculation about a 
neutron-rich ‘“halo” around the nucleus - could such a 
halo explain the observed relative .4 dependence for 11 
and He7 The indirect pickup theory does postulate 
that these particles are produced largely in the nuclear 
fringe. The values in Fig. 5.2.5 would change if 
different energy and angle regions were chosen, but 
study so far indicates that the qualitative A dependence 
is relatively unchanged, at least for all forward angles. 

The curtent cascade -t- evaporation theoiy has no 
mechanism foi giving high-energy alpha particles. It 
giveq some, but never enough, high-eneigy protons at 
backward angles. Figure 5.2.6 illustrates the situation 
for a target of 1 9 7 A u .  At 50 deg the prediction has 

ORNL-DWG 69-10221 
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Fig. 5.2.5. A Dependence of the Observed Continuum Cross 
Section. 

considerable validity except near the incident energy (a 
typical result too for other elements in this angle 
range), but at 100 deg the theory is “losing touch.” The 
difference is more marked at large angles. 

References 

Work funded by the National Aeronautics and Space 
Administration under NASA Order L-l2,186. 

’Nuclear Data Group. 
F. E. Bertraiid et al., Differevztial Cross Sertions for 

the Chargcd Particles & d i c e d  by 60-MeV Protons or1  
Carbon, Iron, urid Bismuth, ORNL-4274 (1968). 
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Pig. 5.2.6. Scattering of 62-MeV Protoa~s on 1 9 7 A ~  at 50 and 99 deg. The broad histograms are given by the Bertini cascade plus 
evaporation model. 

5.3 'TABULATED CROSS SECTIONS FOR 
HYDROGEN AND HELIUM PARTICLES 

PROTONS ON Au' 
ODUCED BY 62- AND 29-MeV 

F. E. Bertrand' R. W. Peelle 

Tabulated differential cross sections are presented for 
the production spectra of proton, deuteron, triton, 
helium-3, and alpha particles from ' 7Au bombarded 
by approxinutely 62- and 29-MeV protons. Continuurn 
cross sections are given at six angles from 15 through 
125 deg over the energy region down to a low-eneigy 
cutoff of 3 to 13 MeV which depends on particle type. 

References 

' Work partially funded by the National Aeronautics 
and Space Administration under Order C12,186; 
abstract of ORNL-4460 (December 1969). 

'Nuclear Data Group. 

5.4 'TABULATED CROSS swriorw FOR 
HYDROGEN AND HELIUM PARTICLES 

PRQUUCED BY 62- AND 29-MeV 
PROTONS ON ' * Sn' 

F. E. Bertrand' R. W. Peelle 

Tabulated differential cross sections are presented for 
the prodirction spectra of proton, deuteron, triton, 
helium-3, and alpha particles fiom *OSn bombarded 
by 62- and 29-MeV protons. Continuurn cioss sections 
in -1-MeV bins are listed for 19 angles for 62-MeV 
incident protons and for 5 angles for 23-MeV protons. 
The low-energy cutoffs range from 2 to  6 MeV for the 
different exit particle types. Angular distributions are 
given for excitation by 62-MeV protons of states at 0, 
1.17, and 2.38 MeV in '"Sn and at 0, 0.73, 1.02, and 
1.29 MeV in ' I9Sn. Only the elastic scattering cross 
sections are given for incident 29-MeV protons, sincc. 
there is an inadequate amount of data for angular 
distribu lions. 
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5.5 'TABULATED CROSS SECTIONS FOR 
BY DROGEN AND HELIUM PARTICLES 

PRODUCED BY 62-MeV PROTONS 
ON ''Y' 

F. E. Bertrand* K. W. P e e k  

'Tabulated differential cross sections are presented for 
the production spectra of proton, deuteron, triton, 
helium-3, and alpha particles from Y bomlmdment 
by 61.5-MeV protons. Five detector angles were em- 
plvyed in the range 30 to 124 de, u. The continuum cross 
sections are given from the maximum energy down to a 
cutoff (2  to 7 MeV) which depends on particle type. 
Some improvements in the analysis procedure are 
discussed. 

References 

Work partially funded by the National Aeronautics 
L12,I86; and Space Administratio11 under Order 

abstract of ORNL-4450 (October 1969). 
'Nuclear Data Croup. 

5.6 TABULATED CROSS SECTIONS FOR 
HY DROGEN AND HELIUM PARTICLES 

PRODUCED BY 61-MeV PROTONS 
ON 6Fe' 

F. E. Bertrand' K. 'CV. Peelle 

Tabulated differential cross sections are presented for 
the production of proton, deuteron, triton, helium-3, 
and alpha particles from Fe bombarded by approxi- 
mately 61 -MeV protons. Continuum cross rections are 
listed at ten angles from 20 through 160 deg. Angular 
distributions are given for excitation of states at 0-, 
0.85-, 2.66-, 3.11-, 4 .55,  5 .26 ,  and 6.79-MeV in 56Fe;  
0-, 0.41-, 0.93-, 1.92-, 2.99-, 4.97-, and 7.86-MeV in 

Fc; and the ground state in Fe. 

References 

Work partially funded by the National Aeronautics 
and Space Administration under Older L-12,186 
alxtiact of OKNL-4456 (November 1969). 

'Nuclear Data Group. 

5.7 TABULATED CROSS SECTIONS FOR 
HYDROGEN AND HELIUM PARTICLES 

PRODUCED BY 62-, 39-, AND 29-MeV 
PROTONS ON Fe' 

F. E. Bertrand2 T i .  W. P e e k  

Tabulated differential cross sections are presented for 
the production of prototls, deuterons, tritons, helium-3, 
and :ilpha particles from 5 4 F e  bombarded by 62-, 39-, 
and 29-MeV protons. Continuum differential cross 
sections are listed at 20 angles for 62-MeV, 7 angles for 
39-MeV, and 5 angles for 29-MeV incident prototls. The 
low-energy cutoffs on the spectra range ftom 1.5 to 6 
MeV for the different particle types. A4ngular distribn- 
tions arc given for excitation by 62-MeV protons of 
states at 0.0, 1.11, 2.55, 2.97, 3.3, 3.84, 4.28, 4.60, 
4.81, 6.38, 7.25, 8.02, and 8.52 MeV in j 4 F e  and at 
0.0, 0.76, 1.39, 2.85, 2.99, 3.38, 3.58, 4.28, and 7.34 
MeV in 5 3 F e .  Levels in 5 2 F e  at 0.0, 0.85, 4.43, 5.37, 
6.1, 6.44, and 8.59 MeV were observed; however, no 
angular distributions are presented for these levels. 
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Work partially funded by the National Aeronautics 
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5.8 TABULATE11 CROSS SECTIONS FOR 
HYDROGEN AND HELIUM PARTICLES 

PRODUCED BY 62- AND 29-MeV 
PROTONS ON ' 7A1' 

F. E. Bel trand2 K. W. Peelle 

Tabulated differential cross sections are presented for 
the production of proton, deuteron, tritoa, heliurn-3, 
and alpha particles from 27Al  bombarded by 62- and 
29-MeV protons. At 62 MeV, continuum cross sections 
are listed at 18 angles from 12 through 160 deg, while 
at 29 MeV data are given at only lliree angles. The 
low-energy cutoffs on the spectra range from 3 to 6 
MeV. Angular distributions are given for excitation by 
62-MeV protons of states at 0, 2.2, 2.7, and 3.0 MeV in 
2 7 A l  and at 0, 1, 1.06,2.07, and 4.7 MeV in 26A1. 
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5.9 DIFFERENTIAL CROSS SECTIONS FOR 
NEUTRONS FROM 40- AND 60-MeV 

PROTONS ON NUCLEI' 

protons were measured at the Oak Ridge Isochronou5 
Cyclotron ( O H c )  with a time-of-flight neutron 
spectrometer. The rneasurenients were made on "C, 
27?21, 54Fe,  and '08Pb at angles of observation of 0, 
20,45 (or 40), 60,90, and 135 deg. 

The experimental apparatus is shown schematically in 
Fig. 5.9.1. The pulsed proton beam from QKIC was 
directed through parallel metal plates which served as 
the capacitor of a resonant circuit. rhe  frequency of 

J. W. Wachter 
R. T. Santoro W. Zobel 

T. A. Love 

The energy spectra of secondary neutrons with 
energies ranging from maximum down to 5 MeV 
emitted by targets hombarded by 40- or 63-MeV 
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Fig. 5.9.1. Block niagram of the Experimental Apparatus. 
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the circuit was a fixed fraction of the cyclotron rf 
frequency, so that the electric field of the capacitor 
deflected six of eveiy seven proton bursts away from 
the entrance slit of the 153-deg analyzing magnet. The 
separation of successive proton bursts was thereby 
increased to 385 nsec for 40-MeV protons and to  308 
nsec for 60-MeV protons. The analyzed beam was then 
focused onto the target at the entrance of a 17-deg 
deflection magnet. The primary proton beam was 
separated from the neutrons to  be measured by this 
clearing magnet and was focused into a Faraday cup, 
where the integrated proton current was measured. This 
arrangement, with suitable shielding, was used for 
observation at detector angles in the range from 0 to 44 

At angles greater than 44 deg, a second target position 
was located in the 7-m leg between the first target 
position and the Faraday cup. When this position was 
used, the target assembly at position 1 was removed and 
the beam refocuwd at position 2 by means of a 
quadrupole niagnet between the target positions. bleas- 
iireinents were made at  45 deg and a t  all larger angles 
from position 2. 

The proton current incident a t  either target position 
was measured by a beam intensity monitor located 
inmediately in front of target position 1. This monitor 
consisted of a 0.6-mil plastic film, mounted at ari angle 
of 45 deg to the incident proton beam, and an ion 
chamber located immediately below the beam pipe to 
measure the charged-particle flux scattered from the 
film. The ion-chamber charge was measured with an 
electrometer and integrator circuit. The total proton 
bombardment charge at the target was found by initial 
(target out) calibration against the Faraday cup. This 
inonitoi system enabled the use o f  thicker targets than 
was found possible with the Faraday cup alone. (When 
only the Faraday cup was used, multiple scattering had 
to be l imted to ensure that all the primary beam was 
caught at the cup.) 

Protons scattered at -20 deg from the incident beam 
by t h e  plastic foil were viewed by an NE-10Z2 
scintillator coupled to an RCA-8S75 pliotomultiplier 
tube. The time distributton o f  the elastically scattered 
protons relative to  the rf timing fiducial defined the 
time spread of the proton pulse incident on the target. 
This time spread, monitored during all the neutron 
angular distribution measurements, was observed to  be 
o f  the order of 850 psec for 40-MeV protons and -1.1 
nsec for 60-MeV protons (including the contribution of 
the photomultiplier tube transit time). Therefore, the 
contribution to the overall fining uncei tainty due to 
the beam was minimal. Observations of the total time 

deg. 

resolution for neutrons from the ’ Li(g,n) reaction 
indicate that the total tim’ng uncertainty was of the 
order of 1 nsec, or 2% of the flight time at 40 MeV. 

An additional benefit derived from this counter was 
that it sei-ved as a backup to the ion-chamber monitor; 
that is, the elastically scattered proton count rate was 
calibrated against the average Faraday cup current in 
the same mannei as was the ion chsmber. 

As in preliminary experiments, the neutron 
spectrometer was a 3-in. by 3-in. NE-2132 liquid 
scintillator centered on the face of an RCA-4522 
photomultiplier tube. In this detector the light emitted 
by charged particles arising from interactions between 
the incident neutrons and the materials of rhe detector 
is measured. Charged particles incident on the face of 
the detector were rejected by means of a thin NE-102 
detector that was mounted in front o f  the NE-213 
neutron detector and operated in anticoincidence with 
it. Both neutrons and gamma rays ace detected in the 
NE-213, and the slow light emission charactzristics of 
the products of neutron reactions in the scintillator 
were used to distinguish between neut ton and gamnla- 
ray pulses. Pulse-shape discrimination was achieved with 
a cross-over timing circuit. 

The neutron energy was inferred from its time of 
flight from the target. The output of a fast/clow 
coincidence circuit started a time-to-amplitude con- 
verter (TAC), which was subsequently stopped by a 
pulse derived from the rf oscillator o f the  cyclotron. 

I n  order to  nlinimize errors in the timing circuits and 
to facilitate data handling, the TAC output, the pulse 
height from the scintillator, and the output of the 
pulse-shape discrinlinator were fed to an on-line PDP-8 
computer. Data were continuously rworded on mag- 
netic tape and also displayed for nionitvring during the 
experiment. 

The computer retained all events in one-djmensional 
spectra for monitoiing purposes but recorded on 
magnetic tape only a sample (-6%) of the gamma 
events so as to minimi7e tape-writing time To guard 
against bias drifts in the electronics, all garrima ~ V ~ I I T S  

near the gamma-neutron decision line were retained. 
bkewise, all gamma events in which the pulse height 
corresponded to  an energy greater than -10 MeV were 
recorded, since high-energy protons produced by 
neutrons in the scintillator have slowlfast light char- 
acteristics more nearly like those of electrons than o f  
lower-energy protons. 

Postexperiment handling o f  the data tapes involves 
several distinct phases as the data are subjected to 
increasingly sophiqticated analysis. Initially, the on-line 
experimental and calibrating data are scanned so as to 
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Pig. 5.9.2. Differential Cross Section for Secondary Neutrons 
from 39-MeV Protons on ”C at 60 deg (Preliminary Data). 

obtain pulse height, ‘I‘AC, and slow/fast light distribu- 
tions for both the neutron and the gamma samples. 
Analysis of these data enables correction factors to be 
deterniined for changes in the calibration and permits 
software bias levels to be determined for separation of 
neutrons and gammas on the basis of specific ranges of 
each of the three variables. The tapes are then re- 
analyzed to obtain neutron distributions in both time 
and pulse height. 

Figure 5.9.2 shows a preliminary analysis of the 
12C@,n)‘ ’N data for 39-MeV protons. In  this figure 
the neutron time of flight (TOF) has been inferred from 
the I’AC data, without correction for walk, and the 
spectrometer efficiency has been estimated from a 
Monte Carlo calculation. In the figure, the peak at 18 
MeV corresponds to the ground-state reaction (Q = 
-18.3). An improved efficiency estimate will be nude 
by comparing the experimentally determined response 
spectra with the results of the 05s Monte Carlo 
calculations. Based on this coniparison a lower pulse- 
height limit will be established for each flight time such 
that the experimental and theoretical responses above 
this limit are in agreement. The Monte Cad0 results 
permit the estimation of the efficiency for any bias 
point; hence the TOF analysis can be based upon only 
those counts that fall in the pulse-height region for 
which the Spectrometer efficiency is well established. 
Final cross sections will incorporate both walk correc- 
tions and this energy-dependent pulse-height bias. 
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5.10 IBM-360 ROUTINES TO READ AND W 
PDP-8 MA4CNETIC TAPES q 2  

J. W. Wachter T. J. Tyrrel13 

A package of FORTRAN IV and assembly language 
routines has been written to assist the IBM-360 pro- 
grammer in the reading and writing of DEC type 580 
seven-track magnetic tapes. The routine YDPIN reads a 
tape record generated by the PDP-8 computer, rear- 
ranges the bit structure so that each 12-bit PDP-8 word 
is deposited in a single half-integer word, and buffers in 
the next record while computation proceeds on the 
current record. The routine PDPOU reverses the pro- 
cess. .4dditional routines print the integer PDP-8 words 
in octal representation, convert between truncated 
ANSI1 and EBCDIC, and disect each word into an 
integer of specified bit length and one-bit logical 
variables. End-of-file marks, long or short records, and 
parity errors arc flagged, and provision is made for 
optional printout of error messages and of error 
summary tables. 
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5.1 1 TEDIT - TAPE EDITING P 
FOR THE l’D1’”-8’*2 

J .  W. Wachter 

PDP-8 programs are described by which teletype 
input-output can be diverted to magnetic tape input- 
output by means of intermediate buffering routines 
TAPE1 and TAPEO. An application to  the DEC 
Symbolic Editor permits a designated file of ASCII card 
images to  he called from the magnetic tape and 
appended to or inserted into the text buffer of the 
editor. Similarly, magnetic tape files can be updated 
from the editor. The PAL 111 assembler has been 
changed to read from magnetic tape and to allow an 
arbitrary number of such files to be processed as a 
single assembly. 
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