
'i, 

. 3 4 4 5 6  0 3 6 4 2 0 2  0 

ORNL-3028 
UC-25 - Metal lurgy and Ceramics 

FAST-FLUX MEASUREMENTS IN THE ORR CORE 

P. Dragoumis 
J. R. Weir 
G. W. Leddicotte 

Illi 
~ 1 1 1  
I/ 

I E  N A T I O N A L  LABORATPRY , 
operated by I 

U N I O N  CARBIDE CORPORATION ~ 

fo r  the  

U . S .  A T O M I C  E N E R G Y  C O M M I S S I O ~  

. 

. 



,- 7-117 -In I ..". ,.., , . ., , I 

I P r i n t e d  i n  USA. P r i c e  . A v a i l a b l e  from t h e  

O f f i c e  of T e c h n i c a l  Serv ices  

Department o f  Commerce 

Washington 25, D.C. 

L E G A L  NOTICE 

T h i s  repor t  w o s  prepared a s  on account  o f  Government sponsored work. N e i t h e r  t h e  U n i t e d  States, 

"0, 

A. 

6. 

A S  

the Commiss ion,  nor any person a c t i n g  on behal f  o f  t h e  C o m m i s s i o n :  

Makes any warranty  or representat ion.  expressed or impl ied,  w i t h  respect  t o  t h e  accuracy,  

completeness,  or usefu lness of the in format ion c o n t a i n e d  i n  t h i s  report,  or t h a t  t h e  u s e  o f  

any in format ion,  apparatus, method, or process d i s c l o s e d  i n  t h i s  repor t  may n o t  i n f r i n g e  

p r i v a t e l y  owned r ights ;  or 

Assumes 

any information, apparatus, method, or process d i s c l o s e d  i n  t h i s  report.  

used i n  the above, "person a c t i n g  on behal f  of t h e  C o m m i s s i o n "  i n c l u d e s  a n y  employee or 

a n y  l i a b i l i t i e s  w i t h  respect  t o  the use of, or for d a m o g e s  r e s u l t i n g  f rom t h e  u s e  o f  

cont ractor  of t h e  Commiss ion,  or employee of  such contractor ,  t o  the e x t e n t  t h a t  such employee 

or contractor  o f  t h e  Commission, or employee of  s u c h  contractor  prepares, d isseminates,  or 

prov ides o c c e s s  to, any  in format ion pursuont t o  h i s  employment  or cont ract  w i t h  t h e  Commiss ion,  

or h i s  employment  w i t h  such contractor. 

c 

. 



ORNL- 3028 

C o n t r a c t  No. W-7405-eng-26 

METALLURGY D I V I S I O N  

FAST-FLUX MEASUREMENTS I N  TKE ORR CORE 

P. D r a g o w n i s  
J. R .  Weir, Jr. 

G. W. Leddicotte 

DATE ISSUED 

' 6  1961 

OAK RIDGE NATIONAL LABORATORY 
Oak R i d g e ,  Tennessee 

Operated by 
UNION CARBIDE CORPORATION 

for t h e  
U. S .  ATOMIC ENERGY COMMISSION 

3 4 4 5 6  0 3 6 4 2 0 2  0 



Y 



FAST-FLUX MFASmMET\JTS IN THE OF3 CORE 

P. Dragoumis,' J. R. Weir, G. W. kddicotte2 

ABSTRACT 

The necessity for measuring the fast-neutron flux in beryllium irradiation 

studies has l e d  to mapping of the fast flux in two positions of the ORR. The 

axial neutron flux distributions for thermal, 0.70 Mev and 2.9 Mev,were measured 
using C O ~ ~ ,  Np"', and S32, respectively. 

the flux monitors and the techniques used in making the measurements are described 

in detail. 

The methods used in the manufacture of 

Axial-flux peaking in the ORR core occurs at about 3 in. below the reactor 
midplane. 

neutrons/cm**sec when the reactor is at 20 Mw. 

in B-2 are 8 x 
neutrons/cm2*sec (greater than 2.9 Mev). 
values were not measured. Observed fluxes were 1.4 x 10 
(greater than 0.7 MeV) and 2 x 1013 neutrons/cm2*sec (greater than 2.9 Mev). 

In the B-2 core position the thermal-flux peak is 9.5 x 10 13 
The maximum fast-flux values 

neutrons/cm2*sec (greater than 0.7 Mev) and 1.8 x 10 13 
In the B-8 position maximum flux 

14 neutrons/cm**sec 

INTRODUCTION 

In recent years there has been increasing interest in the effects of fast- 

neutron irradiation on the physical and mechanical properties of materials. With 

the construction of new materials-testing reactors such as the Oak Ridge Research 

Reactor (ORR), increasing numbers of high-flux facilities are now available for 

experimentation. 

When experimenting to observe the effects of fast-neutron bombardment of 

materials, it is necessary to know the magnitude and the spectral distribution 

of flux in the fast range. In studies of the effects of gas atoms produced by 

metal transmutations, viz, the Be9 (n,2n) and Be9 (n,a) reactions in beryllium, 

it is necessary to measure the neutron-flux magnitudes in the energy ranges above 

'American Electric Power Service Corporation, New York, New York. 

2Analyti c a 1 Chemi s try Divi s ion 
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t h e  thresholds f o r  these  reac t ions .  The beryllium neutron reac t ions  a r e  described 

i n  Table I. 

proper t ies  cons i s t en t  with t h e  demands of t he  experiment and which a r e  compatible 

with use i n  the  r eac to r .  

Thus, it i s  necessary t o  choose flux-monitoring mater ia l s  t h a t  exh ib i t  

Current, i n t e r e s t  i n  t he  i r r a d i a t i o n  e f f e c t s  on beryllium caused by the  gas- 

producing Be9 (n,2n) and Be9 ( n , a )  reac t ions  has l ed  t o  an i n - p i l e  experimental 

program which i s  under way a t  present.  It i s  t h e  purpose of t h i s  r epor t  t o  

present t h e  methods and mater ia l s  used f o r  monitoring the  neutron f l u x  during two 

of the  e a r l y  beryllium i r r a d i a t i o n  experiments. 

obtained i n  two ORR core pos i t ions  i s  included herein.  

Graphical presenta t ion  of da ta  

DESCRIPTION OF THE ORR 

The ORR i s  a l igh t -water  cooled and moderated Materials Testing Reactor-type 

research r eac to r  fue led  with enriched uranium i n  the  form of boxed elements f i l l e d  

with curved f u e l  p l a t e s .  

with aluminum. A sketch of t he  ORR, a view of a t y p i c a l  f u e l  element, and a draw- 

ing  of t h e  core l a t t i c e  a r e  presented i n  Figs. l, 2, 2a, and 3, respec t ive ly .  A 

f u l l  t echn ica l  desc r ip t ion  of t he  ORR can be found elsewhere. 

These p l a t e s  cons i s t  of an uranium-aluminum a l l o y  c lad  

3 

Experiments i n  t h e  ORR core must be housed i n  a can, which i s  shaped and 

dimensioned exac t ly  a s  a r e  the  f u e l  element boxes. The experiments occupy f u e l  

element pos i t ions  i n  t h e  r eac to r  and so must c l o s e l y  resemble t h e  elements t o  

avoid per turba t ion  of t h e  core-cooling water-flow d i s t r i b u t i o n .  Instrument and 

power leads t h a t  emanate from the  experiment must be housed i n  a r i g i d  v e r t i c a l  

tube t h a t  has been designed as  an i n t e g r a l  p a r t  of t h e  experiment f a c i l i t y .  This 

requirement ensures t h a t  f u e l  elements and experiments occupying adjacent pos i t ions  

can be f r e e l y  removed without in te r fe rence .  

I n  t h e  period of i n t e r e s t  t o  t h i s  presenta t ion ,  t he  ORR operated a t  20 Mw, on 

a four-week cycle,  including a one-week shutdown. Midcycle r e fue l ing  was of ten  

required and usua l ly  necess i ta ted  a shutdown of s eve ra l  hours. 

'J. A. Cox and T. E. Cole, "Design and Operation of t h e  Om," Proceedings of 
t h e  Second U.N. Conference on the  Peaceful Uses of Atomic Ehergy - 10(Research Reactors),  - 86 (1958). 
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TABLE I. Fast-Neutron Reactions in Beryllium* 

f i e  rgy Effective Cross Section 
Reaction Threshold (Mev) Threshold (MeV) (barns ) 

(n?n> 
9 

8 4 
Be 

Be + 2 He 

+ n -+ Be8 f 2n 

h a >  

9 4 6 Be + n -+ He + He 0.71 

2.7 

2.41 

0.600 

0.080 

3 < The m a l  > 945 + n -+ He4 + 6 Li 

* 
C. E. Ells and E. C. W. Perryman, "Effects of Neutron-Induced Gas Formation 

in Beryllium," J. Nuclear Metals - 1(1), 73 (April, 1959). - 
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SEUCTION OF MONITORING MATERIALS 

In order to investigate the effects of neutron-induced helium on the dimensional 

stability and mechanical properties of beryllium, several in-pile experiments have 

been conducted at the Oak Ridge National Laboratory. In these experiments the two 

measured variables were temperature and neutron f lux.  
4 The neutron flux can be measured in several different ways. However, when 

access to the reactor core is limited, the most convenient and simplest method is 

foil, powder, or wire activation.5 

by the reactor interact with material of known cross sections and the flux is 

determined by a measurement of the induced radioactivities. These radioactivity 

measurements may be made either by nondestructive means (direct counting of the 

irradiated material) or following a destructive, or radiochemical separation of 

the desired radionuclides. The ttactivationtt materials, or monitors, can be used 

to measure thermal, resonance (or epithermal), and fast-neutron flux and spectra 

in a reactor irradiation facility. Characteristics of some oi" the fast-neutron 

activation monitors, generally referred to as threshold detectors, are given in 

Table I1 and elsewhere. 

In the activation method, the neutrons produced 

6,778 

The Be9 (n,2n) and €?e9 (n,a) reactions, which have energy thresholds'of 2.7 
and 0.70 Mev, respectively, are the significant mechanisms by which helium is 
produced in beryllium. Consequently, any observations of property changes in 

irradiated beryllium must, in order to be understood, be accompanied by an accurate 

knowledge of neutron flux in the energy range of interest. Ideally, monitoring 

4 J. W. Barn, Neutron Dosimetry - A Review, UR-381 (1955). 
'P. M. Uthe, Jr., Attainment of Neutron-Flux Spectra From Foil Activations, 

L. E. Steele and J. R. Hawthorne, Neutron Flux Measurements for Materials 6 

7W. J. Price, Nuclear Radiation Detection, pp. 270, 283-85, 292-93, McGraw-Hill, 

8 J. B. Trice, "Measuring Reactor Spectra with Thresholds and Resonances," 

9The energy threshold is that level of energy at which the reaction begins 

USAFIT-TR-57-3 (1957). 

Irradiation Experiments at ANL, BNL, ORNL, and NRTS, NRL-5483 (May, 1960). 

New York, 1958. 

Nucleonics - 16(7), 81-83 (July, 1958). 

to occur. 

- 

I 
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TABLE 11. Propert ies  of Some Fast-Flux Monitors 

Material  React ion Half -Lif e 

Effect ive Reaction 

mresh% (MeV). (barns ) 
Cross Section 

Np237 
,238 

Th232 

P3l 

s3=! 

~ 1 ~ 7  

Mg24 

~ 1 ~ 7  

58 N i  

28 S i  

Fiss ion Dependent on which 

Fiss ion f i s s i o n  product i s  

Fiss ion se lec ted  f o r  counting 

2.6 hr  

h , P )  P32 14.3 days 

b , p )  co 58 72 days 

(n9J.d Mg27 9.8 min 

(n ,p> 2.3 min 

31 ( n , d  si 

15.0 hr  

15.0 h r  

24 

24 
( n , d  Na 

( n , 4  Na 

0.70 

1.45 
1-75 

2- 5 
2.9 

5.0 

5.3 
6.1 
6.3 
8.6 

a L. E. S tee le  and J. R. Hawthorne, Neutron Flux Measurements f o r  Materials 
I r r ad ia t ion  Experiments a t  ANL, BNL, ORNL and NRTS, NRL-5483 (May, 1960). 

bW. J. Price,  Nuclear Radiation Detection, pp. 270, 283-85, 292-93, McGraw-Ell, 
New York, 1958. 

C D. J. Hughes and R.  B. Schwartz, Neutron Cross Sections,  BNL-325, 2nd ed., 

dC. E. Mellish, "Threshold" Reaction Cross-Sections i n  Reactors - An In te r -  

Note: Data published by C. E. Mellish confirmed by G. W. Leddicotte and 

(July, 1958). 

comparison, AERE-R-3251 (1960). 

W. J. Hampton, OEWL Analyt ical  Chemistry Division ( t o  be published).  
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mater ia l s  having thresholds  s imi l a r  t o  those of t he  two beryllium-neutron react ions 

would be su i t ab le ,  e spec ia l ly  if the  energy dependence of both the  monitor and the  

beryll ium-reaction cross  sec t ions  were similar i n  the  range of i n t e r e s t .  The energy 

dependence of t he  monitoring-reaction cross  sec t ion  i s  the  only requirement d i c t a t ed  

d i r e c t l y  by the  nuclear proper t ies  of t he  observed metal, beryllium. 

The primary considerat ions f o r  choosing the  monitoring mater ia l s  include the  

f a b r i c a b i l i t y  of t he  mater ia l  i n t o  usable form, the  h a l f - l i f e  of t he  radioact ive 

product t o  be measured, the  in te r fe rence  produced by competing react ions,  and the  

energy of the  rad ia t ions  emitted by t h a t  product. Moreover, t he  physical  arrange- 

ment of t h e  reac tor  and experimental f a c i l i t y ,  t he  order  of magnitude of t he  

neutron f l u x  t o  be measured, and the  temperature of t he  medium i n  which the  monitor 

i s  t o  be placed, a l l  impose f u r t h e r  r e s t r i c t i o n s  on the  choice of a su i t ab le  

mater ia l .  

Table I1 l i s t s  seve ra l  f a s t  monitors which were r ead i ly  ava i lab le  a t  O m .  

Neptunium-237 with an e f f e c t i v e  thresholdloaf 0.70 Mev, P31 with an e f f ec t ive  th re s -  

hold of 2.5 Mev, and S3* with an e f f ec t ive  threshold of 2.9 Mev can be s ingled out 

as  having des i rab le  thresholds  with respect  t o  the  Be9 (n,2n) and E!e9 ( n , a )  reac t ions .  

The S32 (n,p)  reac t ion  has been successful ly  used by seve ra l  experimenters. 

The end product P3*, decays with a 14.3 day h a l f - l i f e ,  which i s  compatible with a 

one-month i r r a d i a t i o n  and subsequent two-to-three week delay before remote d i s -  

assembly f a c i l i t i e s  can be procured and the  monitors del ivered f o r  ana lys i s  and 

counting. The P31 (n ,p)  Si31 reac t ion  w i l l  s a t u r a t e  too quickly because of the  

11,12 

2.6 day h a l f - l i f e  of the  product Si3' and would probably decay t o  a low l e v e l  before 

''If t he  energy dependent cross  sec t ion  curve were replaced by an idea l ized  
curve having a s t e p  increase i n  cross  sec t ion  a t  some energy E from zero t o  a con- 
s t a n t  cross  sec t ion ,  t h a t  value Et i s  the  e f f ec t ive  threshold.  

"L. E. S tee le  and J. R. Hawthorne, Neutron Flux Measurements f o r  bb te r i a l s  
I r r a d i a t i o n  Experiments a t  ANL, BNL, ORNL and NRTS, I%&-5483 (May, 1960). 

=J. C. Zukas and R. G. Berggren, "Flux Measurements and I r r a d i a t i o n  Assemblies 
Used i n  t h e  LITR, MTR and ORR Reactors, 

t 

Proceedings AEC Weldi,ng Forum (Oct., 1-959). 

. 
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counting could be accomplished. Sulfur-32, therefore, is the only listed detector 

that is practical for the beryllium application, having an effective threshold of 

2.9 Mev compared with 2.7 Mev for the Be9 (n,2n) and 2.41 Mev for the Be9 (n,a) 

react ion. 

Neptunium-237 has an effective threshold identical to the energy threshold of 

the Be9 (n,a) reaction (0.70 MeV), but it should be noted that the effective thres- 
hold of the Ek9 (n,a) reaction, as stated in Table I is 2.41 MeV. 
neptunium monitors serve mostly to provide information about the flux above 0.70 MeV 
which is useful in determining the spectral distribution of neutrons. Neptunium-237 

undergoes a fission reaction and provides several products, the radioactivity of 

which may be counted and measured for flux determination. 

monitoring reactions are compared with those of the Ee9 (n,2n) and Be9 (n,a) 
helium-producing reactions in Figs. 4 and 5. 

Therefore, the 

The energy-dependent cross sections of the Np237 fission and S32 (n,p) 

The two beryllium reactions described previously were not considered for use 
in determining flux because analysis for the gaseous reaction products, He 4 and H 3 

4 Moreover, since the measurement of He gas content is accomplished 13 is difficult. 

by a destructive process, it would have to await completion of mechanical tests 

and metallographic inspection. This would have delayed computation of flux, which 

was needed for other experiments. 

The activation cross section should also be considered in choosing a monitoring 

material. In low-intensity reactors it is possible that unreasonable exposure times 

may be required to accumulate sufficient radioactivity for accurate counting if 

monitors having low activation cross sections are used. The ORR has a flux of 
approx 1 x 10 
the two experimental positions under discussion and so allows the use of monitoring 

reactions having low cross sections. 

'37) in neutrons/cm2-sec (greater than 0.70 Mev as raeasured with Np 14 

Sulfur and neptunium were selected as primary monitoring materials for the 

beryllium experiment. 

flux, which was needed for computation of He generated by the lithium-thermal 

Monitors containing C059 were included to measure the thermal 
4 

C. E. E l l s  and E. C. W. Perryman, "Effects of Neutron-Induced Gas Formation 13 
in Beryllium," J. Nuclear Metals 1(1), 73 (April, 1959). 

i 
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Fig. 4 Cross Sections for t he  Np237 Fission, Be 9 (n,2n) and Be9 (n ,a )  
Reactions. REF: D. J. Hughes and R.  B. Schwartz, Neutron Cross Sections 

BNL-325, a d  ed. (July,  1958). 
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neutron reac t ion  described i n  Table I. 

producing Co (5.27 y ) .  
measurements and t o  provide f u r t h e r  s p e c t r a l  breakdown. 

The Co5' undergoes an (n ,7 )  reac t ion  

uranium-238 monitors were added t o  supplement f a s t  60 

DESCRIPTION OF THE FLUX MONITORING FACILITY 

The f l u x  monitoring f a c i l i t y  shown i n  Fig. 6 was incorporated i n t o  the  

beryllium-experiment can a s  shown i n  Fig. 7. The "Y"-shaped monitor holder 

penetrates  t he  can i n  th ree  places .  A t  t he  top ,  t he  two poin ts  emerge and serve 

as  holes f o r  the  i n s e r t i o n  of the  tubes containing the  monitors. These top  holes 

a l s o  serve a s  entrance o r i f i c e s  f o r  the  in f luen t  core-cooling water. The stem of 

the  "Y" penetrates  t he  bottom of the  experiment can and serves as an e x i t  f o r  t he  

cooling water. "Y" 

holder,  thereby cooling the  monitors. The r ight-angle  bends i n  the  holder serve 

a s  n a t u r a l  s tops f o r  the  in se r t ed  monitor tubes.  

The core pressure d i f f e r e n t i a l  d r ives  the  water through t h i s  

A s  i s  shown i n  Figs .  6 and 8, the  monitor tube cons is t s  of a 1/4-in. s t a i n l e s s  

s t e e l  tube,  of t h i n  wal l ,  f i l l e d  with monitors and equipped with a handle which 

protrudes from t h e  top  of t h e  experiment can. This handle enables the  reac tor  

oper+-rs t o  rLy;-e n r  i n s e r t  t he  monitor tube during shutdowns without d i s tu rb ing  

the  experiment f a c i l i t y .  Each tube i s  marked with the  pos i t i on  t h a t  it i s  t o  

occupy (e.g., southwest corner,  B-8 core pos i t i on ) .  

I n  determining the  e f f e c t  of t he  experimental sec t ion  of t he  i r r a d i a t i o n  

f a c i l i t y  on the  f l u x  a t tenuat ion  between the  two monitor holes ,  it may be assumed 
t h a t  the  exposure can was f i l l e d  with aluminum, the  volume of t he  Be samples being 

neglected. 

The pos i t i on  of each ind iv idua l  monitor with respect  t o  the  ORR cen te r l ine  

i s  obtained ind i r ec t ly .  When the  monitor tube i s  t o  be f i l l e d  with some t e n  t o  

twelve monitors, t he  pos i t i on  of each sample i s  measured with respect  t o  the  bottom 

of the  monitor tube and, s ince t h i s  tube always r e s t s  a t  t he  r ight-angle  bend i n  

the  "Y" holder,  t h i s  po in t  i s  used as  a reference.  

reference and the  r eac to r  cen te r l ine  i s  a known constant ,  so  t he  a c t u a l  pos i t i on  

of each monitor with respect  t o  the  reac tor  cen te r l ine  can be a r i t hme t i ca l ly  

determined. 

The d is tance  between t h i s  

a 

b 
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Fig. 7 "Y" Monitor Holder Tube Shown Instal led i n  Experiment Can. 
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Fig. 8 Monitor Assembly Tube and Components. 
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The monitor tubes are disassembled in hot cells and each ampoule placed in 

a separate container and identified before delivery to the assayer. 

FABRICA,TION OF INDIVIDUAL MONITORS 

The neptunium and uranium monitor material is vapor deposited on a 0.010-in. x 

The coated foil is then folded and inserted into the 1/2-in. square aluminum foil. 

quartz ampoule which is 1 in. long x 3/16 in. in diameter. 
materials deposited per foil is about 0.10 mg. 

sulfur powder into pellets which are then encapsulated in similar quartz ampoules. 

Pieces of cobalt-aluminum alloy (in foil or wire form) are directly encapsulated 

and used for thermal-neutron monitoring purposes. Nickel, which is just being tried 

in present experiments, is made into monitors simply by coiling high-purity wire. 

No container is used with the nickel monitors. 

The amount of these * 

Sulfur monitors are made by compacting 

Uranium-aluminum wire is now being used in place of the vspor-deposited 

uranium monitors and also is used encapsulated. &capsulation of the monitors 

in quartz ampoules is intended to minimize loss or radioactive contamination of 

the material during irradiation and handling. In all instances the monitors are 

contained in the rig in the manner previously described. 

PROCESSING OF IRRADIATED MONITORS 

As has been previously pointed out, the induced radioactivity in a monitor 
can be measured either by nondestructive or destructive techniques. The decay 

characteristics of each radionuclide subsequently used to obtain a measurement 

of the different neutron-energy components of the f lux  spectrum are given in 

Table 111. 

Each of these radionuclides is sufficiently long enough in half-life so that 

a considerable amount of time can be allowed for dismantling the experimental rig 

after the irradiation in order to ensure reasonable radiation safety practices. 

Also, shorter lived radionuclides induced in the monitor materials (such as the 

aluminum alloys) and components of the experimental rig will have decayed away so 

* 
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TABU 111. Radiation Characteristics of the Neutron-Induced 

Radionuclides Used in the Measurement of Fluxa 

Induced 
Neutron Radionuclide Method Radiation Ehergy (Mev) 
Reaction Measured Half -Life of Decay Particles Gamma 

Np237( n, f ) 
or 

Ba 140 12.8 days B-, y 1.022, 0.480 0.0296, 0.132, 
0.162, 0.304, 

- 0.537 

40 hr f3-, Y 1.32, 1.67 0.093, 0.3286 
,140 (b ) 

2.26 0.4867, 0.8151, 

1.70 

co 58 72 days EC, B', Y 0.47 
co 

- p32 14.3 days f3- 

5.27 years B-, Y 0.306 60 

None 

1.3316, 1.1715, 
- 2.50 (sum) 

a From information given in "Table of Isotopes," by D. Stromenger, J. M. Hollander, 
and G. T. Seaborg, Reviews of Modern Physics 3O(2), 585-904 (1958). 

b A s  the daughter nuclide of the 1.596 Mev gamma is used in radioactivity 
measurements. 

Also accompanied by the annihilation gamma radiations (0.51 Mev) formed by C 

the decay of the 9' particles. 

. 
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that minimum interferences in the handling and processing of the materials will be 

experienced. Likewise, the radiation energies are strong enough so that self- 

absorption within the monitor material during its processing is minimal. 

With regard to the measurement of radioactivity, these radionuclides could 
14 have been measured either by beta or gamma counting methods. Price gives a 

general description and indicates the type of instruments that can be used in 

radiation detection. In this work, it was found to be more practical to use gamma 

radioactivity methods employing gamma spectrometers. 

principles of gama scintillation spectrometry and has given many examples of its 

application. He has also established criteria for considering such parameters as 

radiation intensity, efficiency of detection, geometry, etc. 

Crouthamel15 presents the 

A g m a  spectrometer using a 3-in. x 3-in. NaI crystal and a 200-channel 

analyzer (manufactured by Radiation Instrument Detection Laboratories, Chicago, 

Illinois ) has been employed to make the radioactivity measurements. In each monitor 

analysis by a nondestructive method, the irradiated monitor is mounted on a suitable 

backing (card, plastic, metal, glass, etc. ) and placed on the crystal of the spec- 
trometer. Counting times sufficiently long to collect enough counts for a statisti- 

cal evaluation (e.g., 10 000 counts/min will give an accuracy and precision of * 1%) 
of the measurements were used. Standard samples of radioisotopes of known absolute 

radioactivity rate (as disintegrations per time unit) were counted under similar 

conditions in order  to obtain the absolute disintegration rate of the irradiated 

monitor specimen. 

In Table 111, the underscored radiations were used to determine the radio- 

activity measurements on each specimen. It should be noted that in the measurement 

of the 1.70 Mev beta radiations from 14.3 day P3* the bremsstrahlung (the emission 
of secondary electromagnetic radiation produced by deceleration of charged particles 

passing through matter) resulting from the absorption of these particles by the 

materials composhg the housing of the crystal detector is conveniently measured 

by counting the sample specimen in a simple, or gross, gamma counter (manufactured 

by Atomic Instrument Company, Cambridge, Massachusetts). Standard samples of P 32 
I 

1 4  W. J. Price, Nuclear Radiation Detection, pp. 270, 283-85, 29293, McGraw-Hill, 
New York, 1958. 

. 

l5C. E. Crouthmel, Applied Gamma-Ray Spectrometry, Pergamon Press ~ 1960. 
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were assayed in the same manner as a basis for the analysis of each sulfur monitor. 

The absolute disintegration rate of each standard radioisotope has been determined 

in the manner described by Reynolds. 

aluminum and neptunium-aluminum monitors in order to separate the Bal4O from other 

radioactive components in the monitor. These components originate either as contam- 

inants in the aluminum or as shorter lived fission-product radionuclides. The 

method of radiochemical analysis following the dissolution of the monitor in a 

suitable acid mixture (5HCl:lHNO ) is that given by Leddicotte. l7 Either the 
3 140 0.537 Mev gamma of the freshly separated €3al4O or the 1.596 Mev gamma of La 

after it has come into equilibrium with Ba is measured by gamma scintillation 

spectrometry . 

16 

In some instances it has been desirable to radiochemically process the uranium- 

140 

In each radioactivity measurement, the purity of separation, or freedom from 

contaminant radioactivity can be checked. Standard practices involving decay 

measurements and additional gamma spectrometry techniques are followed in order to 

assure maximum reliability of results. 

CALCULATION OF FLUX DATA 

The f lux data presented elsewhere in this report were computed from radio- 

activity measurements by use of the following general equation: 

A 
SK o =  

D'ac 

where @ = the flux or number of neutrons bombarding the target nuclei in the 
2 

sample, neutrons/cm Osee. 

A = the experimentally determined amount of radioactivity, disintegrations 

per second. 

l6S. A. Reynolds, Assay Methods Used in the ORNL Radioisotope Program, 

17G. W. Leddicotte, "Neutron Activation Analysis for Barium," 

ORNL-CF 60-2-39 (Feb., 1960). 

11080, Oak Ridge National Laboratory Master Analytical Manual, TID-7015, Section 5 
Method No. 5 

(May, 1960). 
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D = t h e  number of t a r g e t  nuc le i  i n  t he  monitor. 

CJ 

S = a f a c t o r  es tab l i shed  f o r  t he  production of r ad ioac t iv i ty ,  A ,  i n  a given 

2 
= t h e  a c t i v a t i o n  cross sec t ion  f o r  t he  neutron reac t ion ,  cm / t a r g e t  nucleus. ac 

period of i r r a d i a t i o n  i n  a r eac to r .  

K = a f a c t o r  es tab l i shed  as  a co r rec t ion  f a c t o r  f o r  t h e  decay of t h e  des i red  

radioelement from the  termination of t h e  experiment t o  t h e  time of 

r a d i o a c t i v i t y  measurement. 

The r ad ioac t iv i ty ,  A, i s  corrected for any d i l u t i o n  f a c t o r ,  chemical y i e ld  

i f  a radiochemical separa t ion  i s  made, e t c .  The number of atoms, D, i s  ca l cu la t ed  

on the  bas i s  t h a t  t he  element nuc le i  a r e  i n  normal i so top ic  r a t i o  (except f o r  U 

which i s  an enriched i so tope ) .  

reac t ion  can be ca lcu la ted  a s  follows: 

2 38 , 
The number of atoms en ter ing  i n t o  t h e  neutron 

( 2 )  
(weight of monitor) (concentration of element nuc le i  )(Avogadro's number) D =  Molecular Weight of Nuclei 

The a c t i v a t i o n  c ross  sec t ion  values used a r e  those tabula ted  i n  Table 11. 

The f a c t o r  es tab l i shed ,  S, f o r  t he  production of t he  r a d i o a c t i v i t y  t o  be 
-ht measured i s  considered t o  be a sa tu ra t ion  f a c t o r ,  1 - e , or t he  r a t i o  of t h e  

amount of r a d i o a c t i v i t y  produced i n  an i r r a d i a t i o n  time t t o  the  amount produced 

i n  an i n f i n i t e  time of i r r a d i a t i o n .  Here, h i s  t h e  decay constant f o r  t h e  radio- 

element of i n t e r e s t  ( A  = O.Gg=j/radioelement h a l f - l i f e ) .  

- 

- A t  The decay cor rec t ion  f a c t o r ,  K, i s  based on the  r e l a t i o n  e where t i s  t h e  

elapsed time from the  termination of t he  r eac to r  experiment t o  t h e  time of radio- 

a c t i v i t y  assay; h i s  again t h e  decay constant f o r  t h e  radioelement of i n t e r e s t .  

Variations i n  r eac to r  power l e v e l ,  sho r t  shutdown periods,  e t c . ,  a r e  considered i n  

ca l cu la t ing  S and K. 

RESULTS OF FLUX MEASWMENTS 

. 

The two core pos i t i ons  (B-2 and B-8)  i n  which t h e  f l u  da ta  were obtained 

a r e  shown i n  Fig. 9. 
reported cycles.  Results were obtained i n  t h e  nor theas t  and southwest corners of 

Also shown i s  t h e  core conf igura t ion  which ex i s t ed  during the  
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those two pos i t ions .  I n  Fig. 9 it can be seen t h a t  when the  experiment was occupying 

the  B-2 pos i t ion  ( f o r  which it was o r i g i n a l l y  designed),  the  northeast  corner was 

c loses t  t o  the  r a d i a l  cen ter  of the  core and the  southwest corner was i n  a minimum 

f lux  loca t ion  f o r  t h a t  pos i t ion .  I n  the  B-8 pos i t ion ,  however, both the  southwest 

and northeast  corners were almost equid is tan t  from the  r a d i a l  cen ter  of the  core,  

with the  southwest corner receiving more f lux .  Also evident from the  configurat ion 

shown i n  Fig. 9 i s  t h a t  t he  B-8 pos i t ion  should receive the  g rea t e r  f l u x  magnitude, 

while t he  B-2 pos i t i on  lacking a f u e l  element i n  the  adjacent  C-2  pos i t i on  should 

receive lower f lux .  The f l u x  da ta  corroborate these  observations.  

I n  a t e s t  reac tor ,  such as  the  ORR, s eve ra l  experiments a re  operated simulta- 

neously and some of these  a r e  wired t o  scram the  reac tor  when experimental malfunctions 

occur. 

buildup) before the  r eac to r  can be r e s t a r t ed .  

various pieces of experimental equipment can br ing  about changes i n  the  core f u e l  

loading from cycle t o  cycle .  These changing conditions can a f f e c t  both the  f l u x  

magnitude and the  r a d i a l  and a x i a l  d i s t r ibu t ion .  

These unscheduled shutdowns of ten  necess i t a t e  re fue l ing  (because of xenon 

Moreover, the  removal and i n s e r t i o n  of 

If f l u x  data  a re  t o  be obtained over a number of reac tor  cycles ,  e i t h e r  by 

multicycle o r  many single-cycle measurements, core loadings,  configurat ion,  and shim 

rod pos i t ions  must be known i n  order t o  co r re l a t e  and i n t e r p r e t  t he  da ta .  Knowledge 

of these  d e t a i l s  can a l s o  f a c i l i t a t e  es t imat ion of the  neutron f l u x  i n  adjacent  core 

posi t ions.  The i r r a d i a t i o n  h i s t o r y  of the  flux-monitoring runs a r e  summarized i n  

Table I V  and the  ORR core loadings and shim rod pos i t ions  f o r  t he  cycles i n  which 

measurements were made a r e  presented i n  Figs. 10 through l 5 A .  The f l u x  da ta  f o r  

the  B-2 and B-8 pos i t ions  as measured with Co, Np, and S a re  presented i n  Figs.  16 
through 21. 

contained too  much U235 and the  r e su l t an t  thermal f i s s i o n  overshadowed the  f a s t  

f i s s i o n  r e s u l t s .  

Uranium-238 da ta  a re  not ava i lab le  because the  monitors t h a t  were used 

Figures 16 through 18 re r r e sen t  the  da ta  obtained i n  ORR core pos i t i on  B-2.  

It should be noted t h a t  Figs.  16 and 18 include curves taken during two succeeding 

ORR cycles (Table I V )  and t h a t  the  f l u x  magnitude and a x i a l  d i s t r i b u t i o n  a r e  observed 

t o  be coincident even though the  Ser ies  I1 data  a re  very l imi ted  i n  number. 

The spread between the  curves obtained i n  the  northeast  and southwest corners 

of the  B-2 pos i t i on  was d i f f e r e n t  i n  the  cobal t ,  neptunium, and s u l f u r  measurements 

. 
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a7b TABLE IV. Irradiation History of Monitoring Runs 

Monitor Corresponding Duration of' App r ox Average 
Series ORR Cycle No. Exposure (days) Power Level (Mw) Comments 

I 

I1 

IV 

20 22.6 

21 23 

24 and 25 40.8 

20 

20 

Single -cycle 
Irradiation 

Single -cycle 
Irradiation 

16 Two -eye le 
Irradiation 
of monitors 

a 
J. A. Cox, Reactor Operations and Radioactive Wastes Operations Quarterly 

bJ. A. Cox, Reactor Operations and Radioactive Wastes Operations Quarterly 

Report January-March 1960, OWL-CF 60-3-148, pp. 5-7 (May, 1960). 

Report AprilJune 1960, ORNL-CF 60-6-127, pp. 5-7 (Aug., 1960). 
Note: Series I11 monitors were damaged during removal and are excluded from - 

consideration in this presentation. 
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and can be explained in terms of normal radial attenuation in flux magnitude, which 

is more pronounced in the higher energy flux groups. In the thermal region absorp- 

tion is prevalent, while in the fast regions scattering to lower energy groups is 

more significant with respect to the observed attenuation. Other factors include 

experimental error and the effect of the reflector which is adjacent to the B-2 

position. 

Figures 19 and 20 represent the data obtained in B-8 and indicate generally 
greater flux magnitudes as predicted in the discussion presented earlier in this 

section. It was also noted previously that smaller gradients in flux should be 

observed between the northeast and southwest corners of the B-8 position than were 
measured in the B-2 position. Again, the results confirm this statement. The 

results in Fig. 20 (sulfur measurements) indicate a 25% spread while Fig. 19 shows 
superimposed curves or no attenuation. This can be explained by the fact that 

whatever differences exist between the northeast and southwest corners would be more 

defined in the higher energy flux curves because of the sharper radial gradient. 

Determination of spectral distribution by threshold detectors is a question- 

able procedure especially when only a few data points are available. Experimental 

error and errors in interpolation can occur unless a large number of detectors are 

used. A full discussion of this problem has been published by Steele and Hawthorne 

of the Naval Research Laboratory. 18 

Figure 21 shows the spectral distribution in the B-2 position. Drawing of the 

shape was influenced by the surrounding distribution curves taken from the work of 

Steele and Hawthorne. 

ing to note that it lies midway between the IVITR core position and reflector curves. 
The ORR is an MTR-type reactor and the B-2 position lies between the core and the 

reflector, indicating close agreement of results. 

18 
Although the distribution so drawn is crude, it is interest- 

SUMMARY A,ND CONCLUSIONS 

Sulfur and cobalt were chosen as monitoring materials because their physical 

and nuclear properties were compatible with the experimental objectives of the 

"I,. E. Steele and J. R. Hawthorne, Neutron Flux Measurements for Materials 
Irradiation Experiments at ANL, BNL, ORNL and NRTS, NRL-5483 (May, 1960). 



-44- 

beryllium studies, and because the equipment and technology for accurate analysis 

of these monitors were available. 

spectral distribution could be drawn, thereby providing a way of checking the general 

magnitude of the flux as determined with the primary monitoring material, sulfur. 

Of the four monitoring materials used only the U238 failed to produce satis- 

factory results and this failure has been attributed to the U235 content, which 

undergoes thermal fission, the products of which overshadow those produced by the 

fast-fission monitoring reaction. 

neutrons/cm 'see at thermal energies as measured with C O ~ ~ ,  8 x 
above 0.7 Mev as measured with NP~'~, and 1.8 x 1013 neutrons/cm2*sec above 2.9 Mev 
as measured with S . 

Neptunium and uranium-238 were added so that the 

1 3  The maximum flux in the B-2 position of the ORR core (at 20 Mw) is 9.5 x 10 
2 2 

neutrons/cm *see 

32 

In the B-8 position, however, the flux measurements were made in the corners 
14 

that did not receive the maximum flux. These measurements indicate 1.4 x 10 
neutrons/cm *see above 0.7 Mev as measured with Np237 and 2 x 

above 2.9 Mev as measured with S3*. 

that obtained in B-2 because measurements were not made in corresponding corners of 

the two positions and so would have little value. 

2 2 
neutrons/cm *see 

The B-8 spectrum has not been compared with 

The limited data obtained with four threshold monitors cannot yield a satis- 

factory spectral distribution, but information so obtained can be helpful when 

attempting to estimate flux levels in other positions or reactors. The results of 

these measurements illustrate the shift in spectral distribution which occurs not 

only between core positions but also radially across any single position. It is 

therefore very difficult to calculate fast-flux values for reactors, and more 

specifically, experimental positions, for which no data exist. 

In most materials irradiation tests, the neutron flux is the principal experi- 

mental variable being studied and so it is evident that considerable attention should 

be given to the problem of measuring accurately, the fast flux to which the material 

is exposed. 
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