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. INTROD'UCTION

1t was proposed that preliminary neutron flux and neutrom and gamma-
ray spectra measurements be made at the HFIR in beam holes HB-2 (radial
beam tube) and HB-3 (tangential beam tube) to furnish experimental infor-
mation for ORNL and to aid in the conceptual design of the beam tubes
for the ANL Advanced Research Reactor. To utilize the reactor operating
time efficiently, the measurements were made while the low-power operation
tests were being made.

The neutron flux and the spectra measurements were made in order to
determine the effect of the beam tube orientation in the reactor on the
emerging neutron radiation. Figure 1 shows the orientation of the beam
tubes in respect to the reactor core at the horizontal midplane.

To obtain a comparison between HB-2 and HB-3 over a large range
of neutron energies, several types of foil detectors were used to measure
the thermal, resonance, and fast-neutron fluxes.

Measurements of the gamma-ray energy spectrum and relative intensity
were made in both beam tubes before the reactor had been operated at a
significant power level (1-3 W) for any appreciable length of time. It
was desirous to make these measurements with a cold reactor rather than
one operated at a high-power level in order to measure the fission and
capture gamma-ray spectrum produced in the reactor core instead of the
gamma-ray activity produced in the structural material of the reactor.

Comparison of the resonance neutrons (epithermal) which was made

from 0.325 eV to 5 keV using the 10g absorption technique will be reported
‘ !
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Experimental Arrangement

The experiments were designed so that the measurements could be made
simultaneously in both beam holes at the same reactor power level. This
required collimators and shutter openings of different sizes to produce
neutron and gamma-ray beam intensities suitable for the type of detector
being used.

The shutter and collimator arrangement is shown in Fig. 2. The
collimators were designed so that they would fit either beam tube, which
allowed a given collimator~shutter opening arrangement to be used as the
experiment dictated. For the high-intensity beam, the shutter opening
was 3.5 in. in diameter, and for the low~intensity beam, it tapered
from 0,234 in. in diameter to 1 in. in diameter; in both cases the
length of the beam tube from the shutter to the detector position was
6 ft, and an air gap of 6 in. existed between the shutter and the leading
edge of the beam tube.

The low-intensity beam terminated in a 3- by 2- by 2-ft-cavity beam
cat;her in which the detectors were placed. 1In the high-intensity beam,
a cross-slide was mounted on the end of the beam tube for personnel
safety in placing the foil detectors. Approximately 3 ft from the
cross-slide the beam terminated in a water-filled tank 6.5 ft in diameter
and 6.5 ft high. This tank also served as a suitable place to make beam-
scattering experiments on various materials,

Foil Detectors

Several types of foils were used to measure the thermal, resonance,

and fast-neutron flux. Generally, the foils selected have simple decay

schemes, emit particles that are ensrgetic, and have a half-life conducive
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for simple counting techniques.

The thérmal and resonance neutron foil detectors were made thin so
that the self-shielding factor for thermal neutrons would be small. The
thin foils also satisfied the infinite dilution appreoach for measuring
the "effective resonance integral," which is used in the cadmium-
difference method for determining the resonance neutron flux. All the
foils with the exception of the sodium and sulfur were prepared from
highly pure metal and were 1.25 in. in diameter. The sodium foils were
prepared from sodium carbonate (NajyC03) which was pressed into a Lucite
cylinder 1.25 in. in outside diameter. The wall thickness of the Lucite
cylinder was 3 mils; the combined thickness of the Lucite cylinder and
sodium pellet was 40 mils. The sulfur was triply distilled and molded
into pellets 1.5 in. in diameter and 0.375 in. thick. |

Reaction data for the detectors are given in Table 1; the thermal-
neutron self-shielding factors for the foils are given in Table 2.

Foil Counting Equipment

All foils with the exception of the sulfur were counted on a two-
crystal Nal counter.1 The sulfur foils were placed in a specially pre-
pared 0.5-mil aluminum cup and burnad. The burned residue, which con-
tained 32P, was counted on anNE-~102 crystal counter. The counters were
calibrated by comparison to either a known neutron flux in the Standard
Pile or a standard high-pressure ion chamber.

NEUTRON FLUX MEASUREMENT

The term 'thermal flux" implies a Maxwellian distribution of velocity

and energy corresponding to the most probable velocity of 2200 m/sec at

~293,4°K., This assumption for the thermal flux appears reasonable for



Table 1. Reaction Data for Thermal, Resonance,
and Threshold Detectors

Effective Cross Section
Reaction Half-Life Threshold (MeV) (barns)

Thermal and Resonance Detectors

23Na(n,q) 2%Na 15 h Thermal 0.536 + 0.0102
63cu(n,q) %%cu 12.82 h Thermal 4.3 £ 0.22
59Co(n,Oﬁ)f’OCo 5.29 y Thermal 37.0 £ 1,52
1151n(n,a)1161n 54.2 m Thermal 155.0 + 109
197 pu(n,a) H84au 2.7 d Thermal 96.0 + 10P

Threshold Detectors

239py(n, £) 0.003 - 0.005 1.94¢
23755 (a, £) 0.75 1.6°

238y (n, £) 1.4 0.525¢
325(n,p)32%p 14.3 d 2.9 0.300
2771 (n,p) 2 Tug 9.8 m 4.6 0.039
286 (n, p) 2*Na 1.5 h 6.3 0.048
2771 (n,0) 24Na 15 h 8.1 0.110

8From: D. J. Hughes and J. A. Harvey, Neutron Cross Sections, BNL-325
(1958); also Supplement 1 (1960).

P98 barns is the value suggested in BNL-325.

CFlux measurements using these reactions were made (by G. W. Main, ANL)
with a fission counter.



Table 2. Foil Description

Thickness Thermal-Neutron

De{ector (mils) Self-Shielding Factor
Sodium 12 0.99

Copper 5 0.99

Cobalt 10 0.96

Indium 0.4 0.99

Gold 0.2 0.99

Sulfur 375

Magnesium 9

Aluminum 20

the measurements since the temperature of the neutrons at the detector
position is not known.

Measurements of the thermal flux were made by the cadmium-difference
method with the thermal detectors listed in Table 1. The method of cad-
mium difference requires that the foil detector be thin so that the
self-shielding and perturbation of the 1/v neutrons are small, The foil
detectors were encased in 20-mil-thick cadmium covers. 1In a beam geom-
etry this thickness of cadmium is just sufficient to remove the thermal
neutrons and to minimize the attenuation of the epithermal neutrouns.

The detectors were placed in the 3.5-in.-diam beam by a cross-
slide attached to the end of the collimator. The detector holder was
made from a 0.0625~in.~thick aluminum plate. To wminimize neutron back-

scattering, a hole having the same diameter (1.25 in.) as the foil was
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made in the plate on the beam's central axis, into which the foils were

placed for irradiation. The saturated activity of each pair of foils

was normalized for isotopic weight and a reactor power level of 1 MW.
The following equation was used to compute the neutron flux ¢;

which is in units of neutrons cm—2 sec"l:

@ th At 2 ’ (1)
NoWe (1 - e M°1) (1 - e™M'2) M08

where
M = atomic weight of target isotope,
A = disintegration constant of the product isotope,
C = net counts for time t,,
N = Avogadro's number,
¢ = activation cross sections at 2200 m/sec/1.128,
W = weight of target isotope,
e = counter efficiency for product isotope,
ty = irradiation time,
to = count time,
ty = decay time (end of irradiation to beginning of count time).
The thermal fluxes, foil activities, and cadmium ratios for the
foil detectors are given in Table 3. The thermal-neutron data for the
cobalt foils have been corrected for the thermal-flux depression in
both cases.
RESONANCE-NEUTRON FLUX
The same foil detectors were used to make the resonance-neutron-
flux measurements that were used in determining the thermal flux., To

eliminate the thermal-flux activation produced in the foil, 20-mil-thick
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cadmium covers were used to encase the foil. With this thickness of cad-
mium placed in a moderated beam of reactor neutrons, a reasonable assump-
tion for the lower energy cutoff would be about 0.4 eV. The variation of
this assumed value of energy cutoff has been determined by calculation
as well as by experiment.z'4
If one defines the ratio of the saturated activity of the bare foil

AP to that of the cadmium-covered foil ASY as the cadmium ratio RCd, then

B
A _ oed
—5-1=R -1 . (2)

=

Table 3., Thermal Flux, Foil Activities, and Cadmium Ratios

of the Various Detectors Used in Beam Tubes HB-2 and HB-3

Foil Activity
(neutrons em™? sec '1) Thermal Flux Cadmium

Foil Bare Foil Cadmium-Covered Foil (neutrons ecm “ sec =) Ratio

Beam Tube HB-2

*

Au  1.076 x 108 3.488 x 107 7.633 x 107 3.0846
Cu 7.783 x 107 3.423 x 10% 7.779 x 10’ 2273.7
In  1.168 x 108 3.915 x 10’ 7.765 x 107 2.983
Co 7.913 x 107 4.246 x 100 7.487 x 107 18.63
Na  7.845 x 107 2.461 x 10° 7.6  x 107 ©31.87
Av. 7.652 x 10/
Beam Tube HB-3

Au  1.020 x 108 3.323 x 107 6.877 x 107 3.071
Au  1.037 x 108 3.424 x 107 6.946 x 10’ 3.029
Cu  6.893 x 107 2.210 x 10% 6.890 x 10/ 3119
In 9.693 x 107 3,204 x 107 6.489 x 107 3,025
Co 7.061 x 10’ 3.534 x 10° 6.987 x 10’ 19.984
Na 7.109 x 107 1.710 x 106 6.938 x 107 41.59

Av. 6.870 x 107

*Corrected for flux perturbation.
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From the cadmium ratio it can be shown that

N Pen Ten __thermal response (3)
T e "~ epicadmium response ’

][ 9(E) o (E) dE
0.t ev :

where
Py, = thermal flux at 2200 m/sec,
0,y = foil cross section at 2200 m/sec,
¢ = absorption cross section,

E = neutron energy.

I

In a neutron slowing-down spectrum which has a l/E distribution,

¢(E) can be represented by K/E, where K is a constant; then

7] 9]
K = thoo th = R CP(E). ()l*)

RCd-l J U'd_ﬁ
0.4 eV a

A measurement of K involved the determinstion of RCd, the thermal-

neutron flux, and the cross section and a knowledge of the resonance

integral. The resonance activation integral is represented by

sl

()

x
resonance integral = { Oy

0.4 &V
However, the resonance integral is the sum of two parts, the 1/v

(v = neutron velocity) contribution plus the resonance contribution:

0.4ev B 0.4"ev  (2) 0.% ey (Tes) E (6)



The ratio of the two parts may be defined as

@
s dE
0.4 eV (res) E resonance activation
a = o = 3 (7)
o, %E %-activation
0.4 ev (-;)
T dF. P dE
j‘ o — = o — . (8)
0.4%ey (res) E o.i ev (%) B

For a foil having a pure 1/v activation cross section when placed
in a 1/E type flux, it can be shown that the thermal cross section is

approximately twice the activation integral, or

= 0.5 0, - (9)

Experimentally, however, when applying corrections of neutron temperature

p)

and the cadmium-cover factors, the activation integral is about 0.44 jth'

When rearranging the quantities of ¢ and 0.44 ¢ into Eq. (4) it becomes

th
2.27 o
th
K= —= =E o(E) , (10)
(R ~-1) (1 +a)
where E »(E) = resonance flux per 1ln e interval.

The differential neutron flux in the region of the resonance would

be as follows:

£ E<E) = ¢(E)[neutrons e ® sec—l(energy interval)_l] . (11)
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The foil resonance parameters and values computed for alpha are
shown in Table 4, and the values of E «(E) and p(E) for the selected
resonance detectors are shown in Table 5. From Eq. (4) if a 1/E spectral
distribution exists, E ¢(E) will be constant. The values of E @(E) in
beam hole HB-2 appear, within experimental errors, to be constant from
an energy of 1,45 eV(llSIn measurements) through 132 eV (59Co measure-
ments). Tt would then be justifiable to assume a 1/E spectral response
over this energy region. The 23Na detector value of E @(E) indicates
that a 1/E spectral distribution does not exist in this region.

Within the experimental errors of the measurements made in beam
hole HB-3, a 1/E spectral distribution exists throughout the energy
range from 1.45 through 2850 eV.

FAST-NEUTRON FLUX

The spectrum in the neutron energy region from about 3 keV through
approximately 1 MeV was measured by E. R. Bennett, ANL, with a proton-
recoil proportional counter. His measurements will be reported6 with

all the nuclear data taken in the beam tubes.

Table 4. Resonance Parameters

Resonance Resonance
Energy? Activation Integralb
Element ~(eV) (barns) Alpha
23Na 2850 0.24 0.900
59¢o 132 49.3 2.716
155, 1.46 2640 34.06
197 gy 4.9 1588 32.40

& From D. J. Hughes and J. A. Harvey, Neutron Cross Sections, BNL-325
(1958); also Supplement 1 (1960),

b From ref. 5.
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Table 5, Values of E ¢(E) and @(E) Determined in Beam Tubes HB-2 and HB-3

@ (E) (neutrons cm”?
Element Cadmium Ratio E ©(E) sec”! MW'l)
HB-2
5 2.984 2.534 x 10° 1.735 x 10°
197 pu 3.085 2.485 x 109 5.07 x 10°
0o 17.93 2.583 x 10° 1.92 x 10%
23Na 31.87 2.949 x 100 1.04 x 103
HB-3
WS 3.025 2.072 x 10° 1.42 x 10°
1974 3.071 2.258 x 106 4.61 x 10°
o 19.98 2.256 x 10° 1.67 x 10%
2\a 41,59 2.049 x 10° 7.19 x 102

The theory of determining fast-neutron flux with threshold detectors
. . 2 . 7 8 9 10
is discussed by Hughes,  Trice, Hurst, Uthe,” Grundle and Usner, and

1

Grundle. 1 Each one used various methods of interpreting the spectral
distribution derived from a given number of detector response integrals.
The most simple and easiest method to apply is discussed by Hughe32 and
applied by Hurst8 and Trice.7 In this method the cross section of the
detector is assumed to be a step function characterized by its effective

cross section o, and corresponding threshold energy Ee values as

ff £ff

determined for a fission spectrum.

The saturated activity A induced in the detector is
@

A=N ro‘(E) cp(E) dE 3
0
where N = total number of target nuclei in the detector, ¢(E) = the dif-

ferential cross section for the reaction in consideration, @(E) = the
fast flux density per unit of energy interval, and E = neutron energy.

If ,(E) is a known function of energy, such as that of the fission
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spectrum, then the equation becomes

A=No .. ] [ 9(E) aE = @(Eeff),
eff
$ i inte
where (Eeff) is the integral flux above Eeff‘ If the actual neutron

spectrum differs appreciably from the fission spectrum, the use of the
method will produce errors in the result.

The fast-neutron flux data measured in beam holes HB-2 and HB~3 are
shown in Table 6. The data have been normalized to a reactor power level
of 1 MW. Obviously, for a good insight of the spectrum several detectors
with appropriately chosen thresholds are needed. A comparison of the inte-
gral flux measurements of HB~2 and HB-3 shows a variation as large as a
factor of 10.2 for the 6.3-MeV threshold detector. However, this increase

in neutron flux is to be expected since HB-2 '"views'" the reactor core.

DISCUSSTION OF RESULTS

The accuracy of a given neutron flux is dependent primarily on the
accuracies of the counting efficiency of the related foil, the activa-
tion cross section of the target isotope, and the reactor power level at
the time of irradiation.

The overall accuracy for determining the activity of the foils is
about #6%. This error includes the +2% counting statistics, the irrad-
iation exposure time, and a *2 to 5% counter efficiency error for a
given isotope. The counter efficiency for a given isotope was deter-
mined by irradiating the foil in the standard pile in a known thermal
neutron flux, which was corrected for flux perturbation due to the
presence of the foil. The accuracy of the activation cross section for

a given foil varies from a few percent to *10% as shown in Table 1.
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The reactor was operated at a power level of between 16 and 18 MW.
It was estimated by the Reactor Operations Division that the power at
this level could be determined to within +1 MW. This error in the
reactor power would cause an error in the measurements of about *67%,

The total accumulated errors of the measurements would then be approxi-
mately *13 to 147%.

Neutron flux measurements at various neutron energies are compared
in Table 7. The results are reported as the type of flux a given detec-
tor measures; that is, for thermal neutrons it is a Maxwellian distribu-
tion, for epithermal neutrons it is the flux per unit energy interval,
and for fast neutrons it is the integral fast flux above a given energy

threshold,

GAMMA-RAY SPECTRUM MEASUREMENTS

It was desirous to make the gamma~ray spectrum measurements at low
power levels with a cold reactor so that the spectrum observed would
more closely represent the gamma reys emitted by the reactor core and
not the gamma rays produced by the activated matérials in the proximity
of the reactor core. The low reactor power level allowed the use of a
3- by 3-in. Nal scintillation detector to view the direct beam being
emitted in each beam tube, So as rot to activate the Nal by neutrons
from the beam, a 6Li shield was pleced around the detector when the
spectrum measurements were being made. After the low-power measurement
was completed, several measurements were repeated with the 6Li shield
removed to determine whether there was an appreciable difference between

the two spectra.
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Table 6. Fast~Neutron Flux Measurement in
Beam Holes HB-2 and HB-3,

(&

Threshold w(Eeff) (neutrons cm'zsec—lMW_l)
Reaction Energy (MeV) B~ HB-3
325(n,p)3%p 2.9 3.72 x 10° 7.93 x 10°
2%g (n, p) 24Na 6.3 1.25 x 10° 1.23 x 107
2751 (n ) ?%Na 8.1 2.04 x 10° 2.62 x 10*
Table 7. Comparison of Neutron Flux Measurements
at Various Neutron Energies.
Neutron Flux (neutrons cm_zseculewl)
Energy (eV) HB-2 HB;3 Ratio
Thermal 7.64 x 107 6.87 x 107/ 1.11
Epithermal
1.46 1.735 x 100 1.42 x 10° 1.22
4.9 5.07 x 102 4.61 x 10° 1.10
132 1.92 x 10* 1.67 x 10% 1.15
2850 1.04 x 103 7.19 x 102 1.44
Fast~Neutron
2.9 x 10° 3.73 x 10° 7.93 x 10° 4.70
6.3 x 100 1.25 x 10° 1.23 x 10° 10.22
8.1 x 10° 2.00 x 10° 2.61 x 10% 7.66
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The experimental facility as shown in Fig. 2 depicts two separate
collimation systems that can be interchanged between the beam ports.
The figure illustrates a tapered collimator mounted in beam hole HB-3,
which produces almost a point source at the reactor core position and
enlarges toa. 3 in. at the detector position. The other collimator con-
figuration, shown in HB-2, produces a straightthrough beam~3.25 in. in
diameter. Both collimator configurations were used at each beam hole in
making the spectral measurements.

A 3- by 3-in, Nal scintillation detector was chosen to measure the
spectrum because of its sensitivity and because its characteristics,
such as gamma~ray efficiency as a function of energy, have been thor-
q.12

oughly measure

The detector system was calibrated before and after making spectral
measurements using the following gamma-ray sources: 198Au, 137Cs, 60Co,
24Na, and Po-Be. A measure of the stability of the system is the good
agreement of the separate calibration runs. The energy calibration
curves used with these spectral measurements are shown in Fig. 3. A
conventional preamplifier and amplifier were used with a 400-channel
analyzer to make the measurements. A pulser was used to determine the
linearity of the system over the full 400~channel range. The detector
was shielded with a sufficient thickness of concrete blocks and lead so
that the room background made a negligible contribution to the spectra
measurements.,

Measurements were made at power levels of 3, 30, and 90 W. It was

difficult to determine accurately the low 3-W power level,and a beam

monitor was used to normalize all three power levels. However, it was
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found that all three power levels gave similar spectra; therefore only
the 3- and 90-W spectra are shown for each beam tube.

The results of the radial beam holg spectrum measurements at both
3 and 90 W are shown in Figs. & and 5. The live times of each run are
given with Figs. 4~6 so that an absolute comparison of the different
spectra may be made if so desired. Since the radial beam hole looks
directly at the reactor core and also views a large amount of aluminum,
one would expect to see the aluminum capture gamma rays and also fission
gamma rays. This is verified by the identification of the aluminum line
at 7.24 MeV and also the high continuum in the spectrum at energies up
to 6-7 MeV. This continuum is particularly noticeable when compared
with that of the tangential beam port. Although there is a relatively
small amount of beryllium in the beam, it is felt that these lines are
not seen as they are masked out both by the fission continuum and the
intensity of the aluminum lines,

The spectrum from the tangential beam hole measurements is shown
in Figs. 6 and 7. The location of the beam tube (see Fig. 2) is such
that the beam tube does not view the reactor core but looks directly at
the beryllium reflector, as well as at a considerable amount of alumi-
num, As a result, the lines in the spectra from aluminum (7.72 MeV) and
beryllium (6.84 and 3.37 MeV) are quite readily resolved. Also, because
of the lack of gamma rays from fission neutrons, the continuum bélow
6-7 MeV as previously mentioned is much less in the radial beam, This
makes it easier to see lower energy gamma rays, such as the beryllium
(3.37 MeV) and sodium (1.37 and 2.76 MeV) background lines, equally well

at both power levels, 1In both the tengential and radial beam spectra
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the hydrogen (2.23 MeV) line was produced from the water in the reactor.
Other lines in middle-energy regions of the spectra might have been
resolved with better statistics by using a Ge-Li detector.

Some of the peaks in Figs. 4-7 have been identified as spectra lines
which resulted from the background as shown in Fig. 8. The sodium lines
probably represent the activation of the NaIl crystal by epithermal
neutrons in the beam that were transmitted through the 6Li filter, with
some of the activation probably resulting from the low-power runs when

the 6Li filter was not used.

GAMMA-RAY DOSE MEASUREMENTS
Gamma~ray dose measurements were made in HB-2 and HB-3 beam tubes
using the 3.5-in.-diam shutter opening and beam tube arrangement as
previously described. The calibrated ionization chambers (Victoreen
Model 570) were exposed in the beam for a given period of time, and the
ionization was recorded. The estimated dose at 1 MW for HB-2 was
2.1 x 103 r/hr and for HB-3 was 217 r/hr. The ratio between HB-2 and

HB-3 is approximately 9:1.
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