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ABSTRACT

- Thermal neutron spectra have beén measured with .
time-of-flight techniques. ‘Spectra were obtained for

. pure water and for a nearly homogeneous subceritical”
"assembly where the ratio of thermal absorption to

high energy scattering cross section was ~. 0.3. For’
each medium, spectra were measured at 298 and 58¢°K.

The experimental results are presented and
compared with calculated theoreticalqspectra. The
agreement between theory and experiment is excellent

~ for the multiplying:.media. On the basis of this

agreement, one concludes thet chemical binding effects
in light water play a negligible role in determining
the equilibrium neutron spectrum in water assemblies.

. o ' KAPL-1916
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NEUTRON SPEGTRA MEASUREMENTS
R. S. Sténe, R: E. Slovacek

INTRODUCTION

THé thetrmal neutron spectrum in a finite meédium with abs orptlon present
i§ of considerable interest both practlcally in reactor’ de31gn and théo-
retically in understandlng neutron thérmalization: A Father complete
disdcussion 6f the préesént status of the thedry and méasureément 6f réactor
spectra can be found in the literatiire.?!

Wigrer and Wilkins? calculdted the &teady=staté sﬁéc‘%ﬁﬁﬁ in a
partially absorbing infinite homogenous médium with & ménatomic gaseous
méderator whose scattéring nuclei have a Makwellian energy distrivution.
The scatterlng riuclei were dssumed to6 have a constant scatterlng cross
seetion and a mass equal to that of thé neutron while the absorptlon cross
section was ‘assumed to Vary as 1/v. The éfféets of mélécular blndlng and
1ntermolecu1ar forcéeés in the liquid state were not considered.

Récently Amster has extehded the prev1ous work §o that ‘the neutron
spectrum can be ¢alculated. for a flnlte homdgériedus - meditim with the ab<
sorptlon eross séction varylng arbltrarlly ds a funetion of fiélitron energy.
Thé coniditions on the’ scatterlng nuclel remainéd the same as in the
Wigner=Wilkins calculatiofi.

Thesé" calculatlons are usually applied to water—moderated assemblies.
However hydrogen in water -does not completely fuifili the assumptionis
made on the" scatterer in the caléuldtions. Measufénefits aré tlis néeded
t6 observe the magnitude of the foléciilar and 1ntermolecu1ar b1nd1ng effeets
on spectra

ThHé méasureieiit of heutron spectra in partlally absorblng media has
been undertaken recently with two technlques, both 6f which use timeé of
fllght By using a subsritical assémbly in & theral GolumA.with & slow
néutron chopper the authors?® obtailied prellmlnary résults which 1ndlcated
good agreement with the ngner—W1lk1ns calculstions. A pulsed heutron
technlque was used by Podle® who dbtainéd the spectia in homogeneous 1ight
Water solutions with vafious boron ¢dnééntrations: Amstér® Has compared
Posle's measurements with the calculated &péctra and also finds good agree-
mert over nost 6f the énérgy rarige exdept for a consistent déviation ‘in
the Joining région be'lween the Lhardenéd thermal spéctrum and the dE/E
sloWwifig région.

11 n
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In this series’ of measurements a non-1/v absorber was.used . .
over a wider temperature . range (298 to 586°K) than used.previously. ~In
addition,” the spectra in the JOlnlng energy reglon was investigated w1th
greater resolutlon than that used in. the prev1ous measurements. .

EXPERIMENTAL ARRANGEMENT

The slow chopper technlque for measuring spectra was described in-
detail in KAPI-1499.7 Equipment descriptions not contalned in that report
are 1nc1uded -here for completeness.

The arrangement of experimental equipment is shown schematically in
Figure . The Thermal Test- Reactor‘Serves as a source.of ‘thermal neutrors to
excite an enriched uranium fission p1a+e located in the rcactor thermal eulunm
The thermal heutron flux at operating power is about 1019 neutrons/om?-scc
incident on the plate. The high-energy neutrons which result from fission in
this plate are transmitted through the pressure vessel wall more easily than
the thermal neutrons. These néutrons excite the 16~in.-1eng and 10-in.-diam
subcritical assembly which is located in the rear of the vessel. A 2-in.-diam
reentrant hole penetrates 8 in. deep into the forward end of the assembly. P
This hole is filled with a thin-walled helium tank to provide a method of
~ extracting a neutron.beam from the bottom of the.hole with small perturbatlon '
. to-the medium. The beam leaves the high-pressure region through a@= = - >
0:030-in.=thick stainless steel high-pressure rupture disk and is colll—
mated by a l—meter—long boron carbide collimator assembly.

Tlmeuoqullght Equlpment

The.emergent beam is chopped by a rotating flat-plate shutter.: The
2-in.-high rotor plate stack consists of l/iéein.fthick horated phenolic
resin plates and 1/1lé-in.-thick aluminum "window frames" serve as plate’
‘spacers. 'This plate stack was capped with borated phenolic resin to form
the»6_in.—diem,'6~in.—long_rotor cylinder. A shrunk-fit, thin-walled,
stainless steel shell provided mechani&allsupport for the rotor.

Since the spectra under investigation contain a relatively large
number of high-energy neutrons, boron or cadmium cammot be used as
shutter:materials The shutter material must have a high strength-
to-weight ratio and must have a large removal cross section at high
energies. It was for this reason that the hydrogenous phenolic compound
was used :

After a flight path length of three meters, the chopped neutrqn'beam
. was detected by an array of 15 proportlonal counters These counters: : é
'“(2 in. dlam) were fllled with BlOFa to 1 atmosphere The active length

KAPL~1916
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FIGURE | EXPERIMENTAL ARRANGEMENT KS-20574
UNGLASSIFIED

of the counters was 7 in. in the beam direction, The ends of the counters
vere made of aluminum oxide ceramic, “whose measured transmission was

nearly energy 1ndependent over the range of interest. For higher resolution
work, it was possible to use only the central row of- five counters as a’
detector .The ¢ounter assembly was housed in a ‘large beam catcher whose
walls were composed of é-in.-thick borated paraffln

The output’ pulses from the counter were amplified and recorded as
to time of- arrival in a. 256-channe1 time analyzer 8 Channel widths of
- from’2.5 to8Q. psec were available.  For this series of experiments,
49 usec channels” were ‘used. The channelizer was gated on by a pulse
from the rotating shutter. The arrival of this pulse was adjusted so
that a counter signal, corresponding to an infinite velocity neutron,
would be recorded at the beginning of time channel 129. The system
parameters were dadjusted so that the flight time of a cutoff neutron was
less than one-half the time between bursts. .Since the rotor construction
is symmetric about a plane passed through the center of its plate stack,
the time dependent background as a result of transmission through the
shutter will also be symmetric about flight time equal to zero. One can

KAPL-1916
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obtain, therefore, 'signal counting rates corrected for background by
reflecting the_ data about channel. 129 and subtracting.

Informatlon stored 'in-each of the 256 ¢hannels is prlnted out on’
IBM cards” and forms an” input deck" for the IBM-704 computer. '*This computer
has been programed to reduce the-data and yields, as an output, "the flux
per electron volt as a function‘of'energy.8 This program corrects for
background, energy dependent system transmiesion, and system resolution
as_discussed- in the Experimental Corrections section.

Sources - :

“Two types of media were investigated in the beam source region. In
one arrangement, the lé-in.-long, 1l0-in.-dlam experimental volume in the
rear of the pressure vessel ‘was filled with pure water. For the second
lype of sourcé region, a mu1t1p1v1ng medinum was used. Sinoe chemical
binding- effects on spectra are not well understood even at room temperature
it was of interest to ohserve their variation, if any; witlh lemperature.

. Facilities were avallable 1o ralse the temperature of the source region up
to 600°F

The multiplying. medium or matrix con31sted of an array of alternate
* planes of light water, zirconium, and enriched uranium. The. spacing
between fuel planes ‘was 0.2 in. The fyel was O. 0013 in. thick and was.
clad with Zircaldy to enable operationiof this subcritical assembly at e
elevated temperatures. The composition of the assembly was chosen so
that the ratio ' - )

2a(0.025.ev) ;
) QZS(J. CV) '

0:29. . B

Under these conditions, with Z, >> DB2 the measured epectrum -should well
represent the spectrum in an 1nf1n1te medlum of this absorption with a

.. small leakage correction.

The lateral surface of the cylindrical source region was bounded by
a 1-1/4-in.-thick carbon steel pressure vessel wall which was covered
by a 2-in.‘layer'df thermal lagging and cadmium sheét. Since the buckling
would be different to calculate under the existing source apd boundary
conditions, activation experiments were conducted with manganese 6r.fuel
strips to measure the axial and radial flux traverses for each source.

The results of these activations yielded several” bits of information.
The perturbation of the reentrant hole on the axial gradient wesAfound 1o
be < 3%. In the case 6f the room temperature matrix, bare and. cadmium-.
covered strip medsurements of the flux distribution in both the radial and

KAP1-1916
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axial directions were obtained. The thermal and epicadmium flux distri-
butions in the beam source region differed by < 6% and indicated that the
spectrum was a rapidly varying function of position only near the boundaries
of the matrix. In the beam source region, the flux was found to be
represented, to 'a good approximation, by the functlon

#, t, 2) = gy (E)e” %I, (cx)

The buckling will thén be given by B? = o? -y2.

The measured values of «, 7, and B2 with thelr estlmated errors are
shown in Table 1. The values of D(E )B2 and Za(Eo) are also included for
each medium where E, is the neutron.energy correspondlng 10 the ambient
moderator temperature The values of a and y were obtained from a least
squares fit to the activation data for a distance of three thermal diffusion
lengths about the source center.

The magnitude of the measured buckling was used to determine the
leakage correction, DB?, which was added to the absorptlon cross’ section
in calculating the spectrum As a consequence of ‘the bare and cadmlum-covered
activations in the matrlx the variation of the leakage correction was
taken to be the same as the variation of D with energy The axial flux

" measurement was also used in relatlng the measured beam current to the
flux_in the source reglon

‘In the case of pure water, Z, is not large compared to DB2 for all.

. energies of interest.’ Therefore the ¢calculated spectrum will be very

sensitive’ to” the variation of both z and DB? with energy. Since the __
buckllng as+a function of energy could not be obtained, no leakage
correction was applied to the absorptlon cross sections in calculating
the spectrum in water.

EXPERIMENTAL CORRECTTONS

Since several energy dependent correctlons must be applied to the
experimental data, they will be cons1dered here for completeness alihough
some have been dlscussed prev1ously

KAPL-1916
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T, E,
Medium °K ev
H0 208 0.0257
H,0 586  0.0505
Matrix 298 0.0257
Matrix 0.050:=

wp

586

TABLE I. Measured Values of o, y, an¢ 32

Q,

em™ 1

110.172 * 0.020)

0.112 * 0.010
0.093 t 0.006

0.056 * 0.004

75

cm; X

0.166 * 0.001

0.098 ¥ 0.001

.0.056 T 0.001"

0.036 * 0.001

B2 -

J.

-
em—= -

-0.057 * 0.010

-0.003 * 0.002

0.0055

+

0.0018 *

0.0011

;0;0014

D(E.)B?, Z4(Ey),
Cem™Y 0 emd
-0.0064  0.0220
0.0007  0.0115
'0.0011°  0.193
0.0007  0.138
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The experimentéi data can be considered to be a function of the flight
time, t, of the form C(t). Since the time of flight, t, uniquely specifies
the neutron energy, E, through the relation

- mL2 _
E=1/2>5 , . (1)
where
E = neutron energy,
'm = neutron mass,
L = flight path length, and
t = flight time,

the function C(t) specifies the related function CG(E) uniquely. However,
the change of metric from unit time to unit energy implies that

[

C(E) = (1) —<2 (2)
or
. 3" . )
C(E) = C‘(t)['» mzzj < £3c(t) . (3)

That is; the count per unit energy is proportional to the count per unit
flight time times the neutron flight time cubed.

'Béam Attenuation

A correction to the experimental data mist be made for the attenuation
effect of the materials in the beam. If the neutron beam current dengity -in
the region of the gource ie J_(E) and the observed neutron beam current
density at the detector is JD?EQ;,these two current densities will be
related by the removal cross section of the materials in the beam. That
is,

(2, (B)xy + 2, (E)xp 4 7 +)

3, (E) = Jp(E)e
where Zti(E)iis the total cross section and.Xi-is the thickness of the

i material in the beam.

KAPL-1916
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Shutter Transmission

The transmission of a rotating flat-plate neutron shutter is a function
of neutron ernergy. This energy dependence has previously been reported in
detail.” 1If one defines the quantity p = Yco as being. equal to the ratio
of the shutter cutoff neutron velocity to tKe neutron velocity under consid-
eration, then the relative shutter transmission is. given by

Tm)=1-§ﬁ ; 021/ (52)

T(B) -8B + -— J% HE 1/4 5~é S1 . (5b)

\).)‘00

Counter Efficiency and Effective Fiight Path Length

Two adqitional corrections must be made to the observed data for the
variation with energy of counter efficiency and mean stopping position within
the counter.

The counter efficiency as a function of energy is given by

_ o~ Za(EN

e(E) =1 (6)

- where za(E) is the macroscopic absorption cross section of‘the counter
-1illing gas and £ the length of the counter.

The mean stopping position of a neutron of energy E as measured from.
the front of the counter. 1s glven by

%Z
AR a(E) e ‘a(°)>dx
ME) = ISR (7)
: 2 .
JL z,(E) o Za By,

=

The effective flight path length is then given by
L(E) = L' + A(E) (8)

where L' is the flight path from the center of the chopper to the front
of the active counting volume.

KAPL=-1916
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Flux Gradient Correction

Since it is the spectrum of the neutron beam current rather than
the spectrum of the neutron flux at the origin of the beam that is
measured, an additional correction must be made. The energy dependence
of the flux and the beam current are related in the d1ffus1on theory
approximation by the following relationship,

N = & AE) - (m) 9P (9
J+(E) - ¢5§E) - LT(E) ’EE’ 2 =06 . (')
The transport mean free, path, kt(E) in the medium cen be obtained from
a knowledge of the materlal cross sections in the assembly and the flux .
gradients in the beam direction can be obtained from the activation
experiments. One can then calculate an energy dependent correction term
to the observed current spectrum of the following form o

'J+(E" . (10)
1 -2 (E) Zn @(E)

Resolution Corrections

A detailed discussion of the resolution of neutron time-of-flight
spectrometers has been presented. 7 In this earlier discussion, it was
assumed that the time-of-flight spectrum of the beam was slowly varylng
over the instrumental time resolution range.

Frosti© has shown that an additional correction can be made for the
effect of finite resolution in the range where the slowly varying condition
does not apply. If one defines the input tlme-of-fllght spectra to the
spectrometer as I(t), the observed spectra as 0(t), and the spectrometer
resolution functien as R(t), then

o(t) = f " ROI(t + A)an . (11)

Y o

If I(t) is a continuous function with continuous derivitivesv it can then
be expanded in terms of a Taylor's expansion

ow = ["an L & £l o (12)

n
—o o at
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If the series is uniformly convergent, then

o - L S [T mwa m

The function R()\) has previously been shown to be even in its argument,
and the integral of the function can be normalized to unity. Under these
conditions, we may rewrite,.neglecting fifth and higher order derivifies,
™ % '
1 t : 1 d7I(t
o(t) = I(t) *3 aa-é-l -[\ MR(AV)dN + 37 'E¥£“2 MRO)A . (14)

- 00 00

By differentiating with respect to time and again neglectlng fifth and
higher order derivatives we obtaln .

d%0(t) _d%1(t) 14 I(t) 2 :
it el antt I x R(k)dk (15) . ;
and ;
i
d?o(t) _ da*1(t) (16)

at¥ 7 dt*

By substituting these two results in Equatlon (14) and by rearranglng terms
one obtains -

W-m >~? )2

TI(L) = o(t) [1- 5 g(t)'d:3§*) R XQR(x)dk #

00"

TTTGT | o(nyat® .

The even moments of the resolution function can be obtained from the analytic
expression derived in KAPL-1499.7 The output function and its derivatives
are obtained dlrectly from the experimental data. Therefore, a numerical
correction can be calculated with Equation (17) that will correct for
variation of the input spectrum over the range of the resolution function.

In the case of the pure water spectra where-the counting rate increasea
sharply between the dE/E region and the thermal region of the spectrum

the resolution correction was as 1arge as 20% ) i, v

KAPL-1916
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COMPARISON OF THEORY WITH EXPERIMENT

Spectra were calculated for each sou;de~medium with Amster's
SOFOCATE ¢ode.® For the two types of media, pure water and matrix,
calculations were performed for moderator temperatures which corre~
sponded to the measured temperature used in the spectrum measurements,
namely 298 and 586°K.

Included in the code is the leakage term DB? to correct Z, in a
finite medium. For the hot and cold matrix cases, the appropriate
measured value of B2 was used in the calculations. Since Za(Eo)>>DB2
for the multiplying media, this corresponds to a small correction (~1%)
to the spectra and the calculated spectra will be insensitive to errors
in the measurement of BZ(E). In addition, the calculation treats only
an equivalent homogeneous assembly with the same average composition
as the heterogeneous experimental assembly. This approximation is good
over most of the energy range except below 0.2 ev where self-shielding
effects would tend to reduce the effective homogeneous Za~value obtained
from the material composition. A .self-shielding factor was determined
for the mean fuel Z and corresponds to the spectrum by using Bohl's
results for a- repeatlng slab array.!! The self<shielding factors,

which were then applied throughout the thermal range in the calculations;

were 0.898 for'the case of the 298% matrix and 0.924 for the case of
the 586°K matrix.

In the case of pure water, z, ‘is not large compared to DB? ovér
the entire energy range of interest. The calculated spectrum will then
be very sensitive to B2(E) as well as D(E). For the particular pure
water spectrum source used, it is quite likely that the fast Ieakage is
different from the thermal leakage. Since the measurement of B2(E) was
not available, the thermal leakage correction was not made to Zy in the
case of pure water. ' :

The results appear in Flgures 2 through 5 where the calculated
spectra appear.as solid curves. The dashed line is the dE/E spectrum
above 1 ev that is assuméd in the calculations. In these figures, the
crosses are measuréed values of the flux with the vertical extent of the
cross indicating the‘probable.error in the relative flux as determined
from the counting statistics for-each channel. Both the calculated
spectra and measured spectra were normalized to give a glowing down
flux. of 1 neutron/cm?-sec-ev at an energy of 1 ev. To obtain this, the
experimental data above 1 ev were fitted to a dE/E spectrum in each
case.
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FIGURE 2 NEUTRON FLUX SPECTRA IN
WATER AT 298°K

'SOLID CURVE - SOFOCATE RESULT FOR B2 =0
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.. The room temperature water Spectra are shown in Flgure 2. The good
agreement between the measured spectrum in a finite medium and the infinite
medlum ‘calculated gspectrum is probably fortuitous. From Table 1 it is
seen thax the 1eakage effect at ~0. 025 ev could be apprec1ab1e (~30%)
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2 FIGURE 3 NEUTRON FLUX SPECTRA IN
3 WATER AT 586°K
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“The_leakage'effect at 1 ev is even greater. The water spectra at 586°%K

ie chown in Figur013; Here the measurcd thermel flux ocems to bé low
by ~50%. This is probabiy accounted for by the difference between the
thermal leakage and fast leakage effects. The shape of the measured

" hot- and cold-water spectra in the energy range betweén thermal energy

and 1 ev exhibit no large discrepancies from the calculated infinite
medium spectra. '
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i FIGURE 4 NEUTRON FLUX SPECTRA IN THE ) :
: 102 MULTIPLYING MEDIUM AT 298°K !
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Figure /4 shows the room temperature spectira in the multiplying medium.
The lower solid curve is the calculated spectrum when one assumes a self-
shielding factor of 1.0. The upper curve is for a self-shielding factor
of 0.898. Above the thermal energy region, the agreement is excellent.
In the thermal region, the measured points lie between the two calculated
curves. Apparently an average self-shielding factor is ndt’adequate to
_ describe the effect and perhaps one should use an energy dependent:cor- : &
rection here. No significant deviations caused by chemical binding éffects
appear in the measured spectrum.
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FIGURE 5 NEUTRON FLUX SPECTRA IN THE
MULTIPLYING MEDIUM AT 586°K
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Figure 5 shows the spectra in the multiplying medium at 586°K.
Again the lower colid curve ic for a self-shielding factor of 1.0,
while the upper curve is for a self-shielding factor of 0.924.: The
agreement is not as good as in the room temperature case, but it is
still good.” Again the shape of the curve above the thermal energy
range is in excellent agreement with calculations.
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The general agreement over the entire.energy range of interest is

- consistent with Poole's results. HoWever Poole's results indicated a
consistent deviation in,the joining region between the dE/E and "*hardened®”

thermal spectra where chemical binding effects may be noticeable. The
present results indicate no deviations in this region. It is to be )
" noted that thé count rate increases sharply in this region and that the
' resolutlon ‘correction can be'as large as 20% in the case of pure water
"and €% for the matrix. In the case of pure water, the ratio of thermal

to dE/E flux is larger than it is for the matrix. Higher resolution would -

tend to reduce the correction and thus the uncertainty associated with

: the measdred'point. The data presented here were obtained with AE/E = 1/1

‘at 3.8 ev.

_ A comparlson between the measured and calculated spectra can be
'made by using each spectrum’ to calculate the ‘average cross sectlon c
of a 1/v -absorber for the overlapping energy range O Ol to 1.0 ev.
One can form the ratlo

.E;/a fl £/ oE)aE.
0.01

- oot SR ¢

o/ " o(E)dE |
oo |

a
g

where o_ is the cross section at}Eo = 0.0252 ev.

Table 2 contains the results of .these calculations and the, estimated
errors of' this ratio. The error in the ratio using the measured spectrum
is based on counting statistics, .the error in the energy calibration;.and
the error in the transmission correction for materials in the beam. - The
error in the ratio u81ng the calculated spectrum is based ‘o the un- .-
certainties in the comp031t10n cross sections and on the errors in the

‘ measured temperatures of the media.

‘ As indicated from the plotted results, the agreemerit between the
experimental value and the calculated value obtained with no-self-

" shielding correction in calculating the spectrum is good. The self-
shielding corrections seem to be too large since the experimental and
calculated results do not agree with their probable error ranges. In
any case, the agreement is~within about 4%. ' : '
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TABLE 2. Averagé 1/&.Créss Sections

o/g,
Source - L . Experimental Calculated
298%K Matrix - 0.565 ¥ 0.004
Self-Shielding Factor = 1.0 - 0.574 * 0.009
Self-Shielding Factor = 0.898 ' 0.587 * 0.009
586%K Matrix o 0.458 I 0.006
Self-Shielding Factor = 1.0 . 0.469 £ 0.006
 Self-Shielding Factor = T 0.006

0.924 0.479

CONCLUSION

Chemical binding effects on the spectra in water-moderated reactors
appear to be extremely small. Consequently, spectra as calculated by the
SOFOCATE code should be quite accurate for media with Za/§25§v0.3-_The
average cross sections that are used in reactor calculations obtained with
the code should be good to within 4%.
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