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1. Introduction 

A systematic s tudy of neut ron spectra in moderated assemblies and 
"reactor- l ike" assemblies was first made by Stone and Slovacek1 

who measured the neutron spect rum in various subcrit ical graphite 
moderated assemblies. I n this case the assembly was excited with 
fast neut rons by a reactor p lus fission plate and the spect rum 
measured by sett ing up a neut ron chopper in a beam extracted from 
a re-entrant hole in the assembly. A t about the same t ime a somewhat 
different method was developed by one of the au thors2 at Harwell. 
Instead of using a reactor the subcrit ical assembly was bui lt round 
the target of a pulsed linac and the neutron spect rum measured 
wi thout the need for a chopper. Th is method was successfully 
applied to the measurement of spectra in aqueous boron and cadmium 
solutions and was extended to spectra in u ran ium water latt ices.3 

Here complications arose; apart from the obvious possibil ity of the 
distort ion of the spect rum by the presence of the tube required to 
extract the neut ron beam, the spect rum as measured differed accord-
ing to the relative orientat ion of the tube and the lattice, i.e., the 
neut ron spect rum in a lattice is not isotropic. Recently Takahash i4 

has th rown some light on this prob lem and has succeeded in repro-
ducing at least qualitatively the neutron spect rum as measured in 
the fuel. 

F rom this point this type of measurement of neut ron spectra has 
been developed mostly in two laboratories. At Harwell the use of 
the pulsed linac has been cont inued, but in addit ion a "reactor-
subcrit ical assembly-choρper,, system has been used to s tudy neutron 
spectra in hot graphite moderated lattices. A second slow chopper 
has also been built and successfully used to measure the neutron 
spect rum existing in the Z E N I T H hot zero energy reactor at 
Winfr i th , with the reactor operat ing at core temperatures up to 600°C. 

Simultaneously, a group working with Beyster at the John 
Jay Hopkins Laboratory of General Atomic Inc. have made 
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extensive use of the pulsed source technique used by the author, 
confirming and extending the original work on boric acid and cad-
mium nitrate so lut ions5 and including also work using samar ium 
and erb ium salts to add resonance absorpt ion. Beyster has also 
devised a method of using a neut ron chopper in conjunct ion wi th 
a l inac to enable measurements to be made in graphi te systems which 
have too long a die-away t ime to enable the direct puls ing technique 
to be used. T h u s, we have two successful approaches to neut ron 
spect rum measurements and it is one purpose of this paper to 
examine these and to indicate the relative value of each. 

2. Energy Resolution 

Probably the most relevant criteria in deciding between a pulsed 
source or a chopper exper iment*  are the resolution required and the 
degree of irradiat ion permissible in the system. F rom a practical point 
of view any spect rum measurement must have sufficient resolution: 

(a) to demonstrate accurately the shape of the spect rum in the 
low energy (or "Maxwel l ian") region, 

(b) to show the existence and magni tude of any l/E tail to the 
spect rum, 

(c) to display the effect of resonance absorpt ion in detail. I n 
part icular, to show the effects of the 0.3 ev resonance in P u2 39 and 
the 1 ev resonance in P u2 4 0, or of resonances in substances such as 
erb ium put in to simulate the effect of one or other of these resonances. 

A spect rum satisfying these condit ions is useful either directly for 
practical reactor design, or to test a thermal isat ion theory used to 
compute spectra in actual reactors. 

Now in the usual time-of-fl ight exper iment the error in any 
measured point is approximately given by 

to + \Ato 
4 r - \ N{t)dt-N{to) 

N\E) - N{E) _ J to-\ato 
N(E) ~ N(to) 

" 12 N(to) dt* no 

where to is the flight t ime corresponding to energy E. 

* The Beyster technique referred to above is properly regarded as a chopper 
experiment in this context. 
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Using this approximate formula, resolutions AEjE appropr iate to 
give a max imum error in any point of 2% have been worked out for 
a 20°C Maxwell ian and for a "λ/2?" spect rum are shown in Fig. 1. 
T w o points are also shown at 0.3 and 1 ev corresponding to a resolu-
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FIG. 1. Resolution for ideal spectrum experiment compared with actual. 

t ion AE equal to 1/10 of the total width at half-height of the 0.3-ev 
P u2 39 resonance and the 1-ev P u2 40 resonance, respectively. On the 
same figure are shown the resolutions achieved in the various 
Harwell exper iments together with the best resolutions possible for 
projected exper iments. T he resolutions achieved by Beyster are not 
widely different. I t is immediately obvious that pulsed source 
experiments are adequate for all poisoned moderator exper iments 
wit h the exception of those involving poisons showing sharp resonan-
ces (i.e., sharper than the broad Cd resonance). Fortunately there is 
scope for improvement as the channel width used was practically 
always set by the needs of the exper iment and was well above the 
fundamental l imitation of die-away t ime in the system. Using 
existing accelerators and highly poisoned systems (die-away t ime 
50 /itsec or less) a resolution of about 2 /xsec /meter seems possible. 
These condit ions cover most exper iments of interest in either 
poisoned water or poisoned heavy water. The re is less scope for 
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improvement in exper iments involving fueled systems as now the 
intr insic mult ip l icat ion usually keeps the die-away t ime above 
250 /xsec, in ordinary water systems, and above 750 /xsec in heavy 
water moderated systems. Th is l imit s the resolut ion to 10 and 
30 /xsec/meter, respectively, which is adequate for characterizing 
the thermal and "λ / i?" components of the spect rum but precludes 
examinat ion of the effects of resonance absorpt ion. Exper iments 
in poisoned graphi te systems fall between these two extremes, while 
fueled graphi te assemblies are clearly excluded from this type of 
exper iment. 

Now consider the alternative chopper exper iments. Here, provided 
a flux of 5-109 neu t rons /cm2 sec is possible at the observat ion point, 
resolutions of 1.5 /xsec/meter at energies above 0.25 ev can easily 
be obtained from observat ion point areas of 3 c m2 or less. If the cross-
sectional area of the probe tube is allowed to rise to 25 cm2, a neut ron 
flux as low as 3-108 neu t rons /cm2 sec can yield useful results (as shown 
by unpubl ished exper iments made by Coates, Poole, and Dur rani 
i n the Z E N I T H reactor). T h u s, the chopper method with thermal 
reactor source is certainly the most precise and versatile method of 
measur ing spectra in fueled systems. For thermal izat ion studies in 
purely poisoned systems, then, a fast neut ron source is usually 
required and the thermal reactor drive must be modified by the 
addit ion of a fission plate convertor. Th is addit ional complicat ion, 
taken together wi th the fact that it is in this area of work that the 
pulsed linac excels, usually makes the pulsed source method the 
preferred exper iment. A n ingeneous development by Beyster is to 
use a combinat ion of l inac and chopper, with t iming so arranged that 
the chopper opens at progressively changing t imes after the pulse to 
give the effect of a random phase between chopper and linac. Th is 
enables a pulsed linac to be used for systems which would otherwise 
require excitation with a reactor, and contains some of the advanta-
ges of each system (i.e., well-defined geometry, fast neut ron excita-
t ion, and relatively low fuel irradiat ion from the linac method, good 
resolution independent of die-away t ime from the chopper method). 
I t s pr inciple disadvantage seems to be that it int roduces the compl i-
cations of both methods. 

Finally, another class of exper iments must be considered for which 
pulsed source and chopper are both essential. These are exper iments 
i n which the a neut ron spect rum is measured at a known t ime after 
injection of a pulse of fast neutrons. Wi t h few exceptions such 
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exper iments have only been made possible by the advent of very 
high power pulsed sources. Now there are two resolut ion condit ions 
to satisfy; the width of the chopper pulse must be small compared 
wit h the thermal izat ion t ime and must also give adequate resolut ion 
i n the spect rum measurement. For water, thermal izat ion t imes are 
of the order of a few microseconds and the full exper iment has not 
yet been at tempted, al though Beckurts by an ingeneous device has 
taken advantage of this shortness to observe the asymptot ic spect rum 
achieved at long t imes after the neut ron pulse. However, in graphi te 
the thermal izat ion t ime is around 200 /xsec and both Beyster and 
the author have prel iminary results. A relatively simple chopper 
giving a 50-/xsec pulse together with a 4-meter flight path gives good 
enough resolution, a l though it is wor th not ing that as now there is 
no "λ / l?" tail, to obtain an accurate shape at the high energy end of 
the spect rum wil l require better resolut ion (see Fig. 1). 

T o sum up, pulsed linac methods excel when fast neut ron excita-
t ion of a poisoned moderator is needed, or when the resolution 
l imitations can be accepted to avoid high irradiation (and so activa-
t ion) of fuel. Tab le I shows the relative mean fluxes used in the 
various methods. No rigid rule can be laid down about when each 
method is most appropr iate, but it is t rue to say that water moderated 
systems wil l generally be suited to the pulsed source method, 
graphi te moderated systems rarely, while heavy water systems are 
borderl ine. Perhaps the most interest ing possibilit ies opened in this 
field by the big linacs are the various combinat ions possible between 
pulsed source and chopper. 

T A B L E I 

Flux required Observation Best results 
Experiment (mean) tube area (/usee/meter) 

"Good" chopper 1 010 3 c m 2 or less 1.5 
experiment 

Marginal chopper 3.108 25 c m2 5 
experiment 

Pulsed source lattice 108 5 c m2 or less 10 
experiment 
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FIG. 2. Spectrum in cadmium nitrate solution ( 1 . 4 6 X 1 0 ~ 3 Cd atoms per H atom). 
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F I G . 3 . Spectrum in cadmium nitrate solution ( 2 . 0 3 Χ 1 0 -3 Cd atoms per H atom). 
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FIG. 4 . Spectrum in cadmium nitrate solution ( 3 . 1 1 X 1 0 ~ 3 Cd atoms per H atom). 
Nelkin calculation, —; measured spectrum, . 
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3. Results Obtained at Harwell 

I n the period from 1956, when this work was first started, to date the 
following work has been completed: 

(a) Study of spectra in water poisoned by 1 j v absorber (boron) 

(b) Spectra in uran ium-water lattices 

(c) Spectra in water poisoned by resonant absorbers (cadmium, 
erb ium) 

(d) Spectra in the moderator of a graphi te lattice for varying 
temperature of the lattice 

(e) Leakage spect rum from swimming pool reactor 

(f) Spect rum in Z E N I T H zero energy reactor. 

I n addit ion, work has started on measur ing the t ime-dependent 
spectra after injection of a pulse of neutrons into a graphi te block, 

FIG. 5 . Graphite lattice spectrum. TM = 2 0 ° C , TN = 75°C (E0 = 0 . 0 3 ) , 
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on the spatial variation of spect rum near to a temperature discont inu-
ity in graphite, and finally equ ipment is being designed to measure 
the spect rum in a p lu ton ium solution reactor. Of the measurements 
already completed, (a) and (b) have been publ ished 2 ,3 and wil l 
not be discussed further. T he spectra in water poisoned by cadmium 

ι < ! 1 1 1 

E(ev)— 

F I G . 6 . Graphite lattice spectrum. TM = 1 6 0 ° C , TN = 2 1 0 ° C (E0 = 0 . 0 4 2 , 
λ = 0 . 0 6 . 

nitrate were measured using the pulsed source method and the 
results are shown Figs. 2-4. These data are in good agreement with 
the similar measurements of Beyster et al.5 showing, if anything, 
slightly better agreement with the bound atom calculations of Nelk in6 

then does Beyster data. 
Spectra in the moderator of a graphi te u ran ium latt ice*  have 

been measured using the chopper technique with the lattice held at 

* Lattice parameters: 8- inch square pitch; 1.2 diameter natural uranium fuel 
inserted into 3-inch fuel channels. 
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various temperatures from room temperature up to 350°C ; the 
results are i l lustrated in Figs. 5-7. If these data are interpreted on 
a free gas model with an increased effective mass for carbon, then 
the values of mass that must be used are given in Tab le I I . Whi le this 
may be a convenient representat ion for the purposes of reactor 

10 ì 
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0.0001 1 1 < « ' 1 
0.001 0.01 0.1 I 10 100 

E(ev) -

FIG. 7. Graphite lattice spectrum. TM = 300°C, TN = 335°C (E0 = 
0.0525), λ = 0.053. 

T A B L E II 

Moderator 
temperature 

°C 

Neutron 
temperature 

°C 

Effective 
mass 

20 ±2 75 ± 5 30 3.5 ± 0.1 
160 ± 2 210 ± 5 23 3.5 ± 0.2 
245 ± 2 294 ± 5 20 3.0 ± 0 . 2 
300 ± 3 340 ± 5 18 3.0 ± 0.2 
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calculations such a representat ion is necessarily crude and any 
realistic interpretat ion must take proper account of the binding of 
the carbon atoms. I t is of further interest to examine the " joining 
region" of these spectra and this is conveniently done by subtract ing 
off the Maxwell ian curve that is the best fit  to the energy end and 
then plott ing Ελφ(Ε) against E/kTn, where kTn is the effective 
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FIG. 8. Cutoff functions for spectra in a graphite lattice at various tem-
peratures. 

neutron temperature expressed in electron volts. Th is is done in 
Fig. 8 and it is immediately apparent that points from spectra 
measured at all moderator temperatures fall on one curve, indicating 
that the effect of molecular b inding in the region is small. If the " ì " 
value is computed for each spect rum (where μ is the effective cut 
off the l/E spect rum in terms of kTn> and is defined as that posit ion 
at which a l/E spect rum must be cut off to give the same reaction 
rate with a 1 /v cross section as does the actual spect rum) then there 
is a small but significant decrease as the temperature is increased, 
which qualitatively agrees with the expected effect of molecular 
b inding. Exper iments on a very much harder spect rum at lattice 
temperatures up to 600°C have been made in the Z E N I T H reactor. 
Quant i tat ive results are not available but qualitatively it can be said 
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that the spectra now deviate markedly from the Maxwell ian shape 
at the low energy end that a better fi t is given by Schofields bound 
atom model than by the heavy gas model, a l though the fit is still not 
entirely satisfactory. 
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FIG. 9 . Neutron spectra in graphite. B2 = 6 . 4 5 Χ 1 0 -3 c m - 2, χ , 3 0 0 /xsec 
after pulse ; Δ , 4 5 0 /xsec after pulse ; · , 6 5 0 /xsec after pulse ; 0> 9 0 0 /xsec 
after pulse. 

Finally, prel iminary data have been obtained for the t ime depen-
dent spect rum in graphite. T he results as shown in Fig. 9 are still 
far from complete, but they conform to the expected pattern, and 
the thermal izat ion t ime deduced from this data is around 200 /xsec, 
i n agreement with earlier integral exper iments of Antonov. 



MODERATION STUDIES BY NEUTRON TIME-OF-FLIGHT 2 6 1 

REFERENCES 

1. R. S. Stone and R. E. Slovacek, Rept. K A P L 1499 (1956). 
2. M. J. Poole, J. Nuclear Energy 5, 325 (1957). 
3. C. G. Cambell, R. G. Freemantle, and M. J. Poole, Proc. and Intern. Conf. 

Peaceful Uses Atomic Energy, Geneva, Paper P/6 (1958). 
4. H. Takahashi, private communication. 
5. J. R. Beyster, J. L. Wood, W. N. Lopez, and R. B. Walton, Nuclear Sci. 

and Eng. 9, 2, 168 (1961). 
6. M. S. Nelkin, Phys. Rev. 119, 741 (1960). 

Discussion 

CORNGOLD : One should be able to make a direct theoretical 
interpretat ion of one of the slides you showed (Fig. 8 , in which 
you showed the ' ' jo ining regions" for various spectra). One can 
calculate the deviat ion from l/E behavior exactly. T he deviation is 
governed, to first order, by the effective temperature, or the 
effective kinetic energy of the scattering atoms. Th is quant i ty wil l 
always be greater than the moderator temperature. When the modera-
tor temperature is small compared with, say, the Debye temperature 
of the moderator, the effective temperature is quite insensitive to 
changes in moderator temperature. Th is appears to be the case in 
Fig. 8 . If we were dealing with a gaseous moderator, the effective 
temperature would be the same as the moderator temperature, and 
the flux in the " joining region" would be more sensitive to changes 
in temperature. 

I n Tab le I I you characterize the deviation of the spect rum from a 
Maxwel l ian by assigning an "effective mass" to the carbon atom. 
Again, one can take a direct approach because it is easy to show 
that the shift in the peak is proport ional to the absorpt ion, and 
inversely proport ional to the width of the scattering kernel. T h u s, 
the shift can be given immediately in terms of energy transfer 
moments for the part icular kernel, or model, you are consider ing. 
The re is no need to force a heavy gas model to fit  the data. 

PUROHIT : I have two comments to make. One, about the t ime 
constant: it seems to me that in the case of graphi te you are gett ing 
2 0 0 /xsec, which is of the same order as obtained by calculations based 
on energy transfer moments. Now if you take a heavy gas model you 
get about 5 0 to 6 0 /xsec. Therefore, the difference is about a factor 
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of 4. On the basis of the heavy gas model, the thermalizat ion t ime 
is of the order of 220 /xsec. So we expect that in the case of graphi te 
the thermalizat ion t ime should be of the order about 840-/xsec. 

Second, about the effective mass which you have ment ioned 
here: it seems to me that the effective mass of 18 is small. Because 
if you calculate on the basis of the concept of thermal izat ion t ime 
constant, i t must be of the order of three to four t imes the heavy 
gas model. And, therefore, about 40 instead of your value of 30. 

POOLE: Well, 30 seems to me to be the bet ter; if you are going 
to use heavy gas, 30 seems to be quite a good number to use. I t wil l 
fit  these data. I t wil l also fit some data on differentially heated 
experiments, measured data; and taking the spectral data which 
has been got at Harwell, if you are going to use a heavy mass model, 
i t seems to be about 30. You certainly cannot push it up to 40. 

SINGWI : I n the existing l i terature, the publ ished calculated values 
of relaxation t ime in graphi te, assuming at each instant that you have 
a Maxwell ian distr ibut ion as the neutrons slow down, is 180-200 
/xsec, as given by Khubchandani and Kott ra in. 

POOLE: On what model is this calculated ? 

S I N G W I : They use the simple Krumhansl and Brooks model and 
one and two phonon processes and the relaxation t ime comes out 
nearly 200 /*sec. 




