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Introduction 

T he reactor physics measurements which have been made at 
General Atomic dur ing the last 2 years using the electron accelerator 
wil l be presented here. A discussion of the experimental program 
is here preceded by the reasons for making integral measurements. 
Wi t h a high intensity machine, one is torn between two alternatives ; 
one can try to add to the supply of fundamental information by 
measur ing total and partial cross sections with techniques already 
available, or one can perform integral exper iments. I n reactor analysis 
today the systems which are considered are becoming more and more 
complicated, and basic data going into these analyses contain many 
thousand of pieces of information. Some of this information is very 
well understood, but some of it is guess work and some is est imated. I n 
addi t ion to the approximat ions in the data which go into the analysis, 
there is the prob lem of the calculation procedures ; one usually cannot 
calculate reactor performance exactly from the Boltzmann equat ion 
but must make certain approximat ions (i.e., diffusion theory) to 
the exact solutions. T h u s, there are approximat ions both in the 
method of analysis as well as in the basic input data. T he role of the 
integral exper iment should therefore be to provide definitive measure-
ments on clean systems which involve the same methods of calcula-
t ion and the same nuclear input information as actual reactor 
applications. A n impor tant point is that one should not t ry to test 
everything at the same t ime, but try to test separately parts of the 
theory or parts of a method of calculation. Now one of the research 
areas in which very littl e exper imental information is available is the 
field of reactor spect rum measurements. 

A linear accelerator is ideally suited for neut ron spect rum measure-
ments, because data may be obtained rapidly and the great flexi-
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bilit y of the facility allows one easily to make changes in experimental 
arrangements. One can measure the spect rum under condit ions in 
which there are essentially no spatial effects on the spectrum, and 
then alter the geometry in such a way that there is a change in gradient 
(buckling), a linear variation of the spatial distr ibut ion of the flux, 
or a temperature discontinuity. T he idea is to start wi th the simplest 
possible system and go to more complicated situations. T he linear 
accelerator, as a pulsed source, allows a high degree of flexibility 
providing that one develops accurate methods of measurements— 
especially techniques for t ime dependent measurements. 

Another point worth emphasizing is that a sufficient number of 
measurements should be performed, because in integral work it 
is very easy to get fortuitous agreement between theory and experi-
ment. Also, in the analysis of these exper iments one should t ry the 
simple theoretical methods first and then proceed to more com-
plicated schemes as they seem warranted. 

T he discussion wil l mainly consider integral experiments on water 
and graphi te systems, al though we have worked on other moderators 
such as polyethylene, z i rconium hydr ide, and beryl l ium oxide. We 
have also worked with the Oak Ridge group on some shielding 
measurements using l i th ium hydr ide. T he analysis of measurements 
in water is based primari ly on the scattering law proposed by 
Nelk in1 ; the measurements in graphi te are compared wi th a theoret i-
cal scattering law which has been developed by Parks .2 Die-away 
exper iments in water wil l also be briefly discussed. 

Facilities 

Figure 1 shows the linear accelerator facility; the accelerator is 
located at one end of a bui ld ing 100 feet long. The re are critical 
assemblies in two other bui ldings which are l ined up with the beam 
tube from the accelerator. At present there are about 13 targets in use. 

Figure 2 shows the underground bui ld ings—the present accelera-
tor in this bui lding is a two-section S-band accelerator powered by 
Varian 5-Mw klystrons. Dur ing most of its lif e it has been run at an 
energy of about 25 Mev and a peak beam current of 80 to 100 ma. 
There is a photonuclear facility shown—I wil l not go into detail on 
all of the targets. T he three of interest for this discussion are the 
facility constructed for making lifetime measurements, the Poole-
type facility for measur ing spectra based on machine pulsing and 
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time-of-fl ight techn iques,3 and the chopper facility. T he first is a 
boron carbide shielded box in which one places an assembly for 
lifetime (die-away) measurements. I n the Poole-type exper iments 
the assembly lifetime is short enough so that it does not impair 

FIG. 1. Accelerator and associated critical assembly facilities. 

energy resolut ion—here are shown the 16- and 50-meter flight paths 
looking into the neutron cave. T he chopper is used for spect rum 
measurements on assemblies which have long neutron lifetimes. 

Figure 3 is an enlargement of the Poole facility. I t is large enough 



FIG. 2. Underground experimental facilities for linear accelerator. 
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NEUTRON THERMALIZATION MEASUREMENTS 219 

to accommodate a 3-foot cube and is current ly being enlarged so we 
can go to a 6-foot assembly. T he source can be located just about 
anywhere in the neut ron cave. We actually have three beam tubes 
coming into this area now. 

16 METERS 

F I G . 3 . Geometry for pulsed spectrum measurement. 

Figure 4 indicates the main features of the chopper facility. 
Th i s facility is presently being used for graphi te exper iments. One 
can heat this graphi te stack and split it in half for interface experi-
ments. The re is a coll imator runn ing on railroad tracks so that the 
spect rum can be measured in any part of the assembly. T he chopper 
is a similar design to that in use by Stone and Slovacek4 at K A P L . 
I t has a flight path of about 4 meters. 

F igure 5 gives a facility comparison for work usual ly carried on 
using research reactors. Th is is the geometry which we have used for 
age exper iments, and it has worked out qui te well. T he target is the 
equivalent of about a 300-watt reactor and the exper iment shown 
is an age measurement in beryl l ium oxide. Th is is really a very 
difficul t exper iment to do around an electron accelerator unless the 
geometry is exactly r ight because of the (y, n) reactions in beryl l ium. 
Wi t h care one can shield quite adequately, and our y-ray induced 
neutron background was very small. T he age which we measured in 
this case was 94 c m2 which agrees with a current theoretical value 
due to Good john.5 



FIG. 4. Slow chopper spectrum measuring facility. 
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L I N E A R 

A C C E L E R A T O R 

F I G . 5. Geometry for performing age measurements. 

Die-Away Experiments 

When we first started our experimental program we felt it would be 
worthwhi le to make some very simple measurements of known 
quanti t ies, as one usually tr ies to do with a new machine. We tr ied 
some total cross section studies, and also some measurements of 
neutron lifetime. For the latter program we decided to start wi th 
water because so much work has been done pulsing water systems. 
Of course, we ran into the same problem found by other people; 
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that is, the decay constant which one measures in a water tank 
depends on posit ion. One normally assumes that the neut ron density 
wil l decay exponential ly, wi th a constant λ given by 

λ = ΣΑν + DB2 - CB* . (1) 

Th is we did not find to be the case and we simply had to analyze 
our experiments by assuming that the thermal neutron flux density 
decayed according to the relation 

N(xy T)=^Am sin — r ^ T · (2) 

I n other words, we use a simple modal analysis where the coefficients 
Am are determined by the initial thermal distr ibut ion which is 
established in the tank and each mode has a given decay constant Am. 

Figure 6 shows the type of data one can get from an exper iment of 
this kind. T he object is to t ry to get the decay of each of the modes; 
that is, we take a very small detector and measure neut ron decay in 
the assembly at many points, using a Four ier analysis to fit the data. 
T he fundamental decay is not shown, but the second, th i rd, fourth, 
and fifth harmonics are shown. Al though there is some uncerta inty 
about the higher harmonics, it is clear that one can get the fundamen-
tal decay qui te exactly and probably that of the second and th i rd 
harmonics also. These exper iments help to determine how long one 
must wait for the higher modes to die out if i t is not desired to do a 
modal analysis. I t tu rns out that in a pure water system the wait ing 
t ime is quite long about five mean lifetimes. Th is means that in pure 
water 800 to 1000 /xsec elapse before a pure fundamental mode is 
established. Many exper iments in the past have not been done in 
this way and it is possible that some of them may have suffered from 
effects which could have easily changed the decay constant by several 
per cent, al though this exper iment is capable of 1 % precision. 

Figure 7 shows the λ vs. B2 curve; we plotted here the decay 
constant as determined for the fundamental mode. One can plot 
on the same curve the decay constants for the higher modes which 
should li e on the same general curve. T he advantage of doing this 
was pointed out by Nelk in .6 When one gets λ for the higher modes, 
the buckl ing is a better defined quant i ty since in a large tank the 
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extrapolation length uncertaint ies are not so important, as in a small 
tank. 

A summary of the current situation on this type of measurement 
is now given. I n the first place, one has to be very careful of modal 
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F I G . 7. Inverse mean life time measured in water versus buckling of assembly. 
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effects. So far in t ry ing to obtain decay constants by using the decay 
of the higher harmonics we have not been part icularly successful. 
I believe that the next harmonic lies approximately on the λ vs. B2 

curve obtained from fundamental mode studies. For higher harmonics 
i t seems that something is happening which is not understood. I 
th ink that C in Eq. (1) may be a rather poorly defined quant i ty. 
Therefore, work of this sort has to be done very precisely and even 
then there may be some ambigui ty in interpretat ion. 

Infinite Medium Spectrum Measurements 

T he next measurements to be discussed have to do with our infinit e 
med ium spect rum work. A n explanation of what we are try ing to do 
is appropr iate here in equat ion form. I f one tries to calculate the 
spect rum in a system, the very simplest equat ion that can be used is 

- ΌΡ2φ(Ε) + Στ(Ε)φ(Ε) = φ{Ε')Σ{Ε' -* E)dE' + S(E) (3) 
J ο 

where the first te rm is the leakage from a cubic cent imeter, 
Στ(Ε)φ(Ε) is the total scattering plus absorpt ion in a cubic cent i-
meter, the integral represents the neutrons transferred by scattering 
into the energy group around E, and S(E) is a source term. T he upper 
energy l imi t chosen for use with this kernel normal ly involves a 
considerable number of physical considerat ions including that of 
the molecular b inding. T he source te rm usually takes into account 
the neutrons transferred into the low energy group by free atom 
collisions above Em, so the model is presumably very simple above 
this point. For infinit e med ium exper iments one tries to minimize 
the size of the leakage te rm by making the absorpt ion te rm qui te 
large by poisoning the assemblies. Results are shown in Fig. 8 , 
obtained by the Poole techn ique3 for poisoned water (we have used 
various poisons, including cadmium, boron, samar ium and erb ium). 
T he upper curve in each case is calculated with the free hydrogen 
kernel—the lower curve was calculated using Nelk in 's kernel. I n 
general the agreement is much better for the Nelkin kernel which 
takes into account in a simple manner the vibrat ions and rotat ions 
of the water molecule. 

Figure 9 shows the spect rum in an erbium-poisoned solution, one 
just about saturated with erb ium. Th is element has two resonances 
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at low energies, one of which is very near that of p lu ton ium, a material 
of great importance in reactors. We studied this spect rum to see 
whether one could calculate the spect rum with a resonance of that 
sort present. Again the bound hydrogen kernel works better than 
the free atom kernel. 

I I I I l l l l l l I I I I Mill I I I l l l l l l I I I I Mill I I I l l l l l l 

.001 .01 .1 I 10 

E(EV) 

F I G . 8. Infinite medium spectra measured in boric acid and cadmium 
sulfate solutions. 

Figure 10 shows the neut ron spect rum in water poisoned with 
samar ium. I n this case we did not meet with good success in fitting 
the data. Al though it may not be apparent that the disagreement 
is any worse, neut ron conservation, which serves as an over-all 
check on the adequacy of these measurements, indicates that it is. 
I n other words, when one calculates the total thermal absorpt ion 
using the measured spect rum and compares this quant i ty with the 
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neutron slowing down, there seems to be a failure of over 10 % 
for the samar ium data. Th is may either be due to some mistake in the 
total cross section or it may be due to some t rouble wi th the chemical 
analysis of these systems. We have now repeated these measurements 

BOUNO-HYDROGEN KERNEL 
FREE HYDROGEN KERNEL 

_l I I l l l l l l _l 1 1 I I I ι ι ι I I I I II I I I L I I I I I I I I I M I 
NEUTRON ENERGY ( ·«) 

F I G . 9. Infinite medium spectra measured in water system poisoned 
with Erbium. 

many t imes and I am inclined to be somewhat skeptical of the total 
cross section information which we used to evaluate these data. 

The re are also some small disagreements for other spectra. I n 
general they show up around the 0 .1- to 0.3-ev energy region, 
wit h disagreements of from 5 to 10% between measured results 
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F I G . 10. Neutron spectrum in water poisoned with samarium. 

ways and recal ibrat ing the energy sensitivity of the detectors and 
also using different neut ron flight paths. We have made our resolu-
t ion corrections more accurately, looked into the effect of the re-en-

also using different neut ron flight paths. We have made our resolu-
t ion corrections more accurately, looked into the effect of the re-en-
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t rant tube in the assembly, measured the spect rum in various places 
i n the assembly, and considered the effect of leakage even though i t 
should in t roduce only a small error. T h e re seems to be no th ing 
wrong that we can put our finger on experimental ly. 

For tunate ly, the significance of the disagreement from the stand-
point of calculating reactors may be smal l; nevertheless, i t is worr i-
some in regard to averaging cross sections over the spect rum. 
I n most reactor calculations one takes into account thermal neut ron 
energies as a single group, a l though many neut ron energy groups 
may be considered above 0.3 ev. I n the thermal g roup lumped 
constants are used, and one has to average all the fundamental cross 
sections over the thermal spect rum. A good method of calculating 
this spect rum is obviously impor tant. T h e re have been changes made 
i n the theoretical model but even then we have had no better success 
i n t ry ing to fit  the data—the exper imental results always li e above the 
theoret ical values. I t appears now that one wil l have to t ry to bet ter 
define the water kernel. I t might be ment ioned here that Nelkin 
already takes into account various degrees of f reedom of the water 
molecule, inc luding vibrat ional levels at about 0.2 and 0.47 ev, a 
rotat ional level at 0.06 ev, and translat ional degrees of f reedom at 
lower energies. I t seems, however, that the kernel should be im-
proved. Perhaps one should take a good look at the exper imental 
scatter ing law data which are available now, and t ry to change 
Nelk in 's model on the basis of this rather than on the basis of t ry ing 
to fit  the integral data. 

Spatially Dependent Spectrum Measurements 

Figure 11 shows the geometry which we used for spatially depen-
dent measurements. We thought that the agreement between theory 
and exper iment in the previous work was close enough for many 
practical applications and that we should go on to one-dimensional 
spatial prob lems. One advantage of a pulsed l inac neut ron source 
is that the small source size makes possible various or ientat ions 
of the assembly and detectors, as suggested in the figure. N ow what 
one gets when one does the exper iment wi th the re-ent rant tube is 
essentially the angularly dependent flux; and unless the posit ion 
is chosen carefully one does not get the energy spect rum of the scalar 
flux. I n many reactor calculations all that is needed is the integral 
over-all angles of the spect rum, not the directional components, 
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F I G . 11. Geometric arrangements for spatially dependant spectra measurements. 
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F I G . 1 3 . Spectrum in boric acid at 3 cm from edge of tank. Β2 = + 0 . 1 2 . 

232 
J

. 
R

O
B

E
R

T
 

B
E

Y
ST

E
R

 



NEUTRON THERMALIZATION MEASUREMENTS 233 

so we tr ied the method used by the Swedish workers7 in this field, 
and referred to us by Honeck8 of B N L . Th is method util izes a small 
scatterer in the hole to do this angular integrat ion automatical ly. 
W e have used z i rconium successfully for this purpose, checking it 
against re-entrant tube measurements. 

0.001 0.01 0.1 I 10 100 
NEUTRON ENERGY (ev) 

F I G . 1 4 . Leakage neutron spectrum from a 4- inch poisoned water 
assembly. 

I n another exper iment we measured the spect rum in boric acid 
which had a 1-inch water channel, using the previous technique 
to measure the scalar flux. I t might be ment ioned that in an experi-
ment of this type i t is very convenient to measure the scalar flux 
as a function of posit ion by simply moving the scatterer. We have 
also inserted sheets of cadmium, boron, etc., in one-dimensional 
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F IG. 1 5 . Leakage neutron spectrum for a 4- inch slab of pure water. 
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geometries and measured the spect rum incident on these control 
e lements. 

A one-dimensional t ransport theory which wil l explain the spectra 
is, of course, desired; so far only fair success has been achieved. 
Figure 12 shows a spatial distr ibut ion of epi thermal neutrons in a 
4- inch-wide slab of water and boric acid. Th is is our source distr i-
but ion—it peaks at about 3 cm and decays almost l inearly. By 
measur ing the spect rum at this point, there is no first derivative, 
but only a leakage correction. I n the analysis, the shape of the flux 
is very impor tant and one needs to measure this carefully with many 
exper imental points. T he difficult y is that one would lik e to have the 
spatial dependence completely determined by the control rod or 
the water channel or whatever one puts in the system, and not by 
the neut ron source which is exciting the assembly. F igure 13 i l lustra-
tes what can be done in calculating the neut ron spect rum when there 
is only a buckl ing correct ion; one can make this type of correction 
quite easily with Eq. (3) just by put t ing an appropr iate energy-
dependent absorpt ion te rm into the analysis ; note that D is energy 
dependent. Th is is an easy calculation, but the trouble begins when 
one tries to calculate spectra in the presence of a gradient using the 
diffusion approximat ion. 

F igure 14 emphasizes the fact that simple diffusion theory is not 
going to work. Th is shows the measured spect rum and an infinit e 
med ium and diffusion theory calculation of the current. On the other 
hand, i t is possible to get agreement. F igure 15 gives results of a 
calculation by Honeck8 who used a t ransport theory approximat ion 
to calculate the leakage spect rum from a 4- inch tank. I think, how-
ever, that we must acknowledge that we really do not know how to 
make the best theoretical approximat ion in all cases. Th is is part icu-
larly t rue, as I said before, when there is a gradient which affects the 
spect rum strongly. 

Spectrum Measurements for Graphite Systems 

Figure 16 shows a small hot box which was bui lt to measure the 
spect rum of graphi te systems. Such an assembly can be set up 
wit h poisoned boron str ips, using about a 2-foot cube. I n other 
exper iments we have used graphi te cubes up to 4 feet on a side, 
poisoned to about 0.4 barn per carbon atom. Th is littl e assembly 
was heated to about 1000°F. The re are re-entrant holes, and provi-
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sion is made for mapping the spatial distr ibut ion of neutrons, because 
one has to do a modal analysis, calculate the spect rum appropr iate 
for each mode, and add the spectra together. 

1/4-IN. ALUMINUM CASE 

TAMPED FIBER-FRAX 
INSULATION 

1/4-IN. COPPER TUBE COOLING 

COIL IN ALUMINUM HOUSING 

ALUMINUM-FOIL 
HEAT DEFLECTOR , 

IRON-CONSTANTAN 

THERMOCOUPLES 4 IN. 

IN EACH CORN.ER 

NOTE: 

0.005-IN. LAYER OF I % BORATEO 

STAINLESS STEEL BETWEEN 

EACH LAYER OF GRAPHITE 

ELECTRIC WIRING TO HEATER STRIPS 
NOT SHOWN 

F I G . 16. Cut-away view of 2-foot heated graphite assembly. 

Figure 17 gives some addit ional information needed in the analysis 
of the graphite system, and i t indicates what needs to be done to 
analyze the exper iment. One has to be able to calculate the mean 
t ime spent by a neut ron in the graphite block because even though 
the graphi te is very highly poisoned, the mean emission t ime may 
be as much as 300 /xsec. Parks9 has found a very simple way of 
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calculating the corrections for this lifetime. T he curves shown here 
represent the various spatial modes present in the graphi te block. 
One then calculates the mean emission t ime as a function of energy 
for each mode and combines them with appropr iate weight ing 
factors. T h us one obtains a t ime correct ion to be subtracted from the 
flight t ime for each channel. Th is is not a large correction, no more 

.35 

. 0 0 I 1 ι ι I 
. 0 01 . 01 0 .1 I. 10 

Ε (EV) 

F I G . 1 7 . Two-foot cube borated graphite mean emission time. 

than 300 /xsec, compared to flight t imes of the order of 5 /xsec, but 
i t still must be made and i t can be made quite exactly now. 

Figure 18 shows a spect rum for carbon at the highest temperature, 
about 800°K. T he theoretical (solid l ine) curve is calculated on the 
basis of the free gas model, and it is clear that at these temperatures 
the agreement is fairly good. Note that this is a very hardened spec-
t rum. T he theoretical curve shown in Fig. 19 for a room temperature 
spect rum does not agree very well wi th exper iment. Parks has now 
been able to obtain very good agreement with these room temperature 
spectra using a different frequency spect rum. He uses that proposed 
by Yoshimori and K i t a n o10 several years ago in the Japanese Journal 
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FIG. 18. Neutron spectrum in poisoned graphite at 808°K. 
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NEUTRON ENERGY (·ν) 

F I G . 1 9 . Neutron spectrum in poisoned graphite at 3 0 0 ° K . 
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of Theoretical Physics. T he surpr is ing th ing to me is that one can 
construct a realistic frequency spect rum wi thout any reference to 
nuclear data whatsoever. T h ey calculated it on the basis of a knowl-
edge of the crystall ine s t ructure of the graphi te lattice and whether, 
for example, nearest neighbors affected each other strongly or 
weakly, along with considerat ions of the specific heat of graphi te 
as a function of temperature. A l though i t is dangerous to be too 
optimist ic, and other temperatures remain to be tr ied along wi th 
other poison concentrat ions, the analysis certainly looks hopeful 
now. I n fact, the graphi te fits that Parks has gotten may be better 
than those obtained for spectra in water. 

F igure 20 indicates what one can do by phasing the neut ron 
chopper wi th the accelerator for graphi te measurements. We have 
done steady state graphi te measurements both with the chopper 
and by the Poole techn ique and they seem to agree qui te well. 
The re is a tr ick in using the chopper for measur ing the steady state 
spec t rum; I wil l not go into this in detail. T he simplest th ing to do 
is pulse the accelerator and then open the chopper at some predeter-
mined t ime after the accelerator burst, measur ing the spect rum as 
a function of the t ime after the accelerator is pulsed. These curves 
indicate what we can do with the exper imental setup. I t was very 
difficul t to put this setup together; there are many exper imental 
problems, but you see that the background is very low compared to 
the signal. T he chopper opening t ime was around 1 msec after the 
accelerator pulse. After making a burst of fast neut rons, one very 
often detects low energy neutrons whether the chopper was open or 
not; this was one of the exper imental problems, and in fact we found 
that our chopper was not poisoned enough and was itself acting as 
a large secondary source of thermal neutrons. I t appears to us that 
this kind of measurement is indeed practical and is now fairly easy. 
T he data shown were taken with boron-poisoned graphite. We also 
have data for pure graphite. 

Subcritical Assembly Program 

Figure 21 shows the system which we are put t ing together now to 
measure spectra in mult ip ly ing systems. As pointed out before, in 
try ing to work with one-dimensional geometry, one of the disadvan-
tages in not using the mult ip ly ing system is that the source puts in 
effects in which one is not part icularly interested. I n a reactor 
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there is a cosine distr ibut ion or a normal mode flux distr ibut ion and 
the perturbat ions in the energy spect rum of the neutrons are caused 
by localized effects of absorber or water channels, etc., and one 
wants to concentrate on these rather than on effects due to the 
external neut ron source. T he hope is that source effects wil l not be 
significant in a mult ip ly ing med ium. 

F I G . 21. View of multiplying assembly showing control rods and fuel 
spacing. 

Figure 22 is a top view of the small latt ice; it consists of plates 
spaced close together containing uran ium and a luminum, wi th a 
"glory ho le" going all the way through. Th is system can be run 
reflected or as a bare assembly—we should be able to remove plates 
to open up various channels, and measure the spectra in these chan-
nels, thereby obtaining data on flux peaking. We want to t ry using 
this assembly with the Poole measurements. I n case we have trouble, 
we can use the chopper, but it looks practical to use a system lik e 
this with the Poole setup and the present S-band accelerator using 
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systems up to mult ipl icat ions of about 10. I t appears that the lifetime 
of the system wil l be short enough so that one can make the spect rum 
measurement with not too much t rouble. 

β CADMIUM PLATE 

F I G . 22. Top view of multiplying assembly tank. 

Figure 23 shows a picture of the present setup for the mult ip ly ing 
assembly. T he electron beam comes in from the left and hits the 
target, which has a hole th rough it so the detector bank which is at 
the end of the flight path on the side beh ind the assembly does not 
see the gamma flash. T h u s, there is a small glory hole th rough the 
entire system which can be used for extract ing the neut ron beam. 
Also shown are two safety rods which we require. 
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F I G . 2 3 . Side view of multiplying assembly and sources. 
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Discussion 

S I N G W I : I would lik e to comment on the comparison you have 
made between the calculated neut ron spectra and what you observed. 
I t is not very surpr is ing that you should get a good fit in the region 
of 0 . 0 0 1 ev because al though you would expect that the model is not 
very good, the effective b inding of atoms in l iquid water is very 
small. Second, even in the higher energy region the rotat ional levels 
are not sharp ; however, now you are asking too much from the model 
because you are worry ing about 2 % departures from the exper imen-
tal value. T he coming to the graphite, you said that it was very good 
on the basis of the Japanese model. I would suspect that even with 
Krumhansl and Brooks' model, you would get a fit  provided you 
are careful enough about these kernels. I p resume that what Parks 
has done is to take care of this effect by lumping all the h igher 
phonons into a certain gaussian formula and this has given h im a 
fairly good fit, so I th ink the impor tant th ing is not so much the 
frequency spect rum but the way you take these kernels into account. 

BEYSTER: Parks has essentially used the Yoshimori and Ki tano 
frequency spect rum. 

CORNGOLD : I would like to comment on Dr. Singwe's remark. 
I th ink your first remarks about the agreement between theory and 
exper iment are not two independent remarks but one remark; I 
th ink that the disagreement at low energies in the spect rum is not 
so much a case of not treat ing small energy transfer correctly but 
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a reflection of the conservation of neut rons in combinat ion with 
any errors you may make at high energy. I believe that the remark 
about the rotational bands is t rue and that this is enough, in con-
junct ion wi th the energy spacing in the experimental points, to give 
you this apparer t ly large gap at low energies which, of course, part ly 
shows just the effect of a logari thmic scale. 

S I N G W I : I th ink the problem of beryl l ium oxide is very m u ch 
simpler than the problem of graphite because of its crystal s t ructure. 
One can assume the usual Debye frequency spectrum. 

BEYSTER: Goodjohn has taken a look at i t from that standpoint 
and the results are not part icularly encouraging. 

SHER : I f you assume that your disagreement in the samar ium 
system is due to the cross section being off, how much of a change 
in cross section wil l fix it up ? 

BEYSTER: I have not tr ied to adjust the cross sect ion; the neutron 
conservation fails by more than 10%. 

POOLE: Have you any direct evidence as to how valid the use of 
z i rconium is, how valid the use of any of these scatterers are, to avoid 
inelastic scattering. You can try one or two things which have a rather 
similar scattering law; you do not need them exactly the same to 
get very similar spect rum results. Th is is in a sense a spect rum 
experiment. 

BEYSTER: When we started the glory hole exper iments we tr ied 
three scatterers, graphite, lead, and zirconium. T he spect rum we 
obtained with the carbon was a more thermal ized spect rum; it 
looked lik e the neutrons lost some energy on collisions, which is 
what you expect. I th ink the spect rum shifted something lik e 10 or 
1 5% toward the thermal peak; however, the spectra observed for 
lead and zirconium were very similar. T he reason we used the 
zirconium was it had a lower absorpt ion cross section in the first place, 
the total cross section looked flatter to me, and there was no apparent 
diffraction scattering unt il low energies. But the two spectra were 
very similar. I do not know if I t rust the method much below 
0.01 ev, but down to that point is certainly works. I t has checked 
wit h the re-entrant tube method in situations where it should. I n some 
places it should not, of course, where you are measur ing the angular 
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flux. We have also changed the length of the scatterer; we have used 
normally a 1 -cm- long scatterer but we have tr ied 2 cm and obtained 
the same result. 

POOLE: I th ink it would be very useful to have scatter ing measure-
ments on z i rconium. 




