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I%fs report covers work conducted under the integral neutron thermal- 

ization program a t  General Atomic from April 1, 1963, t o  ~ u l y  1, 1963, under 

contract4m(04-3)-167, Project Agreement No. 2, with the U.S. Atomic Ehergy 

Commission. 

A strong interest  in reactor systems using solid, homogeneous fuel  

for the SNAP application initiateii  a c&rplete experimental and analytical 

';47 study of the moderator zircbnium hydride a t  various temperatures. L-, - - v-- --- . ,- -, 
b 

A ' p m  ~??1* :!paper presented on th i s  subject a t  the Sal t  - - _ .  _t--.l - -- 
1 M e  City American Nuclear Society meeting \W(I & )esubk/&??d for-\ 

-- c - 4  

_F___- --- -- 7 --v - 
, r- . 3 Nuclear Science and Engineering for publication i n  ' 

c -- \ t-- 
the near future. In  view of the excellent agreement obtained between the 

, t3 thermal spectral predictions based on the Einstein oscf lla;tor model &d .. 
*6 

e x p e r k t  it is clear ' that .  this .  moderator is understood better  than most 

and certainly.adequately for a l l .  anticipated reactor applications. 

Decay constant and modal analysis measurements have been ccmpleted 

during this quarter in the c r i t i c a l  assembly a t  the General 

Atomic electron linear accelerator fac i l i ty  ( l iasc ) . The measurements 

are presently under analysis and a3.1 be discussed in  Section 2.1. 

The neutron s p e c t ~ a l m e a s ~ m e n t s  in poisoned water a t  various 

temperatures and pressures have been analyzed and compared with theoretical 

predictions. mey are presented Zn Section 2,2, 

Comparison of theoreti e e l  and experimental thermal neutron spectra 

for  various poison concentrations of l /v  absorber (boron) i n  D20 is 

discussed in Section 2.3. 



The shielding studies conducted i n  conjunction with the Oak Ridge 

National Iaboratory Neutron Physics Group are discussed in Section 2.4. 

Improvements i n  experimental techniques f o r  measuring spectra have 

continued. Comparison of the energy response of the sensi t ive BF detector 
3 

bank used i n  spectral  studies with tha t  of a f l a t  response detector (w. 6 

glass)  for  calibration purposes is  discussed i n  Section 111. Progress i n  

the development of theoret ical  techniques duping the quarter is discussed 

i n  Section IV. 

I n  response t o  the many requests f o r  recent experimental data and 

theoret ical  calculations, a format f o r  presenting these data i n  a concise 

and legible form has been completed and is given i n  Append&x 11. . The 

example shown i s  tha t  fo r  a typical  spectral  experiment. Spectra i n  t h i s  

[l-) 3 

,,"\ 
format w i l l  be compiled f o r  a l l  of the best data a s  theybecome available 

r 
and presented as a document f o r  laboratory use. . 

A short seetion .(section V) on the s tatus of the Unac f a c i l i t y  is' 

included t o  bring the reader up t o  date on the improvements which have 

been made, are now underway, 'and are planned f o r  t h i s  year. 
' 

The contractual obligations f o r  t h i s  contract year have in most part  

b e e n  completed, with only the f e a s i b i l i t y  studies i n  Be0 remaining. The 

s ta tus  of these measurements is discussed i n  Section 2.5. The remainder 

of the contract year w i l l  be spent finishing the  Be0 f e a s i b i l i t y  studies, 

analyzing the data which have been taken t o  date, and writing the 'annual 

report. 



2 , l  CRITICAL ASSEMBLY 

1 The Linac multiplying assembly has been loaded t o  a c r i t i c a l  con- 

figuration requiring 2921.5 gm of u~~~ and a core thickness of 8.64 in. 

The transverse assembly dimensions are l8 by 18 in. The assembly is bare 

and water moderated. m e  distinctive feature of these experiments is  the 

geometrical setup used. The bare assembly has been moved f a r  from'any 

=Us, floors, ceilings, or supports t o  eliminate room return effects. 

These results are less  subgect t o  ambiguity of internretation than most 
. 

so-called clean pulsed assembly data available fo r  analysis. A t o t a l  of 

19 loading steps were taken i n  the approach t o  cr i t ica l .  

A t  each loading step the assenibly multiplication of a steady s ta te  

external neutron source was determined and an inverse multiplication vs. 

loading plot was used t o  predict the next loading. Figure 1 shows the 

plots of the approach t o  c r i t i c a l  taken on two ion chambers, and one f ission 

counter, a l l  external t o  the core. The detail. of the l a s t  few loadings is 

shown i n  Fig. 2, The scatter  of the last few points is apparently due'to 

s l ight ly  different amounts of water in the region beyond the boundary i n  

the thin dimensioni This region is f i l l e d  wfth void tanks and alumbum 

plates t o  exclude the water, but, as the loadings progress, different . 

combinations of void tanks and aluminum plates are used. 

A t  a l l  except the very early loadings, the assembly was pulsed by a 

Unac produced, pulsed neutron source a t  repetition rates varying from 

120 pps a t  early loadings t o  30 pps a t  the last loadings. A small (1/4 in. 

diameter by 1/4 in, long) fission counter is positioned fn a cylindrical 

tube, or  "glory hole," which passes through the core i n  the thin dfmension. 

For each pulse, the time distribution of counts is  obtained from 4 psec 

after the burst t o  a' time just before the next buret, t h u s  givfng counting 



GRAMS u.235, 
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Fig. 1--Inverse multiplication curve for Linac critical assembly 



GRAMS u2je  

Fig, 2-- Inverse multipl,ication.: curvess.for. .last!,;few loadings of.- Linac critical 



rates from close t o  zero time through the prompt die-away time region and 

well into the delayed neutron t a i l .  Using these data and the method of 

Garelis and Russell,2 the dle-away of thefundamental mode (l/C%) and also 

the number of dollars the assembly i s  subcritical a t  each loading can be 

determined. 

A t  three of the loadings, die-awaymeasurements were made a t  each of ten 

positions through the thin dimension of the core, and a spat ia l  modal 

analysis was performed t o  determine the die-away of the Fundamental mode 
- 

and of the next two t o  five harmonics. A build-up of the fundamental mode 

1 
in the first 20 t o  30 psec a f te r  the burst, as previously reported under 

less  clean experimental conditions, has again been observed. A possible 

interpretation of this consistent 'result is that it is  due t o  the decay of 

nonfundamental transverse modes a t  the. early times. . Figures 3, 4, and 5 

show these results fo r  the f i f th ,  eighth, and eleventh loadings. 

The results  of a l l  these measurements are in the process of analysis 

and w i l l  be,presented in the anhual .report. . Frqni t h i s  analysis will come 

a determination of the accuracy to be expected from reactivity measurements 

in a simple c r i t i ca l  o r  subcritical assembly using pulsed neutron techniques. 

Reactivity measurements by two pulsed methods and conventional techniques 

will be intercompared. 

2.2 ~~ DEPENDlam! SPECTRA .IN WATER 

Temperature dependent neutron speytra have been measured under Infinite 

medium conditions i n  water poisoned with a l /v  absorber (boron absorption 

5.15 b / ~  atom). The energy dependent scalar neutron flux was measured by 

time-of -flight techniques and the standard beam scatterer techniques, i..e., 

by placing a zirconium scatterer a t  the center of a glory hole through the 



Plg. 3--Neutron density as a f'unction of time a f t e r  Linac burs t  a t  5th  loading 



MODAL ANALYSIS 4 

MICROSECONDS FROM NEUTRON BURST 

Fig. 4--~eutron density. a s  a f'unction of time after Linac burst at 8th loading 



MICROSECONDS FROM NEUTRON BURST 

Flg, 5--Neutron density as a function of time af'ter Linac burst at 11th 
loading 



pressure ~ e s s e l  assembly. The pressure vessel was f i l l e d  with 10 l i t e r s  of 

boric acid solution and heated electr ical lx.  This vessel and the techniques 

for  measuring spectra have been described i n  a previous reporte3 The measure- 

ments were performed t o  determine the importance of molecular binding i n  

es;tablishing. the neutron spectrum in. a high' temperature water moderated 

reactor. Since it is  known tha t  molecular binding produces significant 

spectral s h i f t s  a t  room temperature, these spectral measurements serve t o  

establ ish the magnitude and importance of the binding ef fec ts  a t  elevated 

temperatures. 

1nfini te  medium neutron spectra were measured a t  30°, 1 5 0 ~ ~ .  232O, and 

316'~. A composite curve showing the i n f i n i t e  medium neutron spectra a t  

these temperatures for a homogeneously poisoned boric acid solution (5.15 b / ~  

atom) i s  shown i n  Fig. 6. Figures 7 through 10 show the individual neutron 

spectrum measurements fo r  each of the  above mentioned temperatures.) A t  each 
' ,:. 

temperature a bound hydrogen theoret ical  claculation using Nelkinf i,'model 
, . . .  . - ,  

:. 
. ~. 

for  water and a free hydrogen gas model are shown f o r  comparison with the 

measured spectra. The small i r regular i ty  i n  each measured spectrum between 

0.015 and 0.02 ev is thought t o  be due t o  the e las t i c  scat ter ing diffract ion 

from the zirconium which was used t o  extract the neutron beam from the vessel 
< ,  

t o  measure these spectra. 

Listed i n  Table T are some of the sa l ient  features fo r  these spectra. 

Column 1 is the temperature of the moderator is degrees centrigrade, 

column 2 is the temperature of the  moderator i n  electron volts,  column 3 

i s  the neutron temperature i n  electron volts, and column 4 i s  the r a t i o  of 

the two. Column 5 i s  the r a t i o  of the bound hydrogen calculation of the 



Fig. 6--infinite medium neutron spectra i n  borated water a s  a function of moderator temperature 
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0 3ig. .,7--Infinite medium neutron spectra in borated water at 30 C 
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0 
Fig. 8--infinite medium neutron spectra i n  borated water a t  150 C 
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0 F'ig. 9--Infinite medium neutron spectra i n  borated water a t  232 C 
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Table I 

COMPARISON OF W E  THEORETICAL AND EY9ERIlBIVTAL iIESULTS 

spectrum t o  the measured spectrum a t  KT and column 6 is the ra t io  of the 

free hydrogen calculation of the spectrum t o  the 'measured spectrum. Column 7 

i s  the ra t io  of the calculated free hydrogen flux t o ' t he  calculated bound 

hydrogen flux. The theoretical 'and experimental spectra were normalized a t  

1 ev for comparison and the ratfo of the fluxes.were compared a t  EM' the 

moderat or temperature. 

It can be seen i n  Table I that  the bound hydrogen description i s  

adequate for  describing the neutron scattering processes i n  water a t  a temp- 

erature of 316'~ and that  the free hydrogen calculation does not give as ac- 

curate a description of the observed spectnun i n  water. This comparison il- 

lus t ra tes  the fact that molecular binding i s  s t i l l  important a t  operating temp- 

eratures for'water-moderated reactors and that  the free hydrogen model i s  

not appropriate for ' reactor calculertions a t  these temperatures. 

Another qualitative feature of these temperature dependent spectra i s  
/ 

the lack of. a marked change in the spectral shape as one increases the 

temperature of the moderator through 150'~. - Results reported i n  Table I 

and Figs. 7 through 10 are thus not consistent with Egelstaff's suggestion 

that  modei need t o  be adjusted i n  going from 23'~ t o  300'~. 

-her experiments a t  elevated temperatures t o  investigate resonance 

-16- ' 



absorption effects on spectra w i l l  be conducted l a t e r  t h i s  year wi th  a 

mixture of the absofbers gadolinium or samarium and erbium. !Phis should 

complete the inf in i te  medium spectral studies i n  water, since sufficiently 

accurate information is available fo r  validation of the molecular model 

refinements now underway a t  General Atomic. 
, 

While inf in i te  medium neutron spectra in  water moderated systems are 

reasonably well understood for  most reactor applications, spectra of 

angular flux are not as yet. It w i l l  be recalled that  a thorough series 

4 of angular flux measurements has been completed in  poisoned and unpoisoned 

water slabs and the comparisons with theory have not been encouraging. One 

mechanism which was postulated t o  elcplain the discrepancy was that  the 

experimental high energy neutron source distribution might influence the 

measured thermal angular flwc'. Experimentally.this idea was investigated 

by relocating the erternal  sources ~LI an entirely different way. The thin . 

slab measurements s t i l l  were not affected much by th i s  change. Analytically 

we have calculated the entire fast-slow flux problem, including the external 

source, with the transport code DSN. The problem was broken into two 

pieces: the f a s t  problem (E > 1.4 ev) and the thermal problem (E < 1.4 ev). 

In the fast problem the 'source placement was included, the actual slab 

water geometry was specified, 17 energy groups were used, and S16 transport 

approximations and P e las t ic  scattering were utilized, The source fo r  the 
3 

thermal problem (with upscattering) was -calculated i n  the ev region. 

Actually, three energy groups were used below 10 eve It turned out that  

the spat ia l  and angular flux distributions were very similar fo r  a l l  three 

"source" groups but that  these distributions differed strongly from the 

diffusion theory ( P ~ )  spat ia l  and angular sources used in the prevlous 



analysis. It appears tha t  the angular f lux  distribution, even a t  energies 

of a f e w  ev, .maintains a strong memory of the incident f a s t  neutron 

direction. A l l  of t h i s  looked hopeful, but the t h e m 1  f lux  DSN resul t s  

obtained wi th  the new angular sources were not s ignif icant ly different  

from those obtained i n  previous calculations. For the t h e m 1  problem 23 

energy groups and 60 spa t i a l  mesh points were used, Thus, the method of 

experimental analysis has been refined t o  about the l i m i t ,  and the reason 

for  discrepancies in angular fluxes must be i n  the input data, especially 

the  scattering levels f o r  water. Measurements of scat ter ing angular d f s t r i -  

bution, U ( E , ~ ) ,  t o  be reperformed more precisely i n  water during t h i s  next 

quarter, should go a long way toward s e t t l i n g  t h i s  problem. I n  the theory 

section of t h i s  report (section N) the present effects  underway t o  generate 

a more physically r e a l i s t i c  kernel f o r  water a re  also discuesed. These 

two undertakings should provide suff icient  information t o  resolve the 

angular f lux  paradox. 
. . 

2.3 NEUTROnB SPECTRA IN BORATH) Dfi 

4 .  The previously reported i n f i n i t e  m e d h  spect ra l  studies i n  D20 

3 containing 3.68 l igh t  water were repeated using pure D20. A s  reported 

4 previously the attempts t o  f i t  these data using current scat ter ing kernels 

were only moderately successful. I n  the e a r l i e r  measurements the f r e e  gas 

scat ter ing matrix yielded a be t t e r  f i t  t o  the experimental data than did 

the more r e a l i s t i c  bound deuterium kernel of H. Honeck, which is patterned 

a f t e r  Nelkin's model fo r  l igh t  water. This quarter the calculational e f for t  

f o r  the moderator D20 was directed toward generating a Nelkin type scat ter-  

ing kernel with a higher maximum thermal cutoff energy than the  0.7 ev 

used prevlously. This w i l l  make it possible t o  more accurately normalize 

the  calculations with experiment i n  the slowing down region. 

-18- 



The resul t s  of the  theoret ical  calculations o f - t h e  scattering matrix 

with a 2 ev thermal cutoff energy a r e  not yet complet0. These calculations 

should be completed i n  the near future and w i l l  be reported i n  the annual 

report. 

SKtDING STUDIES 

These measurements were performed in close collaboration with 

Dr .  V. Verbinski of Oak Ridge National Laboratory, who designed the shields 

and experimental geometries. After a p a r t i c d a r  shield configuration had 

been selected and se t  up in  the ' U a c  low background cave, the penetration 

neutron spectrum was measured, first with Verbinski's detection equipment 

and afterwards under fdentical  conditions with the General Atomic f a s t  

neutron detection equipment. This produced two independent s e t s  of 

spectral  data. The General Atomic equipment and techniques are discussed 
. . 

below, 

For neutrons with energies. i n  excess of 100 kev, the  most e f f ic ient  

detector i s  the organic sc in t i l l a to r ,  from which recoil-proton sc in t i l l a t ions  

can be analyzed., Since Verbinski had previously selected the ~ o r t e ~ m e t h o d  

of pulse shape discrimination f o r  rejection of gamma sc in t i l la t ions ,  we 

adopted the Owen-Batchelor method. * j 6  This involved the special design of 

discriminator and coincidence circui ts .  I n  the pilot-experiments it became 
-J 

clear  tha t  in the time interval  1.0 t o  10 psec a f t e r  the Linac burst there 

were very few gamma sc in t i l la t ions  compared with neutron sc in t i l la t ions .  

By placing a gamma f i l t e r  of 2 in. of lead across the beam a t  the 16 meter 

position, v i r tua l ly  a l l  gammas were removed while 3@ .to 4% of neutrons 

14ce transmitted. A t  the 32 meter pos i t io i  a thick wax and lead wall was, 

constructed with an 8 by 8 in.  aperture f o r  the beam. Finally, a t  50 meters 



the 2 by 2-112 in. sc int i l la tor  was placed in the center of the I2 by I2 in. 

beam. In i t i a l l y  many p i lo t  runs were made a t  low Linac intensi t ies in order 

t o  examine the neutron t o  gamma ratios. Later high intensity runs were made 

in  which pulse shape discrimination was omitted and replaced by transmission 

tests .  !Pwo transmission samples which were used are l i s t ed  i n  Table 11. 

Table II 

Sample Thickness Gammas Fast Neutrons 

pb 60 gms/cm < % 304$ t o  4@$ 
2 

.2 
7 @s/cm > 7098 4% a t  10 Mev 

4s a t  1 ~ e v  

The neutron transmissions of these samples from 0.5 Mev t o  15 Mev 

agreed with the calculated transmissions t o  within s t a t i s t i c s  (f 6$). The 

presence of gammas in  the sc int i l la t ion spectra would have caused a low 

value for  lead and a high value fo r  the polyethylene transmission. The 

results t o  date indicate that  there is  less  than 5s gamma contamination 

in  the f a s t  neutron f lux for  a l l  experimental shielding configurations. 

This transmission t e s t  was repeated with a 20 cm water shield in the beam 

a t  the cave, and similar results  were obtained. Since the gamma containination 

was lower than 5$, it was decided t o  omit pulse shape discrimfnation; th i s  

permitted the Linac i n t ens f ty to  be increased by a factor of more than ten, 

givfng much shorter run times. 

The water shield experiments performed are l i s t ed  in  Table 111. 



Water 
Thickness 

_Icm)_ 

Table I11 

WATER ~SHIEID. WP- 

Angle of Emergence 
Large Target, Small Target, 
8x8~8 in. -. 3/4x2 .. . in.dia. 

The water shields were extended by boxes of wax t o  form an approximate 

half sphere around the Large target. This gave a geometry compatible with 

the NIOBE code. 

One sal ient  feature of the shielding results was the effect of the 

oxygen resonance a t  3.5 Mev even for  a relat ively thick shield. This is 

i l lus t ra ted by the data a t  0' shown in Fig. 11. 

Be0 FEASIBIUTY STUDIES 

These studies are being made t o  determine the feas ib i l i ty  of obtaining 

a three dimensional.nom1 mode flux distribution in a Be0 assembly. An 

X-ray source and the (y,n) reaction i n  the beryllium i t s e l f  are ut i l ized t o  

shape the spat ia l  distribution of the f a s t  flux. I f  the technique works, 

it may obviate the need for  multiplying assembly studies of spectra fo r  t h i s  

moderator. The availabil i ty and size of the Be0 blocks t o  be used limit 

the design of the assembly. From the materials svailable, an assembly 

60 by 60 by 60 cm has .been stacked from blocks about; 1 cm thick. Each 

layer of Be0 is poisoned with 0.010 in. thick borated stainless s tee l .  

This w i l l  give a poison concentration of about 34.3 barns per beryllium 
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atom and a negligible se l f  absorpticn correction. Since za/5 Zs = 0.75, 

the spectrum will be quite hard but s t i l l  should be sensitive t o  the 

scattering model. , The X-ray source t o  be used i s  constructed of 0.020 in. 

tungsten a l loy  t o  convert the Unac electron beam t o  a thick ta rget  X-ray 
8 .  

spectrum. The target  Is water cooled and is backed by 2 in, of aluminum 

t o  stop' the remaining electrons. The assembly w i l l  be pulsed and the 

neutron f lux distributgons mapped. using cadmium covered indium f o i l s .  

The geometrical arrangement t o  be used is shown i n  Fig. 12. 

A calculation of the f a s t  neutron generation ra te  in the Be0 has 

been done t o  determine a t r i a l  placement of beryllium blocks i n  the source 

hole. 

It i s  anticipated tha t  the desired cosine distributions can be 

obtained (empirically) by moving the source or changing the dis tr ibut ion 

of t ~ c k n e s s e s  of the Be0 filler blocks shown i n  Fig. 12, 
. . 
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Fig. 12--Geometrical arrangement used fo r  Be0 f eas ib i l i t y  studies 



111, IMPROVEMENT IN EXPERllIE3lTAL TECHNIQUES 

One of the most important corrections t o  the  experimental. ds ta  needed 

' t o  obtain neutron spectra: ' is  the energy dependent defector sensit.ivity. 

This quantity has been measured previously by comparing the  r e su l t s  from 

, t h e  sensitive BF detector bank, which i s  used t o  mea,sure.spectra, with 
3 . . 

those from a th in  l / v  detector. To improve t h e  accuracy of t h i s  measure- 

ment and t o  check i t s  va l id i ty  i n  a manner independent of the l / v  dktector, 
. . 

a comparison ws made, ' for  a standard 'spectrum, of the BF bank spectra 
. 3  6 .:. 

and of tha t  measured by a f l a t  .response detector. ' A Li glass s c i n t i l l a t o r  

6 was used for  t h i s  comparison. The calculated efficiency of ' the L i  d e t e c t o r  

showed it t o  be f l a t  t o  within a, few percent up t o  about' 1 e v  neutron energy. 

Preliminary reduction of the comp&rison~between the two detectors indicates 

tha t  the sens i t iv i ty  of the BF bank may be lower than previously believed 
3 

a t  low neutron energies (< 0.02 ev). The f i r s t  ser ies  of measurements was 

b made with an alpha-alumina ref lec tor  on the Li glass. It is possible 

tha t  t h i s  may have suppressed the neutron f lux  at  low ene~gfes, thus ac- 

-co&ing fo r  @the discrepancy between the sens i t iv i t i e s  measured with the  
. . 

6 l / v  detector and the Li detector. To check. t h i s  point, the alpha-alumina 

' r e f l ec to r  was removed and the measurements .were repeated. These measure- 

ment s are  presently being analyzed. 



4.1 ZIRCONIUM HMIRII>E 

The work'reported here is an extension of the.theoretica1 analysis for 

zirconium hydride reported in Appendix I. In order to obtain closer agree- 

ment between theory and experimental neutron spectral results for zirconium 

hydride, the effects of the acoustic vibrational modes were included in the 

usual calculation of the scattering kernel. The optical mode was treated 

in the usual manner, with hv = 0.13 ev, and a natural level width. The 

effective mass ,attributed to the acoustic,modes was at first taken to be 

91 (the mass of one zirconium atom). This choice smoothed out the bumps 

due to the optical mode in the theoretical,neutron spectrum at higher neutron 

energies, but at low neutron energies, below 0.03 ev, the agreement with 

experiment was not satisfactory. As a second choice,, a mass of 360 was 

associated with the acoustic modes, resulting in very good agreement with . ' 

experiment over the ole spectrum. The spectra are .shown in Fig. 13, 

which compares the theoretical neutron spectra in Z r 5  using masses of, 
0 7' 

3'60 and infinity for the acoustic modes, with the experimental points. 

4.2 BERYLLIUM 

In order to investigate neutron'thermalization in beryllium it is 

necessary to formulate a reasonable physical model of the lattice structure 

of the metal. Beryllium has the hexagonal close-packed lattice structure, 

and in the harmonic approximation, under the assumption of central forces, 

the lattice vibrations are described by the equation 
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3 
where u(g,,j) is the displacement of an atom from its equilibrium position, 
+ + 
s = X(Q, j) - x(.k', j/) are the equilibrium separations of the atoms, M is 
0 . .a 

the mass of a beryllium atom, K ( ~ ' P / ,  j j/ ) are the force constkts which 
. 

depend only on the equilibrium separations of' the atoms, and 1, j are the 

lattice and all indices,, respectively. Asmuning the plane wave solu.tions ' 

leads to the .condition for solubility 

-9 

where D ( k,), the dynamical matrix; is given by crB JS 

~ . .  
Because of the periodicity of the lattice, G; the wave-.ireitor can be - 

restricted to one Brillouin zone. In order to determine the frequency 

+ 
spectrum of beryllium we solve Eq. (1) for v for various values of k in 



the  f i r s t  Bril louin zone. A histogram is then constructed fo r  the values 

of m and t h i s  yields  the frequency spectrum. 

The values of the force constants ~(11: jj ) have been determined by 

Schmunk, e t  a1. under the assumption ~f cent ra l  forces with up t o  f i f t h  -- 
nearest  neighbor interactions., The dispersion re la t ions  i n  the symmetry 

direct ions of the c rys ta l  calculated on the basis  'of t h i s  model agree very 

well with experiment. 

Once the  frequency qpectrum has been obtained In  t h i s  way, the computer 

8 code SUMMIT can be used t o  generate a scat ter ing kernel f o r  beryllium. 

Also the frequency spectrum of ' t he  c rys t a l  can be compared with t h e  sca t te r -  

ing law measurements of Egelstaff, and w i l l  provide a good t e s t  on how well 

c rys ta l  frequency spectra can be inferred from his measurements. 

The work described above. is. very near completion, and a preliminary 

curve of the  frequency spectrum of beryllium i s  shown i n  Fig. 14. After 

the theore t ica l  work has been brought t o  a reasonable point so tha t  com- 

parisons can be made with experiment, the f a r  more complex problem of 

generating a physically r e a l i s t i c  t r ia l  sca t te r ing  kernel fo r  Be0 w i l l  be 

attempted. 

4.3 LIGm WATER' 

For neutron thermalization i n  water, the code GAKER has been modified 

i n  order t o  account for  the anisotropy of the d i f fe rent  harmonic osc i l la tors ,  

a s  described i n  the  l a s t  quarterly repor ta3  Preliminary r e s u l t s  seem t o  

indicate tha t  the influence of the anisotropy of the  Po and P1 matrices is  

not st a l l  negligible. This is  seen i n  Figs. 15 through 18. 

The. so l id  l i n e  corresponds t o  the  standard isotropic  kernel calculated 

for  55 energies. 'The crosses represent ,a  few points obtained f o r  the , 
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Fig. 17--Comparison of isotropic qnd anisotropic model for neutron scattering 
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anisotropic model (11 energies). For low energies the average over or ient-  

. a t ion  appeared t o  be well converged with only 5 orientations,. For higher 

energies complete convergence was not achieved even with 9 orfentations, 

although the trend of the difference between models was qui te  evident. 

Another modification of GAKER under study i s  a more accurate integration 

over angles f o r  the calculation of the P,(E -r E') matrices. In f a c t  the 

0 phonon term of the Nelkin model double d i f f e ren t i a l  cross section f o r  H20 - 
h a s a  s ingular i ty  at  $ , ,  :, which might impair the accuracy of numerical 

integration over angles. This term .has the form 

The s ingular i ty  '.at 'a! -, 0 (.i. e., a t  p -r 1, E/--! E )  is thus described by 

which can be integrated analyt ical ly  ' t o  give 
. . 

with y = fl and y = E / -  & 



It is found that  

. . 

1 where 7  = a + T;  
M ' c' = 2 -. 
m' . Ymin 

max 

and z a Y  7 + 2 y  I- 

< .  

Hence, . in  order t o  integrate numerically over the singularity one writes 

The f i r s t  term 'in the bracket w i l l  be regular a t  a! -, 0 and the integral over 
.. . 

the second i s  given by the preceding formulae. . . 

4.4 UNIVERSAL SCAT'JXRING CODE 

A t  the present time there are a variety of computer, codes available 

which are applicable fo r  computing the scattering kernels of specific mod- 

erators, and thus the reactor physicfst is  able t o  make calculations on the 
* . . . . 

. . . .. 

moderator o f ' h i s  choice by choosing the appropriate code. or combination of 
. : . . . .  



codes. It would, however, be very desirable t o  have a computer code which 

i s  applicable t o  a l l  of the important reactor moderators, and.which i s  simple 

t o  use.. The usefulness of such a code from the pract ical  etalidpoint i s  
. . 

obvious. 

The fonrmlation of a general code tb .  calculate the scat ter ing kernel 

of a l l  the important moderators has begun, and work on t h i s '  progect w i l l  

continue i n  the next quarter. 



V. GEEJERAI, ATOMIC LINAC FACILITY STATUS 

During the l a s t  nine months many improvements have been made i n  the 

General Atomic Linac f a c i l i t y  t o  increase the  r e l i a b i l i t y  of the machine, 

upgrade its performance, and expand the u t i l i t y  of the experimental areas. 

Some major changes are  underway and others are anticipated i n  the not too 

d is tant  future. In t h i s  section . . a short summary of these changes w i l l  be 
I 

given. 

Over-all Linac performance has i n  general been quite good. Klystron 

l i fet imes of 4000 t o  6000 plate  hours are common. Thyratron troubles i n  

the modulators have been very annoying because of quality control fa i lures  

at t r ibuted d i rec t ly  t o  the thyratron manufacturer. A change of thyratron 

type and manufacturer solved t h i s  problem and a l so  simplified lnaintenance 

of t h i s  equipment. Modulator pulse l ines  have a l l  been strengthened i n  a 

redesign of the modulators, 'and ease of tuning has been increased. Vac-ion 

pumps are being ins ta l led  slowly throughout the Linac t o  eliminate a l l  o i l  

diffusion pumping equipment. The Linac has performed a t  'or above i t s  rated 

power output requirements on demand, going close t o  2 amps of current a t  

greater than 30 Mev electron energy for  short pulses and t o  nearly 15 kw 

of average power for  long pulse work. 

The next major improvement anticipated f o r  the  Linac f a c i l i t y  involves 

the relocation and upgrading of each modulator klystron microwave power . 

source. Before the modulators are upgraded t o  u t i l i z e  nominally 20 Mw 

klystrons, each modulator w i l l  be moved in to  a new building now under con- 

struction adjacent t o  the present accelerator building. All modulators 

w i l l  be located eventually i n  the  new building, freeing badly needed ex- 

perimental space i n  the accelerator room. The changes i d  ' the r. f. power 



system a t  the Linac are designed t o  increase the  peak beam power of the Linac 

by a factor  of four above tha t  now normally i n  use f o r  ib0.t neutron experi- 
. , 

ments. On the basis  of our recent energy dependent:%yield measurement curves, 

neutron yields w i l l  probably be increased by a factor  o f .  6 t o  8. Since these 
, . 

chan~es  must be made with no extended equipment shu tdm' t ime ,  the t rans i t ion  

w i l l  probably take over a year t o  accomplish. 

One further f a c i l i t y  change, being planned t h i s  year i s  the increase in  

the compartmentalization of the experiGental areas t o  permit setup i n  one 

area while experiments proceed i n  adjacent areas. . We are  essent ial ly a t -  

tempting t o  divide the'  f a c i l i t y  in to  four separate.independent i rradiat ion 

c e l l s  with appropriate ' shieldi  ng, beam stoppers, interlocks, radiation alarms, 

etc., '  t o  provide the  necessary safety of operation.. . . 

An improvement i n  the Linac ingection aystem is long overdue, since, 

a s  , a l l  L-band Linac owners know, the machine , w i l l  accelerate much more 

current a t  short pulses than the  present guns provide. An improved r e p l a c e - ' . .  

ment gun or  injection system is  being looked in to  fo r  the  Linac, but a t  . . , ., 

present no obvious simple approaches are on the horizon. 
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APPENDIX, . --> . -- 
NEUTRON SPECTRA DATA BOOK FORMAT 

The presentation of experb&ntal  and theoret ical .  data concerning neutron 

spectra has previously been troublesome and cymbersome. I t  i s  hoped t h a t  'the 

' 

format s e t  forth i n  t h i s  appendix w i l l  i n i t i a t e  a procedure f o r  displaying 

data i n  a standard form such tha t  suff icient  information is given for  inter-  

comparisons of data and calculations between t h i s  and other laboratories. 

It should be pointed out tha t  t h i s  forplat. i s  of a typical  experiment perfdrmed 

a t  General Atoinic previously bu*"could be expanded t o  include all "best data" 

available. A compilation of t h i s  .sort  should be a highly .valuable and use- ' . 

f'ul t oo l  f o r  all reactor physicists,  d d  an e f fo r t  t o  get t h i s  work under . .. . . 
, . 

way wi l l  be made. 

.The geometrical arrangement and,.information necessary t o  calculate the 
. . 

! . , resulting spectrum, and the e~c.perhental resul t s  i n  comparison t o  the most 

recent theoret ical  models,used t o  describe the data are. shown i n  the following 

two pages. 
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