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LAWRENCE LIVERMORE LABORATORY 

A. NUCLEAR DATA APPLICATIONS - MEASUREMENTS 

1. Neutron To ta l Cross Sec t ion fo r T r i t i um. ( P h i l l i p s , Berman, 
and Seagrave*) 

He have measured the neutron t o t a l c r o s s s e c t i o n for t r i t i u m , 
for i n c i d e n t neutron e n e r g i e s ranging from 60 IceV to 80 WeV at the LLL 
l i n a c , using a h i g h - p r e s s u r e gas sample and the neutron t l m e - o f - f l i g h t 
t echn ique , with an exper imental accuracy of b e t t e r than 0.5% over much 
of t h i s energy range . S imi la r measurements on hydrogen and deuter ium 
a l s o were performed. ! > ' 

The c r o s s - s e c t i o n da ta obtained for t r i t i u m ( F i g . A-l) lead 
to the fol lowing c o n c l u s i o n s : (1) the e x t r a p o l a t e d ze ro -energy c ross 
s ec t i on i s found to be 1.70 +; 0 .03 b , i n sharp disagreement wi th p r e ­
vious thermal-energy o b s e r v a t i o n s , but in agreement with c a l c u l a t i o n s 
which a l s o y i e l d the c u r r e n t l y - a c c e p t e d coherent s c a t t e r i n g l e n g t h , 
3.73 ftn, (2) a minimum In the c ross s e c t i o n near 600 keV (with a r i s e 
a t lower energy) i s newly observed , (3) agreement w.'.th a p r e d i c t i o n 
from an a n a l y s i s of p-^He data i s wi th in 1% a t the resonance peak near 
3 .5 MeV, but the da ta d i f f e r from t h i s p r e d i c t i o n by as much as 6% a t 
lower and h igher e n e r g i e s , and (4) the c ross s e c t i o n in the h e r e t o f o r e 
unexplored energy region between 7 and 14 MeV e x h i b i t s no s t r u c t u r e , 
thus c o n t r a d i c t i n g the ex i s t ence of a bound four -neut ron s t a t e . 

2 . p h o t o d f s l n t e g r a t i o n of Tr i t ium (Beman, Fau l , Mayer, and 
Olson) 

We have measured both the two-body (y,ri) and three-body (Y,2n) 
p h o t o d i s i n t e g r a t i o n c ross s e c t i o n s for t r i t i u m , for i n c i d e n t photon ene r ­
g ies from th re sho ld t o ^25 Mel' a t the LLL l i n a c , using a h i g h - p r e s s u r e 
gas sample and tsonoeuergetlc photons from the a n n i h i l a t i o n in f l i g h t of 
f a s t p o s i t r o n s with photon r e s o l u t i o n between 1 and 2%, with an e x p e r i ­
mental accuracy between 7 and 102. '> This i s the f i r s t measurement oc 

*Los Alamos S c i e n t i f i c Labora to ry , Los Alamos, NM 87545. 

1 J . E>. Seagrave, 3 . L. Zzrman, and T. W. P h i l l i p s , Physics L e t t e r s B 
( t o be publ i shed) and UCRL-83891 (1980) . 

2 T. W„ P h i l l i p s , B. L. Berman, and J . D. Seagrave, UCRL-77763 (L37<i). 

3 D. D. Faul , B. L. Berman, P. Meyer, and 9. L. Olsen , Phys. Rev. L e t t e r s 
44, 129 (1980) . 

4 B. L. Berman, B. D. Fau l , P. rfeyer, and D. L. Olsen , UCRL~82188 (1979) . 
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Figure A-1. Total cross section for t r i t ium. The data indicated with crosses 
are l i terature values; those with points are present results. 
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these cross sections across the energy region of the i r maxima. Similar 
measurements on deuterium, oxygen, and the helium Isotopes also were par-
forraed. Presently available calculations for the tr i t ium cross sections 
are not adequate to explain the measured cross sections. 

3. Photoneutron Cross Sections for 1 7 0 (Berraan,"Faul, Meyer, 
Woodworth, and Jury*) 

We have measured the photoneutron [(y,n) and (y>2n)] cross 
sections for *'0 fro?a 8 to 40 MeV at the LLL l inac , using a water sam­
ple and monoenergetlc photons from the annihilation in f l ight of fast 
positrons with photon resolution between 1 and 2S, with an experimental 
accuracy of 7X. Similar measurements on -"C and 1<*0 have been reported 
and published previously: measurements on ^°0 were performed simultane­
ously with those on 1 7 0 ; 5 and others, on ^-5N, ^ S i , and 3 0 s i , will be 
performed la te r this year. 

4. Measurements of B 8 Sr (p ,n ) to the Ground State and Low-Lying 
Excited States of "^Y (Grimes,. Poppe, and Wong) 

In order to extract the (n,p) cross section for the unstable 
nuclide 8 8 Y (107 day) we have measured the inverse (p,n) cross section 
on the stable target 8 8 S r for proton energies between 5.75 and 11 MeV. 
Protons from the LLT. raodel-EN tandem Van de Graaff accelerator bom­
barded a metallic foi l target and neutrons were detected using a 16-
detector time-of-flight spectrometer. The detectors, NE213 liquid scin­
t i l l a t o r s , spanned angles between 3.5° and 160° and were located at a 
f l ight path of 10.5 m. Overall resolution was sufficient to separate 
the a 8 Y ground s t a t e (J* - 4~), the f i r s t excited s ta te (J" - 5") at 
0.232 HeV, and the second excited s ta te U* = 1 +) a t 0.393 MeV. higher 
unresolved s ta tes were also observed. A Legendre polynomial f i t was 
made Lo the angular distr ibutions and the resulting Integrated cross 
sections are shown in Fig. A-2. From the principle of detailed balance, 
the inverse cross sections ®°Y(n,p) °°Sr(g .s . ) may be extracted from 
these data for the 8 8 Y ground s ta te and the 0.3-ms isomer at 0.393 MeV. 
The data may also be used as a basis for Kauser-Feshbach calculations 
which will allow the to ta l (n,p) cross section on the 8 8 Y ground s ta te 
and important Isomers to be estimated. 

*Trent University, Peterborough, Ontario, Canada. 
5 J . W. Ju ry , B. L. Berman, D. D. Fau l , P. Meyer, J . G. Woodworth, 

Phys. Rev. C21, 503 (19S0). 
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Figure A-2. Amj lo- integrnted cross sections as a funct ion 
of bombarding energy fo r the 8 8 S r ( p , n ) react ion to the 
ground s ta te (g . s . ) of 8 8 Y <ind the f i r s t two exci ted states 
(E x = 0.232 and 0.293 MeV). The curves serve only to 
connect the data and guide the eye. Tha arrow near 4.4 MeV 
indicates the threshold for the g .s . reac t ion . 
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5- Informat ion on Gamma-Ray S t reng th Funct ions In the MaBB-90 
Region from Proton-Induced React ions ( D i e t r i c h , Heikkinen , and 
Gardner) 

In o rde r to unders tand the sys temat ica of gamma-ray p roduc t ion 
we have extended our measurements In t h e raass-90 r eg ion to inc lude e x c i ­
t a t i o n funct ions and s p e c t r a l d i s t r i b u t i o n s of gammas produced by p ro ton 
bombardment of 9 2 , 9 6 , l D 0 j | 0 l Data were taken from 3 MeV to e n e r g i e s wel l 
above the ( p , n ) t h r e s h o l d s . Gamma rays were de tec t ed wi th Ge(Li) and 
a n t i c o i n c i d e n c e - s h i e l d e d Nal s p e c t r o m e t e r s . The Ge(Li) d e t e c t o r was 
used t o o b t a i n Ind iv idua l gamoa l i n e s frcm t r a n s i t i o n s between low- ly ing 
s t a t e s i n the compound nucleus and from t r a n s i t i o n s fo l lowing the ( p , n ) 
and ( p , p ' ) r e a c t i o n s where e n e r g e t i c a l l y p o s s i b l e . The Nal spec t romete r 
was used to ob t a in the e n t i r e gamma-ray spectrum and the t o t a l energy 
r e l ea sed as gammas. Prev ious measurements on ° ° S r , " Y , and ^^2r have 
shown t h a t the e x c i t a t i o n funct ions of i n d i v i d u a l gamma l i n e s and t h e 
t o t a l energy r e l e a s e d by gammas i s reproduced reasonably w e l l by s tandard 
i-ifluser-Feshbach c a l c u l a t i o n s . However, the gamma s p e c t r a l d i s t r i b u t i o n s 
r e q u i r e a mod i f i ca t ion of the energy-dependence of the El gamma-strength 
funct ion from the usua l Brink-Axel (Loren tz ian) form. Such a modif ica­
t i o n i s desc r ibed e lsewhere l u t h i s r epo r t and i s being app l i ed t o c a l c u ­
l a t i o n s In t h e mass-90 r eg ion . - <>1 > 

y %•"• *?> 
6. Studies of (n, charged par t ic le ) Reactions with 14-15 MeV 

Neutrons (Haight, Grimes, and Barschall*) 

Materials bombarded by fusion neutrons are altered by nuclear 
transmutations that produce hydrogen and helium. To assess the potential 
performance of these materials for fusion reactor application, cross 
section data are required by the fusion coTiununity and the Office of 
Fusion Energy. Under the sponsorship of the DOE Office of Basic Energy 
Sciences, we measure these quanti t ies by detecting the charged par t ic les 
emitted by materials under bombardment by neutrons of 14 to 15 MeV. 
By also measuring the energy and angular dis tr ibut ions of the charged 
par t i c les , we are able to t es t nuclear reaction theories through model 
calculations and to deduce KEFMA factors for consideration of energy 
deposition by the nautrons. 

In the past year we have measured Y, Zr, 92,94,95,96^0, G, 7 L 1 , 
and F. Together with our previous data the heavier targets complete most 
top pr ior i ty materials for structural application for neutron energies 
in the 14-15 MeV region. A proton spectrum from '*Mo i s shown in 
Fig. A-3. The l ighter targets have been measured at 14 MeV with a coni­
cal neutron-producing rotating ta rge t . To cal ibra te the response of the 

Univers i ty of Wisconsin, Madison, WI 53706, 
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Ficjijro A-3. Spectrum of protons emitted at 90° 
from ^Mo under bombardment with 15-MeV neutrons. 
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spectrometer for low-energy alpha par t ic les emitted by the l ight t a rge ts , 
we have developed a high-pressure thin-window heliura gas c e l l . 6 The n-
alpha e las t i c scattering cross section i s taken to be the standard for 
th is cal ibrat ion. 

7. Neutron Total Cross Section Measurements from 2.5 to 60 MeV 
(Camarda,* Ph i l l ip s , and White) 

Using the Lawrence Livermore Laboratory 100-MeV electron l inear 
accelerator in conjunction with a 250-meter f l ight path we have measured 
at the 1-3% level the absolute neutron to ta l cross section of 

140 C e 

and 
at the 0.3% level the relative cross sections 1 4 2Ce/ 1 4 0Ce and 1 4 1Pr/ 1 4 0Ce. 
The samples were in oxide form. For the 140 C e absolute cross section 
measurement, an H^O sample with an equivalent amount oxygen formed the 
open. The effect of the hydrogen was unfolded analytically. For these 
measurements the neutron-producing target was made of TaBe and the detec­
tor consisted of 16 independent plastic scintillator? (25cmx25cn>x5cn). 
Optical model calculations are being performed and \ ill be compared with 
the data. 

8. Measurement of the (p,n) Reaction to the Ground- and Excited-
Analog States of Sa Isotopes (Wong, Pohl, Poppe, and Rhodes) 
In recent years we have attempted to deduce neutron scattering 

by applying the Lane model to measured Cp,n) cross sections for charge-
exchange to the isobaric analog state of the target nucleus,' It was 
discovered that multi-step processes proceeding through excited states of 
the target and excited analog states have a pronounced effect on the 
ground-state transition" and must be understood if the Lane model is to 
be successfully applied. By using a coupled-channel calculation, we are 
able to reproduce the charge-exchange cross sections to excited analog 
states using only parameters derived from proton inelastic scattering and 
results of the ground-state analog measurements." Because of the good 
agreement between the experiments and calculations, we believe that 
measurements of (p,n) charge-exchange cress sections will allow us to 

*Penn State University, Delaware Campus, Media, PA 19063. 

6 R. C. Haight, C. Rambo, J. Cormier, and J. L. Garibaldi, Nucl. Instr. 
and Meth. 164, 613 (1979). 

7 C. Wong efc ai., Phys. Hev. _C5, 158 (1972); C. Wong et al., Phys. Rev. 
0_, 1895 (1973); S. M. Grimes et al., Phys. Rev. Cll, 158 (1975). 

8 V. A. Madson et al., Phys. Rev. C13, 548 (1976). 
9 C. Wong et al., Phys. Rev. C20, 59 (1979). 
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deduce both neutron e l a s t i c and ine las t i c scat ter ing: We are continuing 
to study th is hypothesis and recently have completed measurements on the 
isotopes 7 6>80,82 S e j o r p r o t o n energies of 19, 22, and 25 MeV. In th i s 
experiment the isobaric analogs of the ground s ta tes of the target nuclei 
were observed as well as the one- and two-phonon excited analogs for the 
Se isotopes. 

9. Level Structure and Octupole Bands in lBOtf (Mann, Carlson, 
Lanier, Struble, Buckley, Heikkinen, Proctor, and Singh) 

In a study of 180^ using the I S l x a d / ^ n y ) 1 8 ^ reaction, we pro­
duced s ta tes up to I * 12 and were able to es tabl ish the deta i ls of the 
K" - 2~ octupole band up to the 11" s t a t e . 1 0 Several other rotat ional 
bands were observed, including the previously-studied band buil t on the 
matastable K1* - 8~ s t a t e a t 1529 keV, the T-vibrational bands, and a new 
band bui l t on a K " 5 s ta te a t 1639.8 keV. We also observed a s t a t e a t 
1634.6 keV which wc tentat ively interpreted as the TC17 » 3 - octupole band 
head, based on i t s decay properties and on the l ikely possibi l i ty that i t 
iu the same s ta te as one observed near 1637 keV in the (d ,d ' ) reaction. 

A confusing resul t from this study was our inabi l i ty to identify 
the !•' « 0 and K » 1 components of the octupole vibrat ion. In an attempt 
to understand th i s we performed a Hauser-Feshbach calculation using 
standard proton and neutron optical parameters and f-ray strength func­
t ions . I 1 The calculation, which ut i l ized a l l the known or predicted 
levels up to 2.5 MeV, gave generally good agreement with our observed 
Y-ray in tens i t i es and indicated that papulation of the K • 1 octupole 
band should be easi ly observable, while population of the K =•= 0 band 
would be too weak. We therefore made a further search for the bands 
using the decay of ^^Re . 

Rhenium-180 decays to WOy by E emission from the JT r =- 1" ground 
s t a t e with ft Q-value of i\}800 keV. Therefore, we might expect the decay 
to populate s ta tes in !80 w having J" = 0" and 1" (as well as 2") . In the 
decay study, we were able to identify s ta tes up to 2.9 MeV. None of the 
s ta tes above 1232.7 keV had been observed previously except tb.s. one at 
1831.7 keV. The s ta tes at 1587.25 and 1632.90 keV, and a s ta te a t 1693.6 
keV observed both in the (p,2ny) study and in (d ,d ' ) exci ta t ion, could 
be the f i r s t three members of the K71 » 1~ octupole band. More specula­
t ive ly , the s ta te at 1814.9 keV, which agrees very closely in energy with 
a s t a t e seen in (d ,d ' ) excitat ion, could possibly be the I « 3 member of 
the J 7 7 * 0" octupole bands. These conclusions would be consistent with 

10 L. 0. Mann, J . B. Carlson, R. G. Lanier, G. L. Struble, W. M. Buckley, 
D. W. Heikkinen, I . D. Proctor, and R. «.. Sheline, Phya. Re,. C19, 
1191 (1979). 

11 D. G. Gardner, Report No. UCRL-76253, 1975 (unpublished). 
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the resul ts of the Hauser-Feshbach calculat ion, i . e . , the population of 
the 1693.6-keV s ta te in the (P,2TI-Y) experiments agrees well with the 
predictions for 1 = 3 member of the K - 1~ band. 

10. Beutron-Capture Cross Sections for Osmium Isotopes (Berman 
and Browne*) 

We have measured the neutron-capture cross sections for ^ ° 0 s , 
1 8 7 0 s , 1 8 8 0 s , l S 9 0 s , 1 9 0 0 s , snd 1 9 2 0 s for neutron energies from 0.5 eV to 
150 keV at the ILL l inac , using powdered-metal samples and the neutron-
time-of-flight technique, with an experimental accuracy of 5%. 1 2 The 
ra t io of the Maxwellian-weighted average cross sections for ^8&0s a/id 
187 0 s j , e a r 30 ksv i s a v i t a l parameter for the determination of the 
duration of nucleosynthesis prior to the formation of the solar system, 
and thus, for the determination by the nuclear-dating technique of the 
age of the universe. The present result of 17 + 4 x 10' y i s in concord­
ance with the values obtained from U-Th dating and from the globular-
c luster method, but clearly exceeds tha most recent determination of the 
Hubble time. 

11. Pulsed Sphere Tests of the EMDf/B-V Cross Sections for Cu, Mb. 
232Th and 23Bu (Hansen, Hong, Komoto, Pohl, and Howerton) 

The tlme-of-flight measurements of the neutron emission spectra 
from pulsed spheres of Cu (1.0, 3.0 and 5.0 mfp), Nb (1.0 and 3.0 mfp), 
2 3 2 T h (1.0 mfp), and 2 3 8 U (1.0 and 3.0 mfp), bombarded with 14-MeV neu­
trons, were reported in the 1979 Status Report, together with Monte Carlo 
calculations using the ENDF/B-IV l ibrary. These calculations were car­
ried out with TARTKP, a coupled neutron-photon transport code. 

For the recent version V of the ENDF/B l ibrary , the cross sec­
tions for Cu, 2 3 2 T h and 23% have been reevaluated. (The Nb evaluation 
i s the same in versions IV and V.) We present here a comparison between 
the above measurements and the TARTNP calculations using the new cross 
sections. 

The measured integrals and the rat ios of calculated to measured 
integrals for the energy intervals 0.8 to 5, 5 to 10, and 10 to 15 HeV 
are tabulated in Table A-l. The ratios calculated with the ENDF/B-IV 
l ibrary are also given for purposes of comparison between versions IV 
and V. The comparisons between the measurements and the calculations 
show that , with the exception of 

232 T h 

where an appreciable improvement 
^Present address: Los Alamos Scientific Laboratory, Los Alamos, NM 87545. 
1 2 A brief description Is in: J, C. Browne and 3. L. Berraan, Nature 262, 

No. 5565, 197 (1976). 
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Table A-1. Measured Integrals and ratios (RIV, RV) of calculated 
(ENDF/B-TV, ENDF/B-V) to measured iptegralB. 

Exp Exp Exp 
E +7Z RIV RV -;-7z RIV RV +72 RIV RV 

M a t e r i a l MeV 

0 .8-5 

1 mfp 3 mfp 5 mfp 

Cu 

MeV 

0 .8-5 0.313 0.898 0.895 0.465 0.815 0.802 0.285 0.737 0.7?3 
5.0-10 0.041 0.610 0.537 0.037 0.514 0.459 0.017 0.588 0 . 4 J . 2 

10.0-15 0.642 0.988 0.964 0.236 0.949 0.886 0.082 0.915 0.780 

Nb 0 .8-5 0.308 0.763 a 0.422 0.628 a 
5.0-10 0 .031 0.581 a 0.033 0.636 a 

10.0-15 0.707 0.987 a 0.265 0.898 a 

I J 2 T h 0.8-5 
5.0-10 

i 0 . 0 - 1 5 

0.442 
0.039 
0.645 

1.057 
0.513 
0.974 

1.048 
1.000 
1.008 

238U 0.8-5 0.670 0.888 0.984 0.803 1.054 1.159 
5.0-10 0.059 0.780 0.610 0.063 0.825 0.635 

10.0-15 0.669 0.964 0.967 0.232 1.022 1.052 

e i d e n t i c a l for Nb. a ) The EBDF/B-IV and V l i b r a r i e s a r 

0.232 1.022 1.052 

e i d e n t i c a l for Nb. 

h 

Figure A-4. Neutron 
emission spectrum measured 
by time of f l i g h t from 
a ! mfp 2 3 2 T h sphere 
compared wi th ca lcu la t ions 
based on the ENDF/B-IV 
and ENOF/B-V l i b r a r i e s . 
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in the fit to the measurements has been achieved with the new cross sec­
tions (see Fig. A-4), the changes In the cross sections between the B-IV 
and B-V library do not yeduce the discrepancies between measurements and 
calculations pointed out earlier for version IV of the library. In par­
ticular the B-V calculations continue to underestimate the neutron pro­
duction bet-ween 5 and 10 HeV for Cu and 238u. The discrepancies vary 
from up t3 59% for Gu to 37% for 2 3 8 D . 

A detailed discussion of the cross section changes between the 
two libraries and the reasons for the persistence of the discrepancies 
is given in Kef. 13. 

12. Proton Inelastic Scattering in the Actlnlde Region (Hansen, 
Proctor, Madsen, Pohl, and Brown) 

Elastic and inelastic proton differential cross sections have 
been measured for 232xh anc! 2^U at 20 and 26 MeV, using the pcotcn beam 
from the *LL cyclograaff facility. From these data and nuclear model 
calculations we hope to understand more fully the corresponding neutron 
scattering cross sections as well as (p. n) reactions. Proton groups 
corresponding to levels up to 6 + in the ground state rotational band of 
2 3 Z T h and up to S1' iu 2^U have been measured with an Engri split-pole 
spectrograph. The data have been analyze! using coupled-channel calcula­
tions for deformed nuclei with the Oregon-State code, updated by Madsen 
and Brown. 

We have studied the sensitivity of the results: (i) to the 
optitical parameters used in cht calculations, (b) to the shape of the 
nuclear charge distribution (a deformed homogeneous or a deformed Fetml 
distribution), (c) to tiie type of coupling assumed among the levels (i.e. 
quadrupole and/ir hexadecapole for the 4 +, 6 + levels), (d) to the type of 
expansion (a Taylor pawer aeries or a Legendre polynomial) used for the 
nuclear and Couljmb potentials, and (e) to the magnitude of the deforma­
tion parameters, jjj] and e,-; used for the nuclear and Coulomb potentials. 

iTdo the fits to the data we have determined the best choice 
among conditions b-d, and the best set of optical and deformation para­
meters. These results will be used in the analysis ot the (p,n) cross 
sections at 26 MeV for 232^ a n (j 238U 

lsobaric analog states. These 
(p,n) measurements are in progress and the simultaneous analysis of the 
proton scattering and charge exchange data will allow U3 to infer neutron 
in-elastic cross sections for these nuclei. 

L. F. Hansen et al., Measurements and Calculations of the Neutron 
Emission Spectra from Materials used in Fusion-Fission Reactors 
(submitted for publication in Fusion Technology). 
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13. Figglan Cross Section of 2^5Cm (White, Browne*, Howe, and 
Landrum) 

As part of an ongoing ser ies of measurements in the transpluto-
nlura mass region, the neutron-induced fission cross section of '"Cm has 
been measured from 0.001 eV to 20 MeV using the LLL IDO-MeV l inac . The 
sample consisted of 190 pg of enriched (>99%) 2^5Cra. A sample of 2 3 5 U 
was included in the measurement and was used to normalize the 2"(,'m 
cross section above 10 keV. Below 10 keV the neutron flux was measured 
with a lithium glass detector and both the 2^Cm and 235JJ data were re­
duced to re la t ive cross sections iiy normalization to the measured flux 
shape. With the known 2200 m/sec 2J5u f i 3 S i 0 n cross section, the ra t io 
of 245Q„/235[J masses, and re la t ive efficiencies of the fission chambers, 
the 2 4 5Cra data were redjced to absolute cross sections. 

Errors ( s t a t i s t i c a l ) on the data are approximately 2% near ther­
mal, 1% a t 2 HeV anJ 5% at 14 MeV• The measured thermal fission cross 
section for 2 * J CBI in this experiment is 2080 barns. 

The data were analyzed in the resonance region with a multi­
channel R-matrix code with least-squares f i t t ing capabi l i ty . Preliminary 
resonance parameters have been obtained for levels below 32 eV. Figure 
A-5 shows f i t s to the 2 4 5Cra fission data from 10 eV to 32 eV. The aver­
age fission width Is 550 meV and the neutron strength function (1.02 x 
10 - ") Is in reasonable agreement with neighboring nuclei. 

14. Fission Neutron Mul t ip l ic i t ies for 2 4 5 Cm, 2 3 2 T h . and 2 4 2 m Am(n,f ) 
Reactions (Howe, Browne*, White, Dupzyk, Landrum, and Dougan) 

Fission neutron mul t ip l ic i t i es have recently been measured for 
neutrons incident on 2 - , 5(; m . Neutrons with energies between 10 keV and 
20 l-.'eV were produced with the electron l inac . Typical uncertainties were 
5% a t 1 MeV and 255! at 15 MeV. A separate experiment was performed with 
th i s same accelerator to measure the neutron mult ipl ici ty near thermal 
energy to an accuracy of 1.7X. Preliminary resul ts from both of these 
measurements fa l l below previous thermal values and typical rates of 
increase with incident neutron energy. To provide further confirmation of 
these numbers, a future experiment i s being planned using a monoenergetic 
14-MeV neutron source. 

Analysis is complete on the data from 2 3 2 T h ( n , f ) neutron multi­
p l i c i t y experiment. Results supplement existing measurements by f i l l ing 
in the unmeasured regions: 4.5-13 MeV, 17-40 MeV, and 1.0-1.2 MeV. 

*Present address: Los Alamos Scientif ic Laboratory, LOB Alamos, NM 87545. 
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Figure A-5. Fission cross sect ion 
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Figure A-6. Fission neutron m u l t i p l i c i t y o f 24ZraAm. 
The so l i d l i n e represents a b ivar iant-weighted l e a s t -
squares f i t ; the dashed l ines ind ica te a confidence 
level of one standard dev ia t ion . 
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Previous ly-observed d e v i a t i o n s from l i n e a r i t y below 2 HeV have beer, con­
firmed. While no unusual e f f e c t s were observed near the ( n , n ' f ) t h r e s ­
hold , a s l i g h t depress ion in the da ta does appear between 3 and 4 MeV. 

Resu l t s from the 2^2rAa(n,f) measurement a r e shown in Figure A-6. 

B. NUCLEAR DATA APPLICATIONS - CALCULATIONS 

1. A Study of the El Gamma-Ray Strengi-h Func t ion . (Gardner, 
Gardner , and D i e t r i c h ) 

P rev ious ly , we descr ibed sys temat ica for the p a r a m e t e r i z a t i o n 
of fE1^EY^ > t n e £ 1 gamma-ray s t r e n g t h func t i on , in terms jf the t a l l of 
the g i an t d ipo le resonance (CDR), which was assumed to be Loren tz ian in 
s h a p e . 1 * The pa rame te r i za t i on was t e s t e d In t h e mass-90 region by a 
s tudy of neutron and proton cap ture c ross s e c t i o n s and the r e s u l t i n g 
c a p t u r e gamaa-ray s p e c t r a . ' We found t h a t t he cap tu re c ro s s s e c t i o n s 
could be p red ic ted f a i r l y w e l l , with perhaps two excep t ions , but the 
c a l c u l a t e d gamma-ray s p e c t r a were i n v a r i a b l y too " s o f t , " I . e . , l acking 
in s u f f i c i e n t s t r e n g t h for the h igher energy gamma r a y s . 

I t . was f e l t t h a t the problems concerning the s p e c t r a l shapes 
might be a t t r i b u t e d t o the choice of the Loreniz form for the ex t r apo ­
l a t e d t a i l of the GDR. This past year we have developed an a l t e r n a t e 
form f o r the pa rame te r i za t i on of the GDR,*" and a r e in the process OL 
e v a l u a t i n g i t , both in t he aa s s -90 r e g i o n " and a l s o for nuc le i from 
Ta to Au . I & 

The GDR pa rame te r i za t i on c o n s i s t s of two p a r t s , t h e c o r r e l a t i j n 
of the GDR parameters of peak energy, width and peak c ross s ec t i on for 
e lements from V to Bi , assuming two over lapping peaks wi th a s e p a r a t i o n 
dependent upon deformation; and the d e s c r i p t i o n of the shape of each 

I 
** D. G. Gardner and M. A. Gardner, Neutron Capture Gamma-Ray Spec t ro ­

scopy, ed . by R. E. Chrien and W. R. Kane, Plenum P r e s s , New York, 
1979, pp. 612-614. 

15 M. A. Gardner and D. G. Gardner, Proceedings of an I n t e r n a t i o n a l Con­
fe rence on Neutron Physics and Nuclear Data for Reactors and Other 
Applied Purposes , Harwel l , S e p t . , 1978, pp. 1121-1125. D. G. Gardner, 
F. S. D i e t r i c h , and D. W. Heikkinen, i b i d . , pp. 1126-1130. 

1 6 D. G. Gardner and F. S. D i e t r i c h , UCRL-82998, O c t . , 1979. 

1 7 H. A. Gardner and D. G. Gardner , UCRL-82999, Nov., 1979. 
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peak of the GPS with a Breit-Vtgner form, but with an energy-dependent 
width. 

«V " r, ( ^ ) ( t ) (%f^) 

Here I"R and ER are the usual GDR width and peak energy, while C and EA-
are global constants to be obtained by f i t t ing spectral data. Thus the 
true damping width, r(Ey), was allowed to increase with gamma-ray energy 
unt i l ! (E y ) = r R , a t which point the width was held constant for a l l 
higher energies. 

An example of the new functional form i s i l lus t ra ted in Fig. B-l 
in the case of "Nb(n,Y). The two energy-dependent Brelt-Wlgner (EDBW) 
curves represent different choices for the constant C In Eq. 1. Both 
EDBW curves produce "harder" gr.mma-ray spectra than the Lorentz curve. 
The resul ts of our preliminary study show that the same values for the 
two constants, C and E);, produce acceptable f i t s for both neutron capture 
cross sections ind capture gamma-ray spectra, both in the mass-90 region 
and also in the Ta-Au mass region, and, in addition, produce agreement 
with the photonu'-lear data at higher gamma-ray energies. 

2. Nuclear Level Densities (Grimes, Bloom, and Dalton*) 

The Fermi-gas model is the most extensively used approach to 
nuclear level densi t ies . A more fundamental approach, however, would be 
to calculate the level densities from the two-body force. Not only would 
the connection between the force and level densit ies be expl ic i t , but 
for practical calculations one could avoid empirical adjustments that the 
Fermi-gas model requires to account for shell effects . 

We are investigating the calculation of nuclear level densit ies 
from the two-body force through the theory of spectral d is t r ibut ions . 
The level distr ibution in a f in i t e basis is assumed -o be Gaussian cad 
can be characterized in terms of the to ta l number of s t a t e s , the average 
energy of the states (<H>) and the average energy squared of the s tates 
(<H 2>). Comparison of such an expansion with the eigenvalues obtained 

*Ames Laboratory, USDOE, Ames, Iowa 50011. 
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Figure B - l . Comparison of measured thermal neutron capture gamma-ray 
V - c t n j m fo r 9 J Nb (histogram) wi th that ca lcu lated w i th the double-peak, 
EDBW model ( s o l i d c i r c l e s ) . (Data source: V. J . Orphan e t a l . , AD-717 
(1970).) Inser t compares f ^ i ' s fo r 94j]b: Lorentz form (short-dashed 
curve) , EOBW model ( s o l i d curve) , and EDBM model w i th an extreme 
parameter se t (long-dashed curve). 
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from d l a g o n a l l z a t i o n showed good agreement ."* In more r e c e n t wo we 
found t h a t the s p e c t r a l d i s t r i b u t i o n c a l c u l a t i o n s compared f a i r l y wel l 
with exper imental d a t a , but t h a t terms a d d i t i o n a l t o the Gaussian were 
needed to ob ta in the sp in cutoff pa ramete r s . Work i s p rpsen t ly under 
way to expand the c a p a b i l i t y of the l e v e l dens i ty codes tu a l low the 
c a l c u l a t i o n of t h i r d and h ighe r moments of t h e H a o i l t o n i a n . 

C. NUCLEAR DATA FOR REACTOR SAFETY 

1 . Determinat ion of P r o p e r t i e s cf Shor t -Lived F i s s i o n Products 
(Meyer, Henry, and Lien) 

Decay da ta on s h o r t - l i v e d f i s s i o n products a r e requi red t o r e ­
so lve a number of problems a s s o c i a t e d with the design and ope ra t i on of 
both thermal and f a s t r e a c t o r s . Ex i s t ing r e a c t o r s cannot exceed power 
l e v e l s which a re determined by the amount of h e a t genera ted i n the co re 
following a l o s s - o f - c o o l a n t a c c i d e n t . This decay hea t i s produced by 
f i s s i o n products and can be measured on a case—by—case b a s i s or c a l c u ­
l a t ed using summation c a l c u l a t i o n s . These c a l c u l a t i o n s depend an e x i s t ­
ing data b a s e s . In a program supported by DbE/BES we a r e measuring the 
decay p r o p e r t i e s of c r i t i c a l s h o r t - l i v e d f i s s i o n p roduc t s i n o rde r to 
upgrade the EHDF/B data base . E x i s t i n g p l a n t s must a l s o c a r e f u l l y moni­
t o r e f f l u e n t s and the product ion of poisons (neu t ron abso rbe r s ) in the 
r e a c t o r c o r e . Both these procedures depend on an a c c u r a t e f i s s i o n prod­
uct da ta base . F i n a l l y the p r o p e r t i e s of the s h o r t - l i v e d f s ion produc ts 
which are be ta-de layed neutron e m i t t e r s must be known to p r e d i c t the 
k i n e t i c behavior of thermal and f a s t r e a c t o r s . Our program i s d i r e c t e d 
toward the measurement of the t o t a l decay e n e r g i e s , y-ray s p e c t r a , b e t a -
de layed-neut ron s p e c t r a , and the average 6 - and y - e n e r g y r e l e a s e s from 
these i s o t o p e s . I s o l a t i o n of i n d i v i d u a l nuc l ides i s performed with r ap id 
automated radiochemical s e p a r a t i o n procedure;", because these techniques 
y i e l d i s o t o p e s of elements net a v a i l a b l e with the pu re ly phys ica l s e p a r a ­
t i o n systems c u r r e n t l y being used . 

We have completed d e t a i l e d exper iments aimed a t the de termina­
t i o n of abso lu t e i n t e n s i t i e s of Y rays a s s o c i a t e d with the antimony 
f i s s i o n p roduc t s . Of p a r t i c u l a r Importance i s 1 3 3 S b i n which we d i s ­
covered the unexpectedly l a r g e populat ion of Che daughter ^ ^ T e isomer . 
Of the 168 T rays we observed in the l ^ S b decay only t hose with i n t e n ­
s i t i e s of f ive percent or g r e a t e r a re l i s t e d i n Table C- l . 

K. F. R a t c l i f f , Phys. Rev. C3, 117 (1971) . 

S. M. Grimes, C. H. Poppe, C. Wong, and B. J . Da l ton , Phys. Rev. C18 
1100 ( l ' J78) . 
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Table C-l. Absolute Intensities of Y rays above 5% absolute 
intensity for ̂ •'sb decay. 

Y 
keV 

817, .8 (4)3,b 
836. ,88 (7) 
1096, ,22 (3) 
1728, ,59 (7) 
2416. ,2 (8) 
2755 U> 

Y 
per cent 

13.0 (1.1) 
7.9 (1) 

100 (3) 
6.0 (4) 
6.0 (1.1) 
8.8 (1.4) 

a Numbers in parenthesis ate uncertainties in the last 
figure(s). 

b Seveidl Y rays of this energy are observed for antimony. 

Table C-2. Comparison of experimental and calculated absolute 
delayed-neutron yields. 

Nuclide 
Observed 
Yield % 

Calc. Yield 
This work % 

232 T h 5.27 + .40 5.24 
232u 0.44 + .03 0.45 
233u 0.74 + .04 0.79 
238u 4.60 + .25 4.43 
237 N p 1.07 + .10 1.04 
238 P u 0.46 + .07 0.43 
2 39 P u 0.65 + .05 0.68 
241 P u 1.57 + .15 1.57 
242 P u 1.97 + .233 2.46 
241A™ 0.51 + .06 0.45 
242m A n 0.69 + .05 0.69 
2^Cm 0.59 + .04 0.75 
249 c £ 0.27 + .02 0.36 



- 19 -

2. F i s s ion Products wi th V Rays up to 9 MeV and Ce(Ll) Detec tor 
C a l i b r a t i o n s (Henry, .uin, and Meyer) 

We have i d e n t i f i e d and i s o l a t e d f i s s i o n products with y r ay s of 
up to 9 MeV, e . g . , from the decay of 5-s 8 ^ A s . In o rde r to determine 
t h e i r r e l a t i v e I n t e n s i t i e s we have had to r e c a l i b r a t e a l a r g e volume 
Ge(Li) d e t e c t o r a g a i n s t the thermal neut ron cap ture y rays of c h l o r i n e 
and chromium. The genera l shape of the e f f i c i e n c y curve to 10 MeV has 
been quest ioned in t he l i t e r a t u r e by McCallum and Coote.20 <jur c a l i b r a ­
t i o n curve i s i n genera l agreement with t h e i r s . 

3 . Tine Dependent Beta-Delayed Neutrons from F i s s i o n i n g Systems 
(Waldo, Karani,* and Meyer) 

We have used a ^He i o n i z a t i o n chamber i n compute r -con t ro l l ed 
rap id r a b b i t t r a n s i t system t o measure the t ime-dependent B-delayed 
neutron y i e l d s . The t ime-dependent g ross neu t ron counts were analyzed 
in a l e a s t - s q u a r e s manner to ob t a in 2 f".w (4-6) group analysis.__ Gross 
6-delayed neut ron y i e l d s ( r e l a t i v e to ^ ^ U ) were ob ta ined for ^-^Th, 
2 3 2 U f 2 3 3 0 j 2 3 8 U t 5 3 7 K p f 2 3 8 P u > 239p U j 2 4 l P u > 2 4 2 P u > 2 4 1 ^ , 2 4 2 * ^ 
24^Cm, and 249cf. These da ta were compared with r e s u l t s c a l c u l a t e d 
using a simple Z p model of the form 

Z p » 0.4153A-1.19+0.167 | 236-92 ^ J A<116 

;: p - 0.4153A-3.43+0.243 ( 236-92 - 0 - | A>116 

\ v 
where A c and Z c a r e the composite mass and charge of the f i s s i o n i n g nu­
c l i d e and A i s the mass of the f i s s i o n product In q u e s t i o n . The r e s u l t s 
from our c a l c u l a t i o n s and experiments a r e compared i n Table C-2. 

D, FISSION PHYSICS 

1. F i s s ion B a r r i e r s of Rota t ing Nucle i (Mustafa, Baisden, and 
Chandra) 

We have c a l c u l a t e d f i s s i o n b a r r i e r s of b e t a - s t a b l e n u c l e i as a 
funct ion of angular momentum in a modified r o t a t i n g l i q u i d - d r o p model 

*Georgia I n s t i t u t e of Technology, A t l a n t a , GA. 

20 G. J . McCallum and G. E. Coote, Nucl . I n s t r . & Methods 124, 309 (1975) . 
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(MRLDM)-^ The c a l c u l a t i o n covered the mass range t roo 20 t o 260 and 
the angular momentum range from zero to the l i m i t i n g v a l u e , a t which 
point the f i s s i o n b a r r i e r d i s appea r s . The model used in the c a l c u l a ­
t i o n i s macroscopic (no s h e l l e f f e c t s ) and i t i s s i m i l a r to the r o t a t i n g 
l i q u i d drop model (RLDM) of Cohen, P l a s i l , and S w i a t e c k i . 2 2 Unlike RLDM, 
our model i n c o r p o r a t e s the f i n i t e range of nuc l ea r force and the d i f f u s e 
nuc lea r s u r f a c e , a s in the Yukawa-plus exponent ia l model of Krappe, Nix, 
and S i e r k . 2 3 

The c a l c u l a t e d f i s s i o n b a r r i e r s have been compared wi th the p r e ­
d i c t i o n s of RLDM. In g e n e r a l , the f i s s i o n b a r r i e r s in our model a r e 
lower than those of RLDM, and we have found '-ijj to 25 per cent d i f f e r e n c e 
in the p r e d i c t i o n s of the two models. These p r e d i c t i o n s can be t e s t e d 
by heavy-ion r e a c t i o n s t u d i e s and u t i l i z e d in a s t a t i s t i c a l - m o d e l c a l c u ­
l a t i o n of the deexc i t a t l o r . of a compound nucleus by p a r t i c l e emission 
and f i s s i o n . 

E. DATA EVALUATION AMD COMPILATION 

1 . Evalua t ion of Neutron I n t e r a c t i o n s wi th ^Q^Bl (Kouerton and 
Smith*) 

Neutron i n t e r a c t i o n s with 2 0 ! J B i n a v e been evaluated from 
E n = 10 t o 20 MeV in response to r eques t s from the magnetic fus ion 
energy community. The evaluated d a t a , In ENDF/B format , a r e a v a i l a b l e 
from the Nat iona l Nuclear Data Center . 

2 . At las of Photoneutron Cross Sec t ions (Berman) 

A supplement to the Bicen tenn ia l Ed i t ion of the At l a s of the 
Photoneutron Cross Sec t ions Obtained wi th Monoeneraetic Photons, i n c l u d -
ing r e c e n t data on ^C, ^0, 5 5 H n , 5 9 C O j 186 ,188 ,189 ,190 ,1920^ 2 3 2 T h > 

and 2 3 5 , 2 3 6 , 2 3 8 ^ w a s i s s u e d in 1979, (UCRL-78482 Supp.) A new e d i t i o n , 
i nc lud ing more recen t da ta on ^H, •'He, ^He. a n c j 1 '0 , and expanded to 
inc lude graphs of the running suns of the i n t e g r a t e d c ro s s s e c t i o n s 
and t h e i r f i r s t and second moraen's, i s i n p repa ra t ion and w i l l be pub­
l i s h e d i n Atomic Data and Nuclear Data Tables . 

*Argonne Nat ional Labora tory , Argonne, IL 60439. 

2 1 P . A. Bal6den, M. C. Mustafa, and H. Chandra, Bu l l . Am. Phys. Soc. 
( S e r i e s I T ) , 2±, 815 (1979) . 

2 2 S. Cohen, F. P l a s i l , and W. J . Swia tecki , Ann. Phys. (N.Y.) 82 , 557 
(1974) . 

23 H. J . Krappe, J . R. Nix, and A. I . S i e rk , Phys. Rev, C20, 992 (1979) . 


