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This is an informal report intended primarily for internal or 
limited external distribution. (The opinions and conclusions 
stated are those of the author and mayor may not be those of 
the laboratory.) This report Is not to be given additional external 
distribution or cited in external documents without the consent 
of the author or LLL Technical Information Department. 
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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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Addition to LLL Status Report to USNOC CUCI~l6258) 

Atlas of Photoneutron Cross Sections Obtained with 

Mopoenergetic Photons (B. L. BerrnaT1) 

A compilation, in a Uniform format and current as of early 1973, of 

photoneutron cross-section data obtained with rronoenergetic photons from 

positron annihilationln flight has been issued as UCRL-74622. L'1is 

atlas was distributed at the International Conference on Pnotonuclear 

:!\eactions and Applications in MarCl'!.. Tne USNDC has, of course, ex­

pressed its great desire that such a compilation be made available for 

a variety of appll.cations purposes.' 

Over~'!.e years, a considerable body of data on photoneutron cross 

sections obtained with lTonoenergetic photons from the annihilation in 

fli~'!.t of fast positrons has been acquired at the Liverrrore, Saclay, and 

General Atorric Laboratories. The data on 65 nuclei studied wit'!. annihi­

latioll photollS (49 from Livermore measurem2nts, 25 from Saclay, and 1:\-.70 

from General Atomic) are gat0eredtogether here ruld presellted in a uni­

form format, in order to serve as a nucleus for a more complete compila­

tion and evaluation (which would include data obtained with 'colltinuous 

bre:lsstr&'1lung radiation sources as well). Tne photonuclear group at 

the National Bureau of Standards is undertaking SUD'!. a comprehensive 

compilation aTJ.d evaluation, ar.d the data in this atlas will be a major 

part of it. Mear.while, t~ese data are available In both graphical and 

digi tal form. It: is hoped t'!.at this service to the physics community 

will be utilized both for purposes of theoretical a.T12~ysis and' for those 

associated with applicatic::ns to other scientific disciplines and tsch- . 

nologies. 

No attempt ~vas made here to evaluate the data; i. e., to c.'1oose be­

uveen two sets of data for the S&De nucleus rreasured at different lab-

oratories, or to compromise beLr.tJeen them by presenting a set of recommended 

intennediate values. It should be noted, hO'.tJever, t'i.at tile overall agre2-

IT.ent and consistency betvJeen measurements made at the three laboratories is 

very good indeed, especially when vie~Ned in the light of t"le enormous dis-

creprulcies betweell laboratories FreQuently obtained in t~e past for bre~s­

stL'a.'i.lwlg-induced photonuclear measurelT:2nts. 

/ 
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LAWRENCE LIVERM)RE LABORATORY 

A. NEUI'RON PHYSICS 

1. 235U Fission Cross-Section Measurerrents (J. B. Czirr and G. S. 
Sidhu) Relevant to Requests 388, 389, 390 and 391. 

Cross-section measurerrents ~ currently underway at the LLL 
Linac on the ratio of the 235U fission to (n,p) scattering cross section 
from 2 to 20 MeV. 

The fission data ~ obtained from twelve planar 0.1 mg/ cm2 
foils placed in a cylindrical fission charrber. This chamber is rotated 
relati ve to the neutron beam in orner to compensate for changes in the 
fission fragrrent angular distribution with incident neutron energy. 

The neutron flux rreasurerrent is obtained from a recoil-proton 
telescope used in ring geometry with a 7Li-glass scintillator as the 
proton detector. A 1 mg/cm2 polyethylene radiator foil is replaced by 
a deposited carl:>on foil for background rreasurements. 

Cross-section measurements from thermal to 2 MeV ~ planned 
following the. completion of the above experiments. The accurate norm­
alization of the high energy data to the well-known thermal values will 
await these latter results. ' 

2. Fission v Measurerrents (R. E. Howe, T. W. Phillips and C. D. 
Bawman*) Relevant to Requests 395 and 452. 

We are currently performing measurerrents of ;;; for neutron­
induced fission of 235U in the energy range 0.5 to 100 eVe Fast, 
spectrally-independent detection of the prompt fission neutrons is 
achieved with the system previOUSly described. *,'c 

Recent work has lowered experirrental background rates and elec­
tronic deadtimes thus greatly reducing the magnitude of corrections ap­
plied to the data. 

We are hoping to present our results at the IP£A Thirn SymposilDn 
on the Physics and Chemistry of Fission, August 13-17, 1973. 

FUture plans include completion of V rreasurements for 235U from 
thernalenergy up to 15 MeV. We also plan to evaluate " for 23 9Pu . 
neutron-induced fission over a similar energy range. 

* National Bureau of Standaros, Washington, D.C. 
*{: USNDC Report, dated 10 November 1971, UCID-15937. 
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3. Isomeric Fission in 243Pu (J. C. Browne and C. D. Bowman") 
Relevant to Request 483. 

Analysis of the results from ~ investigation of y-decay emis­
sion from subthreshold fission groups to the ground state in the 
second well for 243pu indicates the possibility of the existence of two 
fission isorrers for this nucleus, one being the 33-ns isorrer already 
observed and another being IIDJ.ch longer-lived ('VIO OllS ) • If this is the 
case, the 33-ns isoJIEr is consistent with being a two-quasiparticle 
state at an excitation energy of approxinately 1. 2 MeV above the ground 
state in the second well (whose excitation energy was previously 
rreasured to be 1. 86 MeV above the equilibrium ground state). This work 
has been submitted for presentation at the Third Syrrposium on the 
Physics and Chemistry of Fission at Rochester, August 13-17, 1973. 

4. Thermal-Neutron Fission Cross Sections of 25lcf and 255f)n 
(R. C. Ragaini, E. K. Hulet, R. W. Lougheed and J. F. Wild) 

The thermal-neutron fission cross sections of 251Cf and 255f)n 
have been rreasured by comparison of fission rates with a 233U reference 
standard. The values obtained are 4800 :t 250 barns for 251Cf and 3400 
± 170 barns for 255Fht. Pm. initially pure sample of 20.3-h 255f)n was 
fission counted alternately with a 23~U standard in the thermal column 
of theLPrR during its decay to 900-y 25lcf. The atoms of 255f)n_251Cf 
and 233U present on the thin targets were accurately determined by (X­

pulse analysis. A value of 531 barns was used for the fission cross 
section of 233U in calculating the cross sections of 251Cf and 255f)n. 

5. Decay of 248Cf (E. K. Hulet and J. F. Wild) , 

The total half-life of 248Cf has been determined to be 333. 5 ~ 
2.8 d by long-term alpha and fission counting in ionization chambers. 
In addition, the alpha-to-spontaneous fission disintegration ratio was 
determined to be 35000 ± 3000, resulting in a SF partial half-life of 
(3.2 ± 0.3) x 104 y. 

The fraction of 248Cf alpha decays proceeding to excited levels 
in 244Cm was rreasured by determining the fraction of alpha particles in 
coincidence with L X-rays arising from internal conversion decay of the 
excited levels in curium. This fraction, 0.170 ± 0.005, results in a 
calculated hindrance factor of ~ 3.1 for decav to the first excited 
level in 244Cm at 42.9 keV. 

" National Bureau of Standards, Washington, D. C . 
** USNOC Report, dated 10 October 1972, UCID-16136. 
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6. Transmission Data Analysis' for Neutrons on 207Pb (T. w. 
Phillips and B. L. Berman) 

Data' from the two-paraneter neasurerrent of the neutron total 
cross section of 207Pb obtained as described in a previous report'" is 
being analyzed to yield infonnationon the decay width ,spin, and 
parity of the levels of 208Pb. The transmission function for neutrons 
has been obtained for energies between 90 and lOOOkeV. The analysis 
of this transmission function is complicated by interference effects 
between adjacent levels and interference with the appreciable potential 
scattering which occurs at these energies. I t has been found that to 
adequately account for these effects a large number of levels must be 
fi t simultaneously. A computer code is being acquirnd to handle this 
problem. In the interim, a code which handles up to three levels with 
two possible spin states has been used. An example of the fit obtained 
in this manner is ShCMn in Fig. A-1.The parameters for the three levels 
used in this fit are listed below. 

E-resonance (keV) , 

'317.5 
317.7 
330.0 

Width (keV) 

0.850 
4.0 
8.5 

Spin and Parity 

1-
1+ 
1-

7. The l28re (n,y) and l30:re (n,y) Gross Sections from 0.5 eV to 
1 keV and the Xenon AriOmaty ln Old 'l'eIlurlUffi Ores (J. C. Bra-me 
andB. L. Berman) 

Preliminary results of this experinent were presented in a 
previous USNDC report. ** Analysis of these data has been completed. 
Figures A-2 and A-3 shay the l28Te (n,y) and l30re (n,y) cross sections 
along with data taken using a natural tellurium sanple. No resonances 
were observed for l28Te belaY 425 eV and for l3DTe belaY 1143 eV. Calcu­
lation of the resonance absorption integral for the 16 resonances 
assigned to l2BTe ,and for the 6 resonances assigned to l30Te indicates 
that the ratio of l29Xe/13lXe that could be formed in tellurium ores 
which were borrbarded by a liE neutron flux is 3. 8 :!: 0.55. The reasured 
ratiot in tellurium ores varies from 1. 6 to 3.0. The ratio of l29Xel 
l3lXe predicted by thermal-neutron capture alone is 0.6. Therefore, the 
measured ratio will depend on the thermal/epithermal flux ratio incident 
on the tellurium ores throughout their history. 

'* T. W. Phillips and B. L. Berman, USNDC Report dated 10 November 1971, 
UCID-15937. 

** J. C. Bn:wne and B. L. Berman, USNDC Report dated 10 October 1972, 
UCID-16l36 

t B. Srinivasan, E. C. Alexander, Jr. and O. K. Manuel, J. Inorg. Chem. 
~, 2381 (1972). 
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Previous neutron total cross-section neasurem:mts'" on natural 
tellurium have extracted agrnO for various res'onances in this energy 
range. (a = fractional abundance of an isotope). Since we can assign 
resonances to 128Te and 130Te, we can thus obtain values of grnO for 
these resonances. These values of grnO are listed in Tables A-I and A-2 
From the area under these resonances we can also extract values for gr y 
for these resonances ,which are listed in TableS A-I and A-2. 

, --
, \ 

Table A-I. 
128 ' . 

Te Resonance Paraneters 

Present Results 
• . i : 

PreV10us Measurements 

E 0 grnr y/r r 0 gn gry 
(meV) (meV)'" (m.eV) 

424.9 14.4 1.20 34 
436.4 9.2 0.5 74 
944 8.8 0.17 
1323 5.85 0.09 --
1461 23.7 2.83 39 
1587 6.2 0.25 17 
1839 26.7 12.3 28 
2969 21.2 14.5 22 
3268 47.4 1.42 114 
3549 27.9 0.5 398 
4082 30.1 0.79 75 
4256 10.45 0.38 18 

Table A-2. 13DTe Resonance Parameters 

Present Re§ult§ Previous Measurements 

Eo grnry r gr 0 gry n 
(meV) (neV)* (meV) 

1143 7.85 0.32 29 
1715 21.5 1.02 44 
3201 25.9 0.84 57 
4450 31. 7 2.0 42 

,., S. Wynchank, J. B. Garg, W. W. Havens, Jr. and J. Rainwater, Phys. 
Rev. !§.§., 1234 (1968). 

,I 
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S. Capture y-Ray Spectra for lSlrra (n,y) from 2eV to 5000 eV. 
(M. L. Stelts and J. C. Browne) 

The spectra of y-rays from the lSlTa (n,y) reaction have: been 
rreasured for incident neutrons in the energy range of 2 eV to 5000 eV 
using the 11L linac. The y-rays from the Ta sample located at 13.4 
rreters from the neutron source were detected by a three-crystal . 
(Ge(Li) ... NaI) spectrorreterwi th an energy resolution of 6 keY for 6-MeV 
photons. The energy scale and absolute efficiency wer'e_ 
measured using calibrated radioactive sources and the Cl (nthermal y) 
reaction. Data were stored on a magnetic drum in a two-dirrensionii 
array of 4096 pulse-height channels by 624 time-of-flight channels. The 
resolution of the experirrent was such that JIOst resonances belCM 200 eV 
were resolved. 

Figure A-4 shCMs a portion of the pulse-height spectrum for the 
highest energy y-rays obtained by surroning over all neutron energies from 
,2 eV to 60 eV. The ground-state transition is indicated by "GS" and 
higher excited states, by integer labels. All levels seen in the l81Ta 
(d,p) reaction* and the lSlTa (nthermal y)reaction** belCM l-MeV , 
excitation energy are seen here plus many states not excited in these 
reactions. 

The y-ray spectra for individual neutron resonances exhibit 
marked intensity variations from resOnance to resonance for the various 
transitions. Data analysis to extract the partial y-decay widths for 
indi vidual resonances is in progress. 

9. Capture Cross-Section Measurements. (J. B. Czirr and M. L. 
Stelts) 

A pg,per with the title Capture Cross-Section Measurements for 
l65Ho and 197Au has been submitted for publication. The abstract for 
this paper is as follows: 

As part of a continuing program to accuratelyrreasure neutron­
capture cross sections, we have obtained data for l65Ho and 197Au in the 
167 eV to 0.6 MeV energy range. 

All capture reactions are measured relative to the fission rate 
of 235U for neutron energies above SOO eV and to the lOB (n,a +al) 
reaction belCM 20 keY. In addition, current best estimates o~ O'F(235U) 

* J. R. Erskine and W. W. Buechner, 
** G. A. BartholoJIeW, J. W. Knavles, 

Atomic Energy of Canada Limited. 
unpublished. 

Phys • Rev. 133, B370(1964). 
G. Manning and P. J. Campion, 
Progress Report No. 517 (1957), 
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and an (lOB) are used to convert these ratios to up-to-date cap~ 
cross sgctions. The 3.9 eV"black resonance" of l65Ho is used to norm­
alize all crOss sections. 

Data have also been obtained for natural In in the 300eV to 
0.6 MeV energy range and will be published.in the near future. 

10. Cross Sections for Gamma-Ray Production by l4-MeV Neutrons 
(L. G.Multhauf ~ S. M. Matthews) 

For many elenents, y-ray production cross sections at l4-MeV 
neutron energy either have not . been accurately measured, or can not be 
determined with confidence due to ineonsistEmciesin reported values. 
We ~ undertaking, therefore, to neas~ this. cross section for a range 
of elements uSing the high-flux l4-MeV-neutron facility at LLL. ' 

The samples are placed in a ring geometry about the neutron 
source ata distance of 8 meters from the detector which is shielded 
from the major sourCes of neutron-induced background by a 1.9-meter­
thick cement wall. In addition, time-of-flight measurements provide a 
clean separation between y-rayS produced in the sample and scattered 
neutrons. Preliminary rreastm:!ments have shCMn background levels to be 
very la-J. 

MOnte Carlo calculations are being made for each sample material 
to determine the effects of both y scattering and neutron rrnlltiple 
scattering. Ring dimensions for each element will be chosen such that 
these effects are either negligible or small enough that a correction 
can be made to the spectrum. . 

The detector systems consist of a 30-em x 30-em NaI (TR.) annulus 
operating in an anticompton rode, and having as a central detector 
either a large vol1.lln3 . (Ge(Li) crystal or a NaI(TR.) well crystal of 
dimensions selected to optimize the peak efficiency and peak-to-total 
ratio. The well detector will be used to meas~ continuuJll y-rays. The 
meas~d spectra will then be unfolded using measured detector response 
functions. 

We have constructed a set of proton-recoil counters to measure 
the neutron flux. We will also use isotopic activation for an indepen­
dent determination of the flux. We have employed, for example, 24Na 
activation, using the well measured 27 Al(n,a) cross section. 
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B. PHO'IDNUCLEAR PHYSICS 

1. Photoneutron Cross Sections of 55Mn and 59eo (R. A. Alvarez, 
B. L. Berm:m, F. H.teWis, ara P. Meyer) 

We have measured the photoneutron cross sections of 55Mn and 
59eo from threshold to 36 MeV using photons from in-flight annihilation 
of positrons from the new Live:rnore positron-electron linac. The tech­
nique and apparatus used were essentially identical to those employed in 
a number of previous experi.rrents; a description appears in the Ii tera­
ture. * The principal differences in the present measurement were the 
higher available positron beam currents (which ffi3de possible measure­
rents with higher photon energy resolution) than were available on the 
old Live:rnore linac, and a rerrote-controlled target-sample changer, 
which allCMedrreasurerrents at each beam energy to be m3de on each 
isotope with identical accelerator and be~transport system tuning. 
This irrprovement in the technique provides added confidence that fine 
structure observed in one isotope but not the other is indeed an effect 
of the nuclear dynamics and not a fluctuation caused by the apparatus. 

Our results are shCMn in Figs. B-1 and B-2. The photon energy 
resolution is approximately 90 keV at 10 MeV and 160 keV at 35 MeV. 
Error bars ShCMn are statistical only. In addition there are several 
sources of systematic uncertainty, which could introduce overall errors 
into the absolute cross section of up to about 10% in the region of the 
giant resonance peak and perhaps 40% at 35 MeV . 

. In both nuclei the giant resonance is rather broad and is 
divided into three main groups of substructures. There is a consider­
able arrount of superimposed fine structure from theshold to 25 MeV or 
higher. Fine structure is evident in the (y, 2n) cross section of both 
isotopes, as well. The integrated total cross sections are 807 MeV-rob 
for 55Mn and 894 MeV-rob for 59Co, while the integrated (y,2n) 
cross sections are 166 MeV-rob and 139 MeV-rob, respectively. The (y,3n) 
cross sections of both nuclei are very small. 

C. APPLICATIONS 

1. Intense Sources of Fast Neutrons (H. H. Barschall) 

Methods for producing intense sources of neutrons of average 
energy above 10 MeV are investigated for applications in biology, medi­
cine, radiation damage studies particularly for the erR program, and 
cross section measurements. 

* B. L. Berman ~ al., Phys. Rev. 162, 1098 (1967). 
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(a) Intense so~e of l5-MeV D-T neutrons. The rotating tritium target 
previously described has been replaced by a 22-cm diameter target. 
(UCRL-7 4285) • The new target permits operation at higher source 
strength. In 30 hours of operation at a soume strength between 2.5 and 
3.0 x 1012/sec no appreciabie decrease in source strength was observed. 
During this operation a fluence of 1017/cm2 was delivered to a small 
s~le for radiation damage studies. A new high-voltage power supply, 
which is scheduled for delivery in June 1973, should permit operation at 
higher source strength. . . 

(b) A study of the neutron production from deuteron bomba.rUment of 
deuterium, lithium, beryllium, and carbon targets has been col'T'pleted. 
In UCRL 51310-Addendum, spectra and yields are given for the follCMing 
conditions: 

Target Deuteron Energy (MeV) Lab Angle 

Thick Li 5 - 19 30 - 32° 
Thick Be 3 - 20 30 - 320 

Thick C 12 - 18 30 - 320 

Thin D 16 . 5 and 18.6 P, 90 , 320 

Thin Be 5 ... 18 30 - 320 

Average neutron energies and available doses are presented in U~51310. 

2. . Ozone-Tagging for Biomedical Purposes (P. Meyer) 

Ozone has been identified as a significant cOl'T'pOnent of ambient 
air pollution where atlIDspheric photochemical activity occurs. The 
iI'T'portance of ozone (03) as a toxicant is recognized and several of its 
effects have been defined , although the damage mechanism is still un­
certain. At present, the distribution of the ozone-uptake throughout 
the respiratory system is unkna-in. 

We have investigated the possibility of tagging ozone with an 
oxygen isotope, 150, a positron emi tier with a half life of 122 seconds. 
With the use of the Anger positron camera{' at the Liverm::>re Linac, one 
can then in principle viSUalize the distribution of the radioactive 
ozone (or other gases) by observing the annihilation gamma rays from the 
decaying oxygen isotope. 

The 150 isotope is obtained by irradiating 160 , with bremsstrahlung 
from the 100 MeV Linac, via a (Y,n) reaction in 160. The measurenent of 
the ratio of activated to unactivated ozone, 03*/03, is the object of 
this experiment. Results using 02 as a t~et gas lndicate that an 03 
concentration of 1 ppm and a ratio of *03/03 of 8 x 10-10 are the satura­
tion.points at the end of an irradiation. All tl].e ozone.is trc3{>ped at 
dry-lce temperature and then m1xed W1 th a breathlng gas m varylng 
proportions for use in a practical application. . 
*H. O. Anger, Scintillation Carrera and Positron Carrera in Medical 
Radioisotope H"arming, (IAEA, Vienna, (1959), p. 59. 
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Preliminary experiments with small dogs have recently been 
carried out with theIS-inch diaJreter Anger camera at Li vernore. Ozone 
concentrations used were 1 ppm and 5 ppm. Early results indicate that 
oxygen as a target gas provides sufficient annunts of tagged ozone to 
do useful lung function studies with ozone concentrations of perhaps 
~ .1 ppm. Acti vated nitrogen, 13N, carbon dioxide, IIC, and oxygen 
were also used for comparison. Data analysis is in progress at: this 
tiJre. 

D. FACILrrIES 

1. Livernore CyclograaffFacility (J. C. Davis and J. D. 
Aridernon) 

The Livernore Cyclograaff is the successor to the 90" var­
iable energy cyclotron used .for basic and programmatic researcll at 
Livernore for fifteen yearn. The 90" cyclotron was shut down and dis­
mantled in Februarv1971 and the cyclograaff became fully operational 
for experiJrerital use in late 1972. Easy production of high resolution 
or pulsed proton beams over the 1-27 MeV energy range was the primary 
advantage ofthecyclograaff as a replacement accelerator. However, the 
high vernatili tv _ with respect to particle species, beam energy, and beam 
intensi ty as well as Significant financial advantages over alternate 
acceleratorn were important in the selection of the cyclograaff. The 
physical layout of the cyclograaff facility is shown in Fig. D-1. fvbst 
of the nuclear physics experiments in progress utilize microampere 
proton beams in either a high resolution mode for charged particle 
spectroscopy (tJ:/E ~ 0.1%) or in a pulsed mode for neutron tirre-of-flight 

--- ----arld'--gammaray productlonstUdies (llt 'VI ns, f 'V 5 MHz). Similar work -
will be done with the 1-20 MeV deuteron beam. A detailed description of 
the accelerator facility and the pulsed beam ca?bilities appears in the 
June 1973 issue of the IEEE Transactions On Nuclear Science. 
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Figure B-1 
Photon. Energy - MeV 55 

Photoneutron cross sections of Mn. Thresholds are 
indicated by arrows. (a) Total pl:lotoneutron cross 
pection: O'[(y,n) + (y,pn) + (y,2n) + (y 3n)J; 
(b) O'[(y,n) + (y,pn)J; (c) 0'(y,2n); (d) 0'(y,3n). 
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Photoneutron cross sections of Co. Thresholds are 
indicated by aI"IUWs. . (a) Total photoneutron cross 
~ection: o'[(y,n) + Cy,pn) + (1',2n) + (1',3n)]; 
(b) cr[(y,n) + Cy,pn)]; (c) crCy,2n); Cd) cr(y,3n). 
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