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PREFACE 

This paper wss originally scheduled to be presented by Stanley C. Fultz, who for 
sixteen years was the leader of photonuclear research done at Lawrence Livermore Labora
tory. Stan Fultz died, following a brief illness, on June 18, 1972. A large portion of 
the photonuclear work reported here was done by Stan and his colleagues. He pioneered 
the Livermore work, on the.use of positron annihilation in flight for the systematic 
measurement of cross sections over the giant resonance, resulting in measurements for 
over 50 nuclei throughout the periodic table. He was personally responsible for the 
conception, design, and completion of thf new 100 MeV Livermore Electron Positron Linear 
Accelerator* which is now producing the high quality photonuclear and neutron physics 
results that he envisioned. The coauthors of this paper were privileged to work with 
Br. Fultx during his years at Livermore. 

nmoDDcnoM 
The purpose of this paper is to sum* 

tArize, from the viewpoint of an experi
mentalist, the outstanding aystematic 
properties of the giant resonance for 
photonuclear reactions, as observed using 
real photons from about 8 to 35 MeV. In 
the last ten years the quality and quan
tity of photonuclear data in this energy 
region has improved remarkably, princi
pally because of the emergence of the 
nositron annihilation technique aa 
pioneered by Fultx and his collaborators 
at Livermore, and Txara, Bergcre and 
others at Saclay. Other techniques for 
producing nearly aonoenergetlc photons 
have yielded important result*, but not 
results in the quantity and over the 
range of nuclei that allow systematica to 
be evaluated. 

ANNIHILATION PHOTON TECHNIQUE 

An earlier experimental arrangement 
for positron annihilation-in-flight 
experiments at Livermore is shown in 
Figure 1. A figure of the new setup is 
given in Paper 2D16S of thie Conference. 
Positrons, which ere produced by electron 
bremsstrehlumsj and pair production in a W 
or Ta converter between sections of the 
Liaac, are energy analysed and directed 
onto a low-Z target where some annihilate 
with electro** of the target. Positrona 
•ftforic performed under the auspices of the 

-that penetrate the annihilation target are 
bent away from the beam line with a magnet. 
The annihilation photons emitted in the 
direction of positron velocity are used to 
produce photonuclear reactions. At this 
angle (0"), the annihilation photon energy 
equals the positron energy plus 0.76 MeV. 
At Llvcrmore, paraffin-moderated BP3 pro
portional counters are used to detect 
neutrons, whereas at Ssclay the neutron 
detector is a large Gd-loaded liquid 
acintiliator. In either case, the multi
plicity of neutrons produced per reaction 
can be determined so that (Y.n), <Y,2n) 
and (Y>3n) cross sections can be measured. 
For nuclei with A greater than 60, the sum 
of theae cross sections is essentially the 
photon absorption cross section. 

Another experimental measurement must 
be made using electrons incident on the 
annihilation target to correct for the 
positron bremsstrahlung accompanying the 
annihilation radiation. The correction ia 
illustrated in Figure 2, which shows the 
photoneutron yields produced from Au when 
positrons or electrons are incident on the 
annihilation target. The subtraction of 
the electron data from positron dsta to 
obtain the signal produced by annihilation 
photons becomes a serious limitation to 
accuracy by 10 or 15 MeV above the giant 
resonance, because of the large statistical 
and normalization errors introduced. 

U. S. Atomic Energy Commission. 
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Figure 1, Apparatus For the measurement 
of photonuclear cross sections 
using photons from positron 
annihilation in flight. 
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Figure 2. ?botoneutron yields from 
positron and electron 
radiations. 
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Figure 3> Nuclei for which cross sections have been measuied 
using positron annihilation in flight. 



NUCLEI STUDIED 

At t he p r e sen t t i n e , photonuclear 
c ro s s s e c t i o n s have been measured us ing 
the ami i l i i l a t Ion-photon technique for 
approximately 6S n u c l e i , 45 of which a r e 
i n the mass reg ion above SO, where i t i s 
pos s ib l e to cons ide r systematic charac
t e r i s t i c s . A map of the nucle i studied 
i s shown i n Figure 3 . V. L. Herman haa 
compiled a t a t l a s 1 o f these cross s e c 
t i o n s , which i s a v a i l a b l e from him upon 
request . 

THE HYDBODYMAMIC MODEL 

To be able to dlacuss the photo-
nuclear c h a r a c t e r i s t i c s over a broad range 
of n u c l e i we w i l l use the two-f luid model 
of Goldhaber and T a l l e r , 2 Steinwedel and 
J e n s e n , 3 and Danes."• Other papers in t h i s 
conference w i l l surely d i scuss the r e f i n e 
ments and inadequacies of t h i s model. 
According t o the model, the photon absorp
t i o n cross s e c t i o n for spheroidal nuc le i 
may c o n s i s t of one or two Lorents curves. 
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lb. audel also predict! the *n>rgie> of 
the giant reaowrx.: 

Here, R Q is the nuclear radius parameter 
(R - R Q A 1 ' 3 ) , K is the nuclear symmetry 
energy, and fcjlt are eigenvalues .arac-
terlatic of deformation of the spheroid. 
Insofar as this model is concerned, the 
parameters are K, R<>, 1*̂ , and the intrin
sic quadrupole foment, which determines 
kjR. The model makes no statement about 
the magnitude or origin of the widths, I*£, 
except that they are damping terms, 
analogous to viscosity. 

For spherical nuclei, k ±R - 2.082, 
so that 

o 

Note that no effective mass corresponding 
to the existence of exchange forces has 
been introduced in the formula for the 
giant-resonance energy. Since R Q is 
reasonably well determined from electron 
scattering experiments, any effective mass 
correction must be buried in the symmetry 
energy parameter, K. As will be seen, the 
photonuclear data ahow that K/R 0

2 is a 
slowly varying function of A, with a value 
of K consistent with that used in aeni-
amplrical mass formulae. 

SELECTED RESULTS 

An example of recent measurements 
which show systematic behavior of the 
giant resonance is the Hd series of iso
topes measured at Saclay by Carloa $£ li.,5 

ahown in Figure 4. The data have been 
fitted with Lorantx curves (two components 
in the case of 1 5 0 N d ) . The peak energies 
decrease slightly with increasing neutron 
number, aa expected from the model. As 
is the case for deformed nuclei, the quad
rupole moment of 1 S 0Nd can be determined 
from the energies of its two-component 
giant resonance. Lorantx curves fit the 
measured cross sections very well, with 
some small deviations on the low side of 
the giant resonance. 

Another series, measured at Livermore 
by Barman at al.,6 is for the Zr isotopes. 
The results for the photon absorption cross 
section of 9 0Zr are ahown in Figure 5. In 
this case, there in obvious structure on 
the high-energy side of the giant reso
nance that agrees in energy with predic
tions by Akyuz and Fallieros7 of a T • 
T z + 1 giant resonance. That the ampli
tude of this T » T z + 1 component is less 
than the theoretical prediction is expec
ted since neutron emission is isospin for
bidden. There is a corresponding peak in 
the proton-emission channel, as seen by 
Dushkov et al. 6 It is likely that the 
structure seen in the Livermore experiment 
is a result of isospin mixing rather than 
decay through the (Y,pn) channel, since 
the energy above the (y,pn) threshold is 
small. Several other Zr isotopes showed 
similar structure, with the same possible 
explanation* The T - T z + 1 giant reso
nance is difficult to observe for nuclei 
very much heavier than mass 100, because 
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Figure 5. The photon absorption cross sec
tion of 9 0 Z r . The excess yield 
above the Lorentz curve is 
attributed to the T » T z + 1 giant resonance. 

Figure 4. The photon absorption cross sec
tions of the Kd isotopes. Satooth curves 
arc Lorentz-curve fits to the data. 

Figure 6. The photon absorption cross 
sections of the Sn Isotopes. 
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Figure 7. The total photon absorption 
cross section of 1-^Tb. -ĵ e 
solid curve is a result of 
calculation using the dynamic 
collective theory including the 
E2 giant resonance. 



the T = T z -t- 1 strength decreases rapidly 
with A. AC lover A, the cross sections 
have other structure that makes the 
assirctment .lifficutt. 

The Sn isotopes have been measured 
by Fultz ££ si.,9 with results for three 
isotopes shown in Figure 6. Structure 
which may be the T - Tz + 1 resonance is 
seen above the wain resonance, Calcula
tions by Arenhovel and Grelncr10 using the 
dynamic collective model for electric 
dipole transitions do not include the 
structure, However, the structure might 
also be E2 photon absorption, as described 
by Ugensa and Cre'ner.*1 

Another example, 1 5 ,Tb, measured 
some years ago by Bramblett et lj. 1 2 is 
shown in Figure 7. This giant resonance 
shows splitting due to the deformation of 
1 5 9Tb, end also shows a broad bump which 
has been interpreted as the quadrupole 
giant resonance by Ligenaa and Greincr.11 

AHA RATIO* rO*. DIFOKMED NUCLEI 

One of the successes of the elemen
tary hydrodyaamlc model was the predic
tion1* i1* of double-humped giant reso
nances for deformed nuclei. The lower-
energy cuaeoaaat is predicted to have one " 
half the amplitude of the higher compo
nent. The experimental results confirm 
this ere* ratio only for the moat deformed 
of nuclei, em shown la Figure 8. It 
appears that the area ratio la directly 
correlated with the auadrupole moment. 
The dynamic collective model has been 
above'M" to give good agreement with 
the experimentally observed area ratioa 
for u s a o and 1 M T » with some adjustment 
of parameters; however, even this more 
refined model appears to be in disagree-

. meat with measurements of area ratioa on 
polarised l t smo. 

The measurement of the photon absorp
tion cross section ot polarized 1 6 5Ho, 
made by Kelly at. ml.," was both a lucid 
confirmation sad a severe test of the 
hydrodymanlc model. Figure 9 shows the 
cross sections es a function of energy 
obtained with the holmlum terget polar
ised parallel end perpendicular to the 
photon beam, with parallel polarization, 
the high-energy component of the giant 
resonance increasea in amplitude because 
it corresponds to oscillation of the 
protone asa.l%»t neutrons in the direc
tions traesverae to the nuclear ayametcy 
axis. Conversely, the low-energy component 

is increased when the target is polarized 
perpendicular to the photon beam, Xn 
fact, the observed change in amplitudes 
was only (75 ± 13)Z of the change pre
dicted by both the elementary hydrodynamic 
model and the dynamic collective model. 
The shape of the intrinsic cross sections, 
which Kelly ej al. obtained for oscilla
tions parallel and perpendicular to the 
nuclear symnctry axis, is clearly not 
Lorentzian, and appears to indicate coup
ling between the two modes. 

DECAY MOSES OF THE GIANT RESONANCE 

There la interesting physics involved 
in the decay mode of the giant resonance, 
once it 1c excited by photons. First of 
ell, the decay mode is predominantly sta
tistical, aa shown by the branching between 
the (Y,n), (Y,2n), end (y,3n) cross sec
tions. The ratio of (v,2n) to the totel 
cross section can be calculated on a 
dsnaity-of-statea argument, with the 
result: 

,"(Ti*n) . oflr.total) 

fV'thr <Y.2n> 
p<u)E« 

rv. 
I PS 
•»o 

.tte(Y.«)-n (3) 

Bare, p la the level density in the targat-
minua-one-nautron nucleus end U is the 
excitation energy, corrected for pairing 
and shell effects: 

vw* -̂**-* <6> 

The theory predicts, fai experiments con
firm, that the (v,n) cross section goes 
essentially to zero by 2 to 3 MeV above the 
(Y,2u) threshold. Likewise, the (Y,2n) 
yield disappear* shortly above the (Y,3n) 
threahold. 

These experimental obaervations are 
illustrated in Figure 10, which shows the 
(Y,n), (Y,2n), and (Y>3s) cross sections 
of I i 5Ho ae reported by Barman at al. l s 

There ie some experimental evidence, 
particularly by Axel end coworkers16'17 

and Bertozzl ej »J., i e that has been 
interpreted to indicate that as much as 
251, but more typically 10 to 15?, of the 
Siant-resonanca decays are nonetatistical* 
The data involved i* the excaaa of high-
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Figure 8. Ares ratio of torents-curve fits 
to photon absorption cross sec
tions of deforced nuclei. The 
quadrupole aoasnt is shown for 
comparison. 
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Figure 10* The photoneutron cross sections 
of l»Ho. ( a ) t o c a l > ( b ) ( Y < n ) f 

(c) (y.2n), (d) (Y,3n). 
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Figure 9 . The pbocon absorption cross s e c 
t ion of polarized 1 6 5 H o . The 
curve i s the Lorentz-curve f i t 
t o cite unpolarized data. 
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Figure 1 1 . Level-densi ty parameCcrs 
obtained from the r a t i o of the 
(r v 2n) to the t o t a l photoneu-
tron cross s e c t i o n . 



energy neutrons over that predicted by 
statistical theories. Howevert the 
results of these experiments are sensi
tive to the shape assumed for the 
(inverse) cross section for the neutron 
interaction with the residual nucleus. 
The Llvermore results on (y,n) cross 
sections above the (Y,2n) thresholds do 
not rule out a nonzero component of the 
order of 10Z; the Saclay results seem to 
Indicate a bit sore nonstatiatical decay. 

Figure 11 ahows the level-density 
parameter obtained for several nuclai 
froa the analysis of the energy-dependent 
ratio of the (Y,2n) cross section to the 
total neutron cross section. There is no 
•articular trend in these values, but 
they do lie in the range expect2d froa 
other types of determinations, such es 
inelastic scattering of neutrons. The 
correction to residual excitation energy 
for suppression of the ground etate, 
which also is obtained fron the ratio of 
cross sections, shows a marked even-even 
effect, as expected. However, there 
appears to be no narked difference in the 
ground state suppression of odd-A and 
odd-odd nuclei, although one would expect 
that oda-A suppression should be the 
larger. 

At this point, it would be appro
priate to asaaarlse the contribution of 
(y,p) reactions to the total photon cross 
•action, However, (Y.P> cross sections 
are snail end difficult o measure for 
nuclei with A > CO, so that too little 
seta is available to summarise. 

GIAK-HSMMIKE WIDTHS 

The rather large observed widths for 
the giant resonance have been a thorn in 
the side of both theorists and experi-
asntsllsts. The letter have struggled 
for yeirs to find structure thst would 
give insight to the nuclear processes 
involved, only to find bread bumps and 
small undulations. The former have 
applied elegant theories to explain 
reported structure that melted away under 
heated acrutiny. Vara controversy still 
surrounds the subject, (see Barmen e£ (*., 
paper Sill of this Conference.) 

It does appear that the theories 
which originally were epplied to explain 
nonexistent structure are being success
fully applied to explain the giant-reso
nance widthu. For nuclei that are very 
stiff towsrd surface vibrations, auch as 

9 0Zr, l l 6Sn, '"Nd, and 2 0 8Pb, the experi
mental width of the gianc resonance is as 
small as about 4 HeV. This is illustrated 
in Figure 12, which shows the widths meas
ured for spherical nuclei. As the stiff
ness toward surface vibrations decreases, 
the coupling to the dipole mode increases 
end the width increases* This is seen 
dramatically in the several experiments on 
the isotopes of a single element. 

Assuming thet the Intrinsic width of 
individual dipole transitions has the 
form" 

r " ro<VV«-
comparisons of calculations using the 
dynamic collective model with experiments 
on both deformed and spherical nuclei 
indicate chat the parametere are 

r 0 - 2.5, E 0 - 12.3, 6 - 2.4. 

At l y 15 HeV, the intrinsic width would 
then be 4.0 HeV, which is ebout the mini
mum width observed experimentally for 
spherical nuclei. Arehhovel and Greiner10 

used r„ - 2.5 and C - 1.6, which give a 
width of 3.5 HeV at 15 HeV. 

The widths of the two resonance 
components for deformed and vibrational 
nuclei are shown in Figure 13. The 
higher-energy resonance is always wider, 
as one would expect froa the energy depen
dence of the individual components. A 
direct comparison of the two widths in the 
region of statically deformed nuclei would 
imply an energy exponent of 2.5 or leas, 
depending on the, extent of spresding of 
the dipole strength in the upper-energy 
resonance. It is interesting that this 
value agrees with the value obtelned by 
comparison of dynaaic-collective-aodel 
calculations with experiment. 

CIAHT-KESONAKCS EHERGIES 

The positions of the giant-resonance 
energies apparently are not influenced 
very much by coupling to surface vibra
tions, since the elementary hydrodynamic 
aodel gives a quite good description of 
the energies with only one slowly varying 
paraaeter, K, the nuclear symmetry energy. 

Mote that, according to Eq. (A), the 
giant-rcnoiinncc energy depcmlH upon the 
ratio K/K0*. For the prcttcnt parameteri
zation we assume that R 0 - 1.20 F. 
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Figure 12. Giant-resonance tfldths for 
spherical nuclei. 

Figure 13. Widths of the two components 
of Lorentz-curve fits to the 
giant resonance of deformed 
and vibrational nuclei. 

Figure 14. Nuclear sysswtry energy 
obtained fro* energies of the 
giant resonance. 

Figure 15. Integrated photonuclear cross 
sections for nuclei measured 
with the annihilation-in-flight 
technique. The arrow tips indi
cate the cross sections of the 
Lorentz-curve fits to the data. 
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The sacc value of K applies to both 
'spherical and deformed nuclei. The sym
metry energy is shown as a function of 

number in Figure 14. To an accurac> 
of about 52, K - 126 (N/A)3, where N is 
the neutron number. For further discus
sion about K a see paper 5B15S of this 
Conference by B. t . Baraan. 

The spread in the experimentally 
determined values of K at a given value 
of A can be seen to be about ±1/3 HeV 
froa the average. Consequently, using K 
determined froa systematica and the 
intrinsic qiiadrupole aoaent, the giant-
rssoaaaca eaergles of any nucleus with 
A > M can be predicted with an accuracy 
of about 100 keV, which is probably 
batter that could be obtained in a single 
experlaeat. The value assuaad for r Is 
not vary lasortaat; one HeV change la r 
leads to about 70 kaV change In giant-
xeseaaace saergy* r could be adequately 
eatiaated froa aystaaatlcs. 

HM Win 
With a few saall-aaplltuda exception*, 

the giant-resonance cross sections up to 
35 He* end for A > 60 can be described 
wall by one ox two Loraita-ahaped compo
nents, however, the data do not extend 
below the (Y,n) threshold or higher than 
about 35 Me*. Consequently, when coapar-
lag tha sua 

o[(T.a) + <Y.2n) + (v.3n) + (r.pn)] 

to even aodel-ladependent sua rules. It 
la desirable to add to the data correc
tions for the ireinsured cross section. 
If the cross-section shape is indeed 
Loraatslan, the straightforward way to 
aaka the correction for the TRT. aua rule 
1* to coaput* the area under the Lorantt 
curves; 

2 

fE°i r i • 
i - i 

There are esses where thla procedure la 
questionable, particularly when there 
are T * Tg + 1 buapa* however, we do 
want to exclude quadrupole bumps when 
comparing with the dlpo?3 sua rule. 
Bene*, In Figure 15 are presented both 
the iatcgrel of the uncorrected dsta and 
the area of the fitted curves. The areau 
are divided by the TRK sua rule with no 
exchange correction: 60NZ/A HeV-ab. It 

appears that there arc some discrepancies 
between the Livcrmore and Saclay values. 
This is principally associated with a 
larger extrapolation for the unmeasured 
cross section for the Saclay data. 

Because of the rather lerge uncer
tainty in the unacssured coaponent of the 
photon absorption cross section near and 
below the (y,n) threahold, the 1/E end 
1/E2 weighted sua rules are even mora 
difficult than the TKK sua ruls to evalu
ate froa photoneutron data. Total absorp
tion experiaente do offer the possibility 
of more meaningful comparison with higher-
order sua rules. 

The integrated cross sections, even 
including tha unmeasured portion of tha 
Lorentx curves, exceed the TRK sua rula, 
uncorrected for exchange forces, by an 
average of about 10Z. If the exchange 
contribution to the cross section is more 
than 10X, the cross section aust exceed 
the loraatsian curve in the region ebove 
35 HeV. Typically, an additional constant 
erosa section of only 10 mb froa 35 KaV to 
135 HeV would add SOZ to the cross section, 
but this will surely be one of the topics 
covered by Dr. Ziegler in tha following 
paper. 
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