This is a prepriat of a paper intended for publicatios in
a journal or proceedings. Since changes may be made
be(u-: publication, this preprint is made avajlable with

un&rlhndlnllbn will not be cited or reproduced
withowt the permission of the author,

UCRL - 74743
PREPRINT

Loy 730300--T

LAWRENCE LIVERMORE LABORATORY
University of Callormia/Li >alfornia

R. L. Bramblett
S. C, Fultz

B. L. Berman

May 4, 1973

NOTICE

This report was prepared ss sn account of wnrk
sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy
Commission, nor lny of their employees, nor any of
their or their ployees,
makes any wesranty, express or implied, or sxsumes any
legal Iubihty or responsibility for the aczuracy, com-
of lny

proo:u disclosed, that its use
would no( infringe privately uwned nlh!s

Systematic Properties of the Giant Resonance: Current Status

This paper was prepared for submittal to the Proceedings of the Inter-
national Conference on Photonuclear Reactions and Applications.

PTRIBU I "




SYSTEMATIC PROPERTIES OF THE GIANT RESONANCE: CURRENT STATUS?Y

R. L. Bramblett
Gulf Radiation Techunology
P. 0, Box 81608, 3an Diego, California 92138

S, C, Fultz and B. L. Berman
Lawrence Livermore Laboratory
P. 0. Box 808, Livermore, California 94550

PREFACE

This papar was originally

chedulad to be p 4 by Stanley C. Pultz, vho fot

aixteen years was the leader of photonuclear research done at L
Stan Pultz died, following a brief illness, on June 18, 1972, A large pnt:ion of

tory.

the photonuclear work reported here was done by Stan and his coll . He pi
the Livarsore work on the use of positron annihilation in flight for the uyltmtic
measuresent of cross sactions over the glant 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 Lineax
Accelerator, which is now producing the high quality phstonuclear and neutron physics

results that he envisioned.
. Dz. ¥uletz during his yaars at Livermore.

INTRODUCZION

. The purpose of this paper is to sum~
. warize, from the vi.-upoint of an -xp-ri—
nentalist, the ing sy ic

The coauthors of this paper were privileged to work with

that penetrate the annihilation target ate
bent away from the beam line with a magnat,
The annihilation photons emitted in the

. dixocti\m of positron valocity are used to

properties of the giant Tesonance for
photonuclear reactions, as observed using
real photons from abcut 8 to 35 MeV, In
:h: last ten years the quality and quan-

tzy of pbo:onuclnr data in this lncrgy
ngion has fwp r kably, p

photonuclear reactions. At this
lnglc (0°), the mnnthilation photon energy -
equals the positron energy plus 0.76 MaV.
At Livermore, paraffin-moderated BF3 pro-
vortional caounters are used to detect
nlu:ron., wheress at Szclay the neutron

pally b se of the ot the
vositron annihilation nchn:l.quo as
pioneered by Pults and his collaborators
at Livermors, and Tzara, Bergere and
others at Sachy. Othar :nchniqun for
producing
have yielded i.qmttnnt ruul:-. “but not
resulte in the quantity and over the
range of nuclei that ellow systematice to
be avaluated.

AMNIUILATION PHOTON TECHNIQUE

An sariier experimental etrrangement
for positron sanihiZation-in-flight
experiments at Livermors is shown in
FPigure 1, A figure of the new setup is
given in Paper 2D16S of this Confcrence.
Positrons, which sre produced by electron
bremsstrshlung and pair production in a W
or Ta convertar betwean sections of the
Linac, are emergy analyzed and directed
onto @ low-Z target vhere some annihilate
with slectrons of the target. Positrons

is a large Gd~-loaded 1iquid
scintillator. In either cass, the pulti-
plicity of neutrons produced par reaction
can be determined so that (y,n), (y,2n)
and (v,3n) cross sactions can be measured.
For nuclei with A grester than 60, the sum
of these 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 bremserrahlung accompanying the
annihilation radiation. The-correction is
ulututed in Figure 2, which shous the

yields produced from Au when
positzons or electrons are incident cn the
sunihilation target. The subtraction of
the electron data from positron data to
obtain the signal produced by annihilation
photons bacomas a serious limitation to
accuracy by 10 or 15 MeV above the giant
resonance, becavse of the large statistical
and normalization errors introduced.

i¥ork performed under the auspices of the 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 flighe.
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Nuclei for which cross uc:ionu have been -easu:ed

using positron aunihilaticn in flight,



NUCLEI STUDIED

At the p ¢ time, pi lear
cross scctfons have been measured using
the annihilation-photon technique for
approxlmately 68 nuclei, 45 of whicl are
in the mass region above 50, where it is
possible to consider systematic charac-
teristics. A mip of the nuclei studied
is shown in Figure 3. B. L. Bermsn has
compiled at atlas! of these cross sec~
tions, which is available from hiw upon
request.

THE HYDRODYMAMIC MODEL

To be able to discuss the photo-
nuclear characteristics over a broad range
of nuclei we will use the two-fluid model
of Goldlubct and Teller,? Stainwedel and
Jensen,? and Danos.* Other papers in this
conference will surely discuss the refine-
ments and inadequacies of this model.
According to the model, the photon absorp-
tion croes section for spheroidal nuclei
may consist of ome or two Lorentz curves.

a(z) (1)
§ 1+ (:z-: ) / ¥’
f a(z)de = i-} o - )

1=l

The model also predicts the enargies of
the giant resounr:ce:

2k
. (3)
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Here, R, is the nuclear radius parameter
(= R°A 173), X is the nuclesr synmatry
energy, and kjR are eigenvalues .arac-
teristic of deformation of the spheroid.
Insofar as this model is concerncd, the
petaneters are K, Ry, Ty, and the intrin-
sic quadrupole moment, which determines
kiR. The model makes no statenent about
the magnitude or origin of the widths, Iy,
except that they are damping terms,
analogous to viscosity.

For spherical puclei, k;R = 2,082,
so that

z”

E= 1455——--7—'-— . )

Note that no effective mass corresponding
to the existence of exchange forces has
been introduced in the formula for the
gisnt-resonance energy. Since R is

bly well d ined from el
scattering expsriments, any sffectivo mass
correction must be buried in the symmetry
energy paramater, K. As will be geen, thes
photonuclear data show that K/Rp“ is a
slovly varying function of A, with a value
of K consistent with that used in ssmi-
empiricel mass formulae.

SELECTED RESULTS

An example of racent measurements
which show systematic behavior of the
giaut resonance is the Nd series of iso-
topes measured at Szclay by Carlos gt l.\-.
shown in Figure 4. The data have been
fitted with Lorentz curves (two components
in the case of 1508d). The peak energies
decrease slightly with increasing neu::cn
uusber, as expected from the model. ’

© is tha case for deformed nuclei, the qud-

rupole moment of !50Nd can be determined
from the enorgies of its two-component
glant resonan Lorentz curves. fit the
wassuzed cross aections very well, with
somt small deviations on the low side of
the giant resonance.

Another series, mecasured at Livermore
by Berman et al.,® is for the Zr isotopes.
The results for the photon absorption croas
section of 992Zr are shown in Figure 5. In
this case, there is obvious structure on

the high-energy side of the giant reso~
nance that agrees in energy with predic—~
tions by Akyuz and Fallieros” of a T =

Tz + 1 glant resonance. That the ampli-
tude of this T = Ty + 1 component is less
than the theoretical prediction 1is expec-
ted since neutron emission is isospin for-
bidden. There is a corresponding peak in
the proton-miu:lon chanzel, as seen by
Dushkov et al.® It is likely that the
structure seen in the Livermore experiment
is a result of isospin mixing rather than
decay through the (y,pn) chamnel, since
the energy above the (y,pn) threshold is
small. Several other Zr isotopes shaowed
simtlar structure, with the same possible
explanation, The T = T, + 1 glant reso-
nance is difficult to observe for nuclei
very much heavier than mass 100, because
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Figure 4. The photon absorption cross sec-

tions of the Kd fsotopes. Smooth curves
are Lorentz-curve fits to the data.
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Figure 6. The photon absorption cross
sections of the Sn isotopes.
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Pigure 5. The photon absorption cross sec-

tion of 99Zr. The excess yield
above the Lorentz curve is
attributed to the T = T, + 1
giant resonance.
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7. The total photon absorption
cross section of Tb. The
solid curve is a result of
calculation using the dynamic
collective theory including the
E2 giant resonance.



the T = T, + 1 strength decrcoses rapidly
with A, At lower A, the cross sections
have cther structurc that makos the
assisrnment Wi ficult,

The Sn isotopes have been measured
by Fultz et 31.,9 with results foc three
isotopes shown in Figure 6. Structure
which may be the T = T, + 1 resonance is
seen above the main resonance, Calculs-
tions by Arenhovel and Greiner!® using the
dynamic collective model for electric
dipole tramsitions do not include the

:f the struct wight
also ba E2 photon n?.vlorgtion. as described
by Liganea and Gre’ner.}?

Another axample, 15%Tb, measurad
some years ago by Bramblatt gt 3].!2 s

is dncreased when the target is polarized
perpendicular to the photon beam, In
fack, the observed change in ampIitudes
was only (75 & 13)Z of the change pre-~
dicted by both the clementary hydredynamic
model and the dynamic collective madel.
The shape of the intrinsic cross sections,
which Kelly gt zl. obtained for oscilla-
tions parallel and perpendicular to the
nuclear symmetry axis, is clearly not
Lorentzian, and appears to indicate coup~
1ling between the two modes.

DECAY MODES OF THE GIANT RESONANCE

There is interesting phyaics involved
in tha decay wmode of tha giant rasonance,
onca it is excitad by photons. First of
all, tha dacay moda is pradominsntly sta-~

shown in Figure 7. This giant r
shows aplitting dus to tha daformatiovn of
1591p, and alsc shows a broad bump which
haa bessn intarpretad ss tha quadrupola

giant regonsnca by Ligensa and Grainer.}l

AREA RATIOS FOR DEFORMED NUCLEL

One of the successas of the alemen~
tary hydrodyasmic modal was the predic~
tionl}3s1% of double-humped gisnt reso-
nances for deformsd nuclai. Tha lower~
anergy is pradictad to have ona
half cthe amplicude of the highsr compo~
aent. The axperimental rasults confirm
this ares ratio only for the most Jdeformed
of suclai, as shown in Figura 8., It
appasrs that the area ratio ia diractly
correlated with the quadrupole moment,
The d c collactive modal has bean
ahown!151% to give good agraement with
the axperimentally obsarved araa ratioa
for l:g:a snd 15%Th with gome adjustment
of paramsters; however, aven thia mora
rafined wodel appears to ba in disagraa~-

. mant with maasurements of area ratios on
polarized 185%0.

The of the ph b
tion cross section 5f polarized 1658,
made by Kelly st gl.,!" vas both a lucid
confirmstion and a severe test of the
hydrodynamic model. TFigura 9 shows the
cross sections as a function of anargy
obtained with the holmfum targat pclar~
ized parallel aad perpendicular to tia
photon beam. With parallel polarization,
the high-smergy componant of the giant
resonance increasea in smplitude becausa
it corrasponds to oscillation of the
protons agaiwt neutrons in the divec-
tiocs tramsveras to tha nuclcar sysmestry
axis. Conversely, tha lov-cnergy componant

tistical, sma shown by the branching between
tha (y,n), (v,2n), and (v,3n) cross sac-
tions. Tha ratio of (v,2n) to the total
cross saction can be calculated on a
deasity-of-statas argumsnt, with tha
Tesult:

flv-!thr(Y.Zn)

p(U)E dE

a(y,2n) _ Jo - .

o{Y.total !:Y-l:hr(\r.n)-A
A p(U)lndln

Hera, p is the level dancity in tha target-
minus-one-neutron nucleus and U iz the
excitation anargy, correctad for pairing
and ahall effects:

v-5 - B lvn) - B -8 . )
The thaory predicts, giud experiments con-
firm, that the (y,n) cross section goes
assentially to zaro by 2 to 3 MeV above the
(v,20) threshold, Likewisa, the (v,2n)
yleld disappears shortly above the (y,3n)
thrashold.

Thasa axperimental observations are
11llustratad ia Figurc 10, whizh shows tha
(\'.nz (¥,2n), acd (Y,30) cross sactions
of 16555 ag raported by Berman ac al.}5

Thera is some experimental evidence,
particularly by Axel and coworkersi®i17
and Bertozzi gf al.,!® that has been
intarpreted to indicata that as much as
25%, but mocre typicelly 10 to 15%, of the
giont~rosonanca Jocays ara nonstatistical.
The data involved is ths axceas ‘of high~
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Figure 10. The hot;;e_l:l;on eross sectiona
of 16511o. (a) total, (b) (y,n),
(e) (y,20), (d) (y,2n).

cm.s Section ~ mb

400 e

g

g

IR
& Target 1 Beam
¢ Target LBeam

PR T 1 ! 1

14 16 1B 20
Photen Energy - Me¥

olO 12

22

Figure 9, The photon absorption cross sec—

tion of polarized 1654, The
curve is the Lorentz-curve fit
to the unpolarized data.
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energy neutrons over that predicted by
statistical theories. However, 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 Livermore tesults on (y,n) cross
sections above the (v,2n) thresholds do
not rule out a nonzero component of the
order of 10Z; the Saclay results seem to
indicate a bit more nonstatistical decay.

Figure 11 shows the leveledensity
parameter obtainad for several nuclei
from the analysis of the snergy-dspendent
ratio of tha (y,2n) cross section to the
total neutrom cross section. There is no
particular trend in thess values, but
they do lie in the range expectad from
other types of determinations, such as
inalastic scattering of nautrons. The
correction to residual excitation snergy
for supp ion of the g d state,
which also is obtained fron the ratio of
cross sections, shows a marked aven-aven
effact, as expccted. However, thare
appears to be no warked difference in the
ground state suppression of odd-A and
odd=-odd wuclei, although one would axpect
that odd-A suppression should be ths
largsr.

At this point, it would be appro=-
priate to sumserize the contribution of
(Y,p) reactious to the total photon cross
saction. Nowever, (v,p) cross sections
are small and difficult > msasurs for
nuclei with A > €0, so that too little
dats is available to summarise.

GIANT~RESONANCE WIDTHS

The rathar large observed widths for
the giant resonance have bssn s thorn in
the side of both theorists and experi-
mantslists. The latter have atruggled
for years to find structure that would
give inaight to tha nuclesr processes
involved, only to find brcsd bumps and
small undulations. The former have
applied elegant theories to explain
reportad structurs that melted away under
h d +« Warm y still
aurrounds the subject. (See Berman ¢t gl.,
papsr 8E1l of this Conferance.)

It doss appesr that the theories
vhich originally were applied to explain
nonexistent structurs are being succesa-
fully applicd to explain the giante-reso-
nance widths, ¥or nuclel that are very
stiff toward wurfacc vibrations, such as

907y, 1165y, 14233, and 208ph, the experi-
mental width of the giant resonance is as
small as about 4 MeV, 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
and the width increases. This is seen
dramatically in the several experimeants on
the isotopes of a single element.

Assuming that the intrinsic width of
individual dipole transitions has the
form 19

T = l‘o(!.rlio)s.
comparisons of calculations using the
dynamic collective model with experiments
on both deformed and spherical nuclei
indicate that the parameters ars

l'° = 2.5, !o = 12,3, § = 2.4,

At Iy= 15 MaV, the intrinsic width would
than he 4.0 MeV, which is about the mini-
mum width observed experimentally for
spherical nuclei, Arenhovel and Greineri®
used T, = 2.5 and ¢ = 1,6, vhich give &
width of 3.5 MeV at 15 Mev,

The vidths of the two resonance
D for def d and vibrational
nuclei are shown in Figure 13. The
higher-energy resonance is always wider,
as one would expact from the energy depen-
dencs of the individual components. A
direct comparison of tha two widths in the
region of statically deformed nuclei would
imply an ensrgy exponent of 2.5 or less,
depending on the, extent of spreading of
the dipole strength in the upper-snergy
It is 1 dag that this
value sgraas with the valua obtained by
comparison of dynamic-collectiva-model
calculstiocns with experiment.

GIANT-RESONANCE ENERGIES

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

Note that, according to Eq. (4), the
plant- enerpy depewda uponr the
ratlo leuz. For the preseat paraweteri-
zation we assumc that Ry = 1.20 F.
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Figure 13. Widths of the two components

of Lorentz~curve fits to the
giant resonance of deformed
and vibrational nuclei.

b

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 f£its to the data.


file:///RKkJ

The same value of K applies to both
“spherical and deformed nuclei. The sym-
metry energy is shown as a function of

number in Figure 1l4. To an accuracy
of about 5%, K = 126 (N/A)3, where N is
the ncutron number. For further discus-
sion about K, see paper 5B15S of this
Conference by B. L. Berman.

The spread in the experimentally
determined values of K at a given valus
of A can be eeen to be about +1/3 MeV
from the average. Consequently, using K
determined from systematics and the
intrinsic quadrupole moment, the giant-
resonance esergies of any nucleus with
A > 80 can be predicted with an accuracy
of about 100 keV¥, which is probably
batter tham could be obtained in a single
experiment. The value assumed for T ie
mot vary imp ona Me¥ change in I
lesds to about 70 kn' change in giant-
resonance emergy. I could be sdequately

d from sy ics.

With a few small-amplitude exceptiouns,

the gismt-resomance croas sactions up to
35 He¥ amd for A > 60 can be described
well by one or two Lorenis-shaped compo-
wents. Nowever, the data do not extemd
balow the (y,s) threshold or higher than
about 35 Ma¥. C ly, vhen
ing tha sum

ol(v,») + (v,20) + (v,30) + (y,pn)]

to svem model-indspendent sum rules, it
is desirable to add to the data correc-
tions for the unmeasured cross section.
If the crou-neuon shape e hdud

isn, the straightf: d vay to
-h the correction for tihe TRK sum rule
is to computs the area under the Lorsats

curves;
2
x
z 2"1 Ty o
ey

There are cases whers this procadurs is
quastionabls, particularly when there
axe T » Ty + 1 bunps. Kowever, we do
want to excluds quadrupole hunpn vhen
comparing with the dipo’: sum rule.
Bence, in Figure 15 are presented both
the iategral of th2 uncorrected data and
the arca of the fltted curves, The arcan
are divided by the TRK sum rule with no
exchange correction: G6ONZ/A MeV-mb. It

average of about 103, |

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

Because of the rather large uncer-
tainty in the unmeasured component of the
photon absorption ctoss section near and

below the (y,n) threshold, the 1/E and

1/E2 weighted sum rulaa are even more

difficult than the TRK sum rula to evalu-

ate from photoneutron data. Total absorp-
tion experimants do offer the possibilicy
of more meaningful comparison with higher-

order sum rulea.

The integrated cross sactions, even
including the unmessured portion of the

Lorantz curves, excead the TRK sum rule,

d for

» by an

If the cxehu;n
contribution to the cross section is more
than 10X, the cross section must excaed
the Lorentzian curve in the region above
35 MaV. Typically, an additional coustant

croas ssction of only 10 mb from 35 MeV to
135 MaV would add 502 to the cross sectiom,
but this will surely be one of the topics
coverad by Dr, Ziegler in the foll~wing
paper.,
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