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Clusters in the photodisintegration of 9Be

K. Shoda and T. Tanaka*
Laboratory of Nuclear Science, Tohoku University, Sendai 982-0826, Japan

~Received 1 December 1997!

The ground-state cross sections and angular distributions of9Be(g,p), 9Be(g,t), 9Be(g,3He), and9Be(g,d)
are reported, together with the cross section for the9Be(g,d) reaction to the first excited state. Qualitative
discussions of these cross sections are made on the basis of a simple model which assumes free clusters in9Be.
This is similar to the two-cluster model used for6Li and 7Li for which theoretical calculations have been made.
Predictions on the basis of this model indicate the importance of clustering in the photodisintegration of
9Be, 6Li, and 7Li. The observed angular distributions are consistent with contributions due toE1 and E2
transitions.@S0556-2813~99!01801-4#

PACS number~s!: 25.20.2x, 21.60.Gx, 27.20.1n
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I. INTRODUCTION

The level structure of light nuclei can be described by
cluster model as well as by the single-particle shell mod
These models can also be applied to describe the rea
mechanism involved in photonuclear reactions, and ind
many publications have applied the cluster model to6Li and
7Li. Studies of the momentum distribution of the alpha a
deuteron clusters in the ground state of6Li using the
6Li( e,e8d) reaction indicate that it can be modeled using
a-NN model @1#. Photodisintegration to3He13H and
4He13Hc using linearly polarized photons@2# has been used
to study cluster structure in6Li and 7Li. Measurements of
the 6Li( g,d) and 6Li( g,t) reactions using tagged photon
show evidence of botha-d and3He-t cluster components in
6Li @3#.

Theoretical analyses of these reactions have been mad
the basis of a cluster model using potentials that have st
forbidden by the Pauli principle@4,5#. This cluster nature of
6Li has also been studied by inelastic3He scattering@6# and
by quasifreea scattering@7#. An extensive analysis of the
cluster nature in6Li has been made by Kukulinet al. @8#.

The shell model nature of6Li, 7Li, and 9Be nuclei has
been studied by means of the (g,p1) reaction. Highly ex-
cited spin-isospin flip states in6Li, 7Li, and 9Be have been
studied by the (g,p1) reaction using about 200 MeV pho
tons @9#. These states are analogs of residual states in6He,
7He, and9Li, respectively, left byp1 emission. The (g,p1)
reactions on these nuclei are well described by the imp
approximation. The results show that the group energy of
states in these nuclei can be explained by the shell mod

Photodisintegration of9Be leads to emission of man
few-nucleon entities such asd, t, 3He, anda, in addition to
single nucleons. This suggests the presence of clusters in9Be
and the possible applicability of a cluster model. Sin
photon-induced reactions produce less distortion in the
trance channel than do nucleon-induced reactions, ph
nuclear studies might provide data that would more rig
ously test the cluster model.

*Present address: Atomic Energy Research Institute, Nihon U
versity, 7-24-1 Narashinodai, Funabashi 274-8501, Japan.
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The ground state of9Be is considered to consist of
weakly bound unpairedp3/2 neutron and a core of fours1/2

and fourp3/2 nucleons. The photoabsorption cross section
9Be has been measured up to the photopion threshold@10#. In
the region of the giant dipole resonance, the emitted parti
are predominantlyn, p, anda @11–14#, with a non-negligible
contribution byd, t, and 3He @14–16#.

Figure 1 shows the energy level diagram for the photo
actions of9Be: the low-lying states in the residual nuclei a
indicated. The reaction thresholds other than for (g,n) and
~g,a! are greater than 16 MeV. Since the lowestT. state is
at 14.393 MeV, excitations above this energy may invo
population of bothT, andT. isospin states.

The photoneutron cross section has been studied in t
separate regions@11,13,17#: ~1! threshold to 5 MeV, where
sharp resonances correspond to direct excitations of the
paired neutron;~2! 5–18 MeV, where coupling of the un
paired neutron to the ground state and the first excited s
in 8Be dominates; and~3! above 18 MeV, where a core neu
tron is emitted leaving8Be mainly in the 16.6 MeV excited
state.

In all cases of photoneutron emission, subsequenta emis-
sion occurs due to the breakup of8Be, which is described as
a cluster of twoa particles. In the region above 18 MeV
photoproton emission from the core is also possible:
similarity of the (g,n) and (g,p) reactions above 18 MeV
supports the reaction mechanism mentioned above@13#.

Photodeuteron and phototriton emission from9Be has
been observed in the energy region above 20 MeV. For c
parison with cluster model predictions for this nucleus, mo
precise experimental information on the photoemission
charged particles is needed.

In the present paper, good resolution cross sections
angular distributions have been measured for the photoe
sion ofp, t, and3He, leading to ground residual states, and
d, leading to the sum of the ground and first excited resid
states. Since the reactions are measured specifically to
ground state@sum of the ground and first excited states f
(g,d)], the initial and final states are well defined. Th
there is a good basis for testing the cluster model for9Be.

Since more than three clusters may contribute to the st
ture of 9Be, the theoretical analysis is not fully define
i-
239 ©1999 The American Physical Society
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FIG. 1. Energy level diagram for the mai
photoreactions of9Be. The energy is given in
MeV. The threshold energies are shown in pare
theses. The residual states in the lowest-ene
region are also shown. Hatched states are re
nance states. Unstable residual states are in
cated by arrows showing breakup componen
The ground state of6He and8Li is unstable for
b2 decay with a half-life 806.761.5 ms and
83866 ms, respectively. The lowestT. (T
53/2) state is 14.393 MeV.
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Thus, in the present work, a qualitative analysis with
simple cluster model is applied to9Be. This method is then
checked against6Li and 7Li, which have been well studied
by the cluster model theory.

II. EXPERIMENTAL PROCEDURES

A 3.06-mg/cm2-thick 9Be metal target was bombarde
with electrons ranging from 21.0 to 39.0 MeV. Charged p
ticles were momentum analyzed using a Browne-Buchn
type broad-range magnetic spectrometer and detected
ladder of 100 Si~Li ! solid state detectors set along the foc
plane@18#. The relevant experimental parameters are sho
in Table I. For those particles stopped in the detector,
energy loss was measured and, in combination with the
mentum, particle identification was made using the relati

E5
q2

2m
5

Z2~Br!2

m

e2

2c2
. ~1!

Here E, q, m, andZ are the energy, momentum, mass, a
charge number of the particle,B andr are the field strength
and radius of the particle orbit in the magnet, ande andc are
the elementary charge and the velocity of light.

TABLE I. Energy parameters of the experiments.Ee is kinetic
energy of bombarding electron~resolution is 1.5%!, and DEe is
energy step.u is the detection angle.

Particle p d t 3He

Energy distribution (u5125°)
Ee ~MeV! 21.5–28.0 21.0–35.0, 39.0 21.0–35.0 27.5–38
DEe ~MeV! 0.5 2.0 2.0 1.5
Angular distributiona

Ee ~MeV! 23.0 23.0 23.0
26.0 26.0

au542°, 55°, 67°, 78°, 90°, 102°, 113°, 125°, and 138°.
-
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Examples of spectra of the energy lost in the solid st
detectors are shown in Fig. 2~a!, which also shows particle
identification. The lowest group does not correspond to
expected nuclear particles and is estimated to be4He1 ions.
As shown by Eq.~1!, the energies of protons anda particles
are the same for the sameB andr, so that they overlap in the
spectra. A thin absorber of aluminized Mylar was inserted
front of the detector ladder in order to separate these
groups by virtue of the different energy loss in the absorb
Examples of such separation are shown in Fig. 2~b!.

The energy distributions ofp, d, t, and 3He, following
electrodisintegration, were obtained from the yields of ea
particle group of the spectra from the 100 detectors on
ladder and spectrometer parameters. The proton spectra
thus obtained from data using the absorber to separate ta
group as mentioned. The background in the spectrum fr
each detector was subtracted to determine the yield for e
particle group.

Correction for the average energy loss by the parti
passing through the target was made by adding the en
loss (DE1/2) corresponding to half the target thickness in t
direction of emission. Examples of the results of the ene
distribution of the emitted particles are shown in Figs. 3–
In the figures, arrows show the end-point energy of partic
leaving the residual nucleus in the ground, first, and sec
excited states.

III. RESULTS

Electronuclear reaction cross sections can be reduce
photonuclear reaction cross sections using a virtual pho
spectrum@19#. The energy distributions of electroproduce
particles are given by

I ~Ex ,Ee!5(
i

d

dV
s~g,xi !

~Ex ,Eg!Nhn~Eg ,Ee!
dEg

dExi

, ~2!
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FIG. 2. Example of spectra of energy lost
solid state detectors. Data are shown at three
sitions, channels 30, 50, and 70 along the 1
detector ladder~proton momentumq is indicated
for each channel!. Identification of particle and
incident energy of protonEp are shown.~a! No
absorber is set in front of the detector ladde
Ee538 MeV. ~b! Absorber is set in front of the
detector ladder for separation betweenp and a.
HereEe528 MeV.
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whereEx is the kinetic energy of the emitted particlex with
mass numbera, Eg is the photoexcitation energy, an
s (g,xi )

(Ex ,Eg) is the cross section of the (g,xi) reaction at

Eg . The kinetic energy of the emitted particlexi leading to
the i th residual excited state with excitation energy ofERi

is

specified asEx5Exi
. HereNhn(Eg ,Ee) is the virtual photon

spectrum associated with an electron of kinetic energyEe
@20#. The energyExi

is related to mass numberA of the

target nucleus, the threshold energyEth , Eg , andERi
as fol-

lows:

Exi
5

A2a

A
$Eg2~Eth1ERi

!%. ~3!

According to Eqs.~2! and~3!, the end-point energy regio
(Ex.Exi

) of the particle energy distributionI (Ex ,Ee) in-
volves only particles leading to the residual ground sta
Therefore the corresponding ground-state cross sec
ds (g,x0)(Eg)/dV can be extracted from the end-point ener
distribution using Eqs.~2! and ~3!. As seen in Fig. 1, the
energies of the first excited states in the residual nuclei
large enough to apply the present analysis to obtain
ground-state cross sections for the (g,p0), (g,t0), and
(g, 3He0) reactions.
.
on

re
e

For deuteron emission, the separation of the first exc
and ground states is too small~0.4781 MeV! to permit sepa-
ration. However, the second excited state is sufficiently w
separated~4.630 MeV! to allow extraction of the sum of the
ground and first excited states (g,d011).

The energy of the particle is reduced by an amount t
depends on the thickness experienced in the target. The
sulting energy loss can be estimated by assuming a unif
production of particles in the irradiated target volume. Th
result suggests a significant modification in the energy d
tribution in the region within6DE1/2 of the end-point en-
ergy. However, the measured energy distributions have b
corrected for the energy loss on the assumption that all
particles were emitted at a half thickness of the target. Th
in order to avoid possible large errors in the analysis,
energy distribution in the region within6DE1/2 around the
end-point energy was not used for the analysis of the cr
sections. The energyDE1/2, which depends on the particl
and its energy, is less than 0.1 MeV forp, 0.2 MeV ford, 0.4
MeV for t, and 1 MeV for3He in the present case.

A similar analysis was applied in order to obtain the a
gular distributions at the angles as shown in Table I. He
the top 0.5 MeV of the energy distribution is not used,
order to minimize the effect of uncertainties in the partic
energy spectrum and the virtual photon spectrum in the e
point energy region. The cross sections and angular distr
tions are shown in Figs. 7–13 together with previous data
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242 PRC 59K. SHODA AND T. TANAKA
comparison. The error bars in these figures are statis
only.

IV. DISCUSSION OF THE RESULTS

Photonuclear angular distributions may be expanded

ds

dV
5A0(

i
ai Pi~cosu!, ~4!

wherePi(cosu) are Legendre polynomials andai are coef-
ficients determined by the interaction parameters. The c
nection between the terms in Eq.~4! and the photon multi-
polarities and their interference terms are shown in Table
Angular distribution coefficientsai in Eq. ~4! were deter-
mined by ax2 fit to the experimental results. The value
x2[(k«k

2/sk
2 are calculated by the deviation of the da

points from the fitted curve («k) and the standard deviatio
(sk) of the data points based on the statistics. Thex2 are
about 3 for the (g,d011) data shown in Fig. 12 and no
sensitive to a selection ofi<3 andi<4 for Pi(cosu). In the
(g,t0) data shown in Fig. 13,x2 is about 1 forEg 21.5–22.5
MeV and about 8 forEg 24.0–25.5 MeV, and they are no
sensitive toi<3 andi<4. In the (g,p0) data shown in Fig.
11, x2 is about 4 for both casesi<2 andi<3, but decreases
to 0.2 fori<4, indicating a better fitting. Thus, in the prese

FIG. 3. Example of proton energy distributions by electr
bombardment. The end-point energies ofp0 , p1 , andp2 are indi-
cated by arrows.
al

n-

I.

t

results, the number of termsPi(cosu) was limited toi<3
for the 9Be(g,d011) and 9Be(g,t0) data and toi<4 for the
9Be(g,p0) data.

The results are shown in Table III where the coefficie
in parentheses are smaller than the errors and are assum
be zero for the present discussion. The results indicate
the main mode of interaction in the photodisintegration
9Be is an overlap ofE1 andE2 plusE1/E2 interference in
the case of (g,p0) and E1 plus E1/E2 interference in the
cases of (g,d011) and (g,t0). The angular distributions pro
vide information on the corresponding states and reac
mechanisms. These results will be discussed later for
relevant reactions.

The 9Be(g,p011) cross section measurement by Denis
and Kul’chitskii @16# is compared in Fig. 7. Their results
which include an unknownp1 contribution, agree with the
present (g,p0) results near 22 MeV, but are about twice th
present results near 27 MeV. From the present proton en
distribution shown in Fig. 3, the excess yield ofp1 is ob-
scured by thep0 contribution. This indicates that the (g,p1)
cross section is much smaller than the (g,p0) cross section at
Eg524 and 26 MeV. Therefore the discrepancy between
present result and that of Denisov and Kul’chitskii does n
seem to be due to the (g,p1) contribution. The method re
ported here has been used to determine (g,p0) cross sections
for many other nuclei and gives agreement with the alre
established data.

FIG. 4. Example of deuteron energy distributions by electr
bombardment. The end-point energies ofd0 , d1 , andd2 are indi-
cated by arrows.
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PRC 59 243CLUSTERS IN THE PHOTODISINTEGRATION OF9Be
In the case of9Be(g,d011) shown in Fig. 8, the results o
Denisov and Kul’chitskii are similar to the present resu
except that the structures around 28 MeV are much stron
The cross section of Denisov and Kul’chitskii for (g,t0) is
about 1.5 times the present result as shown in Fig. 9. Des
the fact that the present detection angle is 125° while tha
Ref. @16# is 90°, consideration of the angular distributio
shown in Figs. 11–13 suggests that this discrepancy is
due to the difference in the detection angle.

The photodisintegration cross sections for9Be are shown
in Fig. 14~a! where vertical bars show the photoabsorpti
cross section@10# together with (g,n) ~solid curve! @13#,
(g,p) ~histogram! @12#, (g,p0) ~open circles!, (g,d011)
~open triangles!, (g,t0) ~solid circles!, (g, 3He0) ~crosses!.
The last four cross sections are the present results der
from ds/dV at 125° multiplied by 4p. The uncertainty in
this assumption will be less than 10% with an angular dis
bution similar to that shown in Table III. The present da
are also shown magnified in Fig. 14~b!.

Denisov and Kul’chitskii@16# also measured the (g,p)
cross section using the photon difference method and
tained a cross section that was about half the absolute c
section reported in previous measurements using the s
method @12,21#. The (g,p) result of Denisov and
Kul’chitskii is approximately equal to the (g,p0) cross sec-
tion presented here and a little smaller than the (g,p011)
cross section reported in the same paper. When the su
the (g,n) and (g,p) cross sections is compared with the to
photon absorption cross section, reasonable agreeme

FIG. 5. Example of triton energy distributions by electron bo
bardment. The end-point energies oft0 and t1 are indicated by
arrows.
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only possible if the (g,p) cross section reported by Clike
manet al. @12# is used in the sum rather than that of Denis
and Kul’chitskii. This is included in Fig. 14~a!.

Calculations of the photonuclear cross section in the g
dipole resonance~GDR! region of 1p shell nuclei, including
6Li, 7Li, 9Be, and others, have been made by Ishkhan
et al. These were based on supermultiplet structure in
shell model@22#. The results show configuration splittin
depending on the shell of the initial nucleon. Experimen
photoabsorption cross sections of these nuclei agree app
mately with these theoretical results. In particular, t
strength at high energies in the GDR corresponds to exc
tion of the nucleon from the 1s1/2 shell. They raised the
possibility that this group results from cluster effects.

The giant resonances for9Be(g,n) and 9Be(g,p) shown
in Fig. 14 are similar. The photoneutron yield in this ener
region predominantly involves excitation of the8Be core as
mentioned before. This suggests that the photoprotons
emitted from the8Be core in9Be, which is the analog of the
(g,n) reaction leaving residual states higher than 16.6 M
in 8Be.

The (g,p) cross section integrated from 18 to 37 MeV
about 0.6 times the (g,n) cross section. The cross sectio
for 4He(g,n) and4He(g,p) as studied by many experimen
@23# are approximately equal except for several MeV abo
the threshold. However, the ratio of 0.6 in the high-ener
region and also the fact that this ratio decreases in the hig
energy region cannot be explained by the Coulomb effe

-
FIG. 6. Example of3He energy distributions by electron bom

bardment. The end-point energies of3He0 and3He1 are indicated by
arrows.
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244 PRC 59K. SHODA AND T. TANAKA
FIG. 7. Cross section of9Be(g,p0). Solid circles, present resu
at u5125°. Open circles, Denisovet al. 9Be(g,p011) at u590°
@16#.

FIG. 8. Cross section of9Be(g,d011). Solid circles, presen
result atu5125°. Histogram, Denisovet al. at u590° @16#.
This shows that some modification of the present sim
transition models is necessary. Although some explana
of the difference may be possible in terms of isospin as m
tioned later, the explanation of this ratio is currently an op
question.

The cross sections for9Be(g,d011), 9Be(g,t0), and
9Be(g, 3He0) have similar strengths and are about one or
of magnitude smaller than the9Be(g,p0) cross section. The
9Be(g,d011) cross section shows a strong peak from t
threshold region up to around 26 MeV, but above this it
relatively flat. This is in contrast to the cross sectio
for 9Be(g,t0) and 9Be(g, 3He0). The 9Be(g,t0) and
9Be(g, 3He0) cross sections are similar.

The cluster model has been successfully applied to li
nuclei. Nuclei with fewer than eight nucleons are well d
scribed by a two-cluster model using, among others,
resonating group method~RGM! as summarized in the re
view article in @24#. However, for nuclei with more than

FIG. 9. Cross section of9Be(g,t0). Solid circles, present resul
at u5125°. Histogram, Denisovet al. at u590° @16#.

FIG. 10. Cross section of9Be(g,3He0). Solid circles, present
result atu5125°. Horizontal lines show the energy resolution.
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PRC 59 245CLUSTERS IN THE PHOTODISINTEGRATION OF9Be
eight nucleons, the model usually involves three or m
clusters, and calculations are tedious. However, they ca
done using the generator coordinate method~GCM! @25#, for
example.

Experimental results for photodisintegration of6Li and
7Li have been compared with two-cluster model calculatio
For 9Be, experimental studies have been made of the t
photoabsorption cross section, the (g,n) cross section, and
also charged particle photodisintegration, but theoret
analyses are few.

FIG. 11. Angular distribution of9Be(g,p0) ranging from 22.0 to
22.5 MeV. The curve is the result of thex2 fitting shown in Table
III.

FIG. 12. Angular distribution of9Be(g,d011) ranging from 21.0
to 22.5 MeV, from 22.5 to 24.0 MeV, and from 24.0 to 25.5 Me
The curves are the results of thex2 fitting shown in Table III.
e
be

.
al

al

Many particle shell model calculations have been made
the photoabsorption cross section of9Be by Majling et al.
@26#, Shackleton@26#, and Ishkhanovet al. @22#. They em-
ployed different residual interactions between all nine nuc
ons. Their results reproduce some structures seen weak
the experimental (g,n) cross section. The measured cro
section above 30 MeV is still large, and although Majlin
et al. predict a large cross section in the high-energy regi
their calculation cannot reproduce the cross section fr
threshold to 18 MeV. The result of Shackleton does not sh
any significant cross section in the high-energy region. I
khanovet al. successfully reproduced the energy and inte
sity dependence of the experimental broad cross section
1p shell nuclei by configuration splitting due to supermu
tiplet structure for E1 transitions from the 1p valence
nucleon and the 1s core. The result of their calculation o
9Be(g,n) shows that the strongest channels lead to the po
lation of states of the8Be nucleus beginning at 16.6 MeV
where the emission of fragments from the8Be core is more
important.

Two-cluster model calculations for the photodisinteg
tion of 6Li and 7Li have been made with less ambiguity, an
the results agree well with the experimental data@4,5#. How-
ever, no theoretical cluster model calculation has been m
for the photodisintegration of9Be. Qualitative analyses usin
the cluster model will be discussed here for photodisinteg
tion of 9Be in comparison with the cases of6Li and 7Li for
which there are many cluster model calculations.

In the present qualitative discussion, the crude assump
is made that the cluster can be assumed to be free in

FIG. 13. Angular distribution of9Be(g,t0) ranging from 21.5 to
22.5 MeV and from 24.0 to 25.5 MeV. The curves are the resul
the x2 fitting shown in Table III.

TABLE II. Theoretical angular distribution for photonuclear re
actions assuming compound process. The results are given fo
multipolarity E1,E2, and their interference for the reaction.

Interaction mode ds/dV

E1 A0@P0(cosu)1a2P2(cosu)#
E2 A0@P0(cosu)1a2P2(cosu)1a4P4(cosu)#

Interference
E1-E2 A0@a1P1(cosu)1a3P3(cosu)#



.
ation of

the

246 PRC 59K. SHODA AND T. TANAKA
TABLE III. Angular distribution coefficientsai determined by ax2 fit with experimental results by Eq
~4!. The coefficients in parentheses are smaller than the errors and are assumed to be zero for estim
main modes.

Eg ~MeV! A0 ~mb/sr! a1 a2 a3 a4 Main modea

9Be(g,p0)b

22.0–22.5 12763 ~0.0260.04! 20.2260.12 20.1160.09 20.28 6 0.09 E1,E2,E1-E2
9Be(g,d011)c

21.0–22.5 19.460.4 0.0860.06 20.1760.06 ~0.0160.10! E1, E1-E2
22.5–24.0 14.960.3 0.2160.06 0.2060.06 ~0.0660.10! E1, E1-E2
24.0–25.5 9.660.3 ~20.0260.08! 20.6260.31 20.2860.13 E1, E1-E2

9Be(g,t0)c

21.5–22.5 10.960.5 ~20.0160.13! 20.2660.13 ~20.1060.21! E1
24.0–25.5 9.260.3 20.2060.08 20.4860.11 0.1560.14 E1, E1-E2

aMain mode indicates the possible modes onE1,E2 interactions and their interference deduced from
present results ofai . E1-E2 means interference betweenE1 andE2.
bEquation~4! is taken up toi 54 for x2 fitting.
cEquation~4! is taken up toi 53 for x2 fitting.
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binding potential. For this approximation, Table IV lists th
possible cluster configurations of the target and resid
states for the cases of6Li, 7Li, and 9Be. In the table, the
relevant residual configuration resulting from the clus
knockout is underlined. The number of the possible clus
transitions in9Be is much greater than for6Li and 7Li.

In order to maintain a consistent discussion, considera
of the residual states is limited to the ground state when
model is compared with the experimental results for
(g,p0), (g,d0), (g,t0), and (g, 3He0) reactions. For (g,n)
and (g,p) reactions, residual excited states are included.
cluster structure for light nuclei with more than four nucl
ons is discussed in Ref.@24#. The cluster transitions given in
Table IV are selected so that the main cluster configurati
in both the target and residual nuclei agree with a compon
of the configuration in Ref.@24#. The results of such transi
tions are shown in Table V, where the cluster configuratio
for the residual states are also indicated. When the clu
configuration of the excited state has already been defi
from experiment, it is shown by ‘‘ex.s.,’’ and it is assume
that one of the component clusters in this configuration
directly emitted from the excited states following photoex
tation.

In the cluster model, photodisintegration involves tw
types of transitions by the component clusters in the ta
ground state. One is direct knockout of a cluster, and
other is based on the photodisintegration of a compon
cluster. The knockout process for a two-cluster system
been calculated in the microscopic potential model and
the RGM. Most recently, Dubovichenko and Dzhazairo
Kakhramanov have calculated the photonuclear process
6Li using a cluster model via the channels@a•d#, @3He•t#,
and @5Li•n# @4#. The calculation was based on microscop
potentials with forbidden states and was compared with
perimental cross sections for6Li( g,d), 6Li( g,t), 6Li( g,n),
and the relevant inverse reactions. The agreement betw
theory and experiment was generally good. In the case
6Li( g,t), the comparison was difficult because of poor e
perimental data. They also applied the same method to7Li
al

r
r

n
e

e

e

s
nt

s
er
ed

s
-

et
e
nt
as
y
-
for

x-

en
of
-

FIG. 14. ~a! Cross sections for photodisintegration of9Be (Eg

>16 MeV). Threshold energies are shown by arrows. Vertical b
photoabsorption cross section@10#; solid curve, (g,n) @13#; histo-
gram, (g,p) @12#; open circles, (g,p0) present data; open triangles
(g,d011) present data; solid circles, (g,t0) present data; crosses
(g,3He0) present data.~b! Magnified figure of (g,p0), (g,d011),
(g,t0), and (g,3He0), the same as in~a!.
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TABLE IV. Possible cluster configuration for photodisintegration of6Li, 7Li, and 9Be. An underline
shows the result by cluster knockout reaction.

Reaction (g,n) (g,p) (g,d) (g,t) (g,3He)
Target nucleus Residual nucleus

6Li 5Li 5He 4He 3He 3H

a•d a•p a•n aI
3He•d t•d d•d p•d n•d

3He•t 3He•d 3He•2n 3He•n 3He
2p•t d•t p•t t

5He•pa 5Hea

a•p 4H•pb t•p d•p 2n•p
5Li•nc 5Li c

4Li•nd a•n 3He•n 2p•n d•n

7Li 6Li 6He 5He 4He 4H

a•t a•d a•2n a•n aI
3He•t t•t d•t p•t n•t

3He•4Hb 3He•t 3He•3n 3He•2n 3He•n

2p•4Hb d•4Hb p•4Hb 4Hb

5He•da 5He•pa 5He•na 5Hea

a•d 4H•db t•d d•d 2n•d
5Li•2nc 5Li•nc

4Li•2nd a•2n 3He•2n 2p•2n d•2n
6He•pe 6Hee

5He•pa 5H•pf 4H•pb t•p 3n•p
6Li•n 6Li

5Li•nc 5He•na a•n 3He•n t•n

9Be 8Be 8Li 7Li 6Li 6He

a•a•n a•a

a•3He•n a•t•n a•d•n a•p•n a•n•n

a•t•d a•t•p a•t•n a•t

a•d•d a•2n•d a•n•d a•d
3He•t•d t•t•d d•t•d p•t•d n•t•d

a•p•4Hb a•p•t a•p•3n a•p•2n a•p•n

a•4Hb

3He•p•4Hb t•p•4Hb d•p•4Hb p•p•4Hb n•p•4Hb

3He•t•t 3He•t•d 3He•t•2n 3He•t•n 3He•t

2p•t•t d•t•t p•t•t t•t
3He•d•4Hb 3He•d•t 3He•d•3n 3He•d•2n 3He•d•n

3He•p•4Hb 3He•n•4Hb 3He•4Hb

2p•d•4Hb d•d•4Hb p•d•4Hb d•4Hb

5He•aa 5He•3Hea 5He•ta 5He•da 5He•pa 5He•na

a•a 4H•ab t•a d•a 2n•a
5Li•4Hc,b 5Li•tc 5Li•3nc 5Li•2nc 5Li•nc

4Li•4Hd,b a•4Hb 4He•4Hb 2p•4Hb d•4Hb

6He•3Hee 6He•2pe 6He•de 6He•pe 6Hee

5He•3Hea 5H•

3Hef 4H•

3Heb t•3He 3n•3He
6Li•t 6Li•d 6Li•2n 6Li•n 6Li

5Li•tc 5He•ta a•t 4He•t t•t
7Li•d 7Li•d 7Li•n 7Li

6Li•d 6He•de 5He•da a•d 4H•db

a 5He may bea•n, t•d, andp•4H. d 4Li may be 3He•p andd•2p.
b 4H may bet•n andd•2n. e 6He may bea•2n, 3He•3n, t•t, d•4H, andp•5H.
c 5Li may bea•p, 3He•d, andt•2p. f 5H may bet•2n.
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TABLE V. Expected transition of the main cluster for photodisintegration of6Li, 7Li, and 9Be. The
elementary reaction on a cluster component is shown, and knockout of a cluster component is indicate
→. Cluster configuration is shown by@ #. The residual configuration is selected so as to be the ground sta
except (g,n) in which excited residual states are included. The threshold energy is shown following t
residual nucleus.

aDominant cluster configuration of the ground state is taken as follows~when the excited state is shown, it is
indicated by ex.s.!: 3H: @n•d#. 3He: @p•d#. 4H: @n•t#. 4He: @ t•p#, @3He•n#, weak @d•d# @27#. 5He:
@ t•d#,@a•n# @24#. 5Li: @a•p#, @3He•d# @24#. 6He: @a•2n# @24#. 6Li: @a•d#, rather mild effect of@5Li•n#
and @5He•p# @24#. 6Li ex.s.: @a•d#, @3He•t# @24#. 7Li: @a•t#, additional configuration of@6Li•n#,
@6Li•n* #, and @5He•d# for good description@24#. 7Li ex.s. ~,50 MeV!: @a•t# @24#. 8Li: @a•t•n#,
@n•7Li # @24#. 8Be: @a•a# @24#. 8Be ex.s.:@a•a#, @a•a* # @24#. 9Be: most important for@a•a•n# @24#.
9Be ex.s.:@5He•a# @24#.
bThese configurations are neglected for transition, though they are necessary for a detailed discussion fo7Li.
c@a•d•n# may be approximated to@6Li•n#.
d@a•p•n# may be approximated to@5Li•n#.
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through the@a•t# channel and obtained good agreeme
with the experimental cross sections for both7Li( g,a) and
the inverse reaction@5#.

Sketches of the experimental cross sections for (g,n),
(g,p0), (g,d0), (g,t0), and (g, 3He0) on 6Li, 7Li, and 9Be
are shown in Fig. 15. Also shown are the cross sections
the same decays for2H, 3H, 3He, and4He, so that compari-
son can be made in discussing the assumption of disinte
tion of free cluster. The cross section of9Be(g,d011)7Li is
taken to bes(g,d0), because the cluster configuration m
be the same for the ground and first excited states in7Li.

If a target nucleusA ~massA! is described by the configu
ration of the clusterCi @massCi ( i 51;N)], mass A is
given byS iCi plus the binding energy of the clusters. Co
sider that the reactionA(g,x)B which emits a particlex
t

y

ra-

~massx! results from the elementary reactionCs1g5Ds

1x. If the ground state of the residual nucleusB0 ~massB0)
is described by the sum of the free cluster massCi ( iÞs)
andDs plus the binding energy of the clusters, the thresh
energy of the reactionA(g,x0)B0 is given by E(g,x0 ;Cs
→Ds1x)5B01x2A, which does not depend on the e
ementary reaction threshold for any kind of component cl
ter Cs .

The following qualitative discussion for9Be and also for
6Li and 7Li as a check, will consider the elementary rea
tions. In this discussion, processes involving knockout o
cluster from the ground state and ejection of a cluster t
exists in the configuration of a highly excited state are
sumed to be far more likely than the elementary reaction
the component cluster in the ground state.
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FIG. 15. Comparison of the
experimental cross sections o
(g,n), (g,p0), (g,d0), (g,t0), and
(g,3He0) on 2H, 3H, 3He, 4He,
6Li, 7Li, and 9Be. Arrows show
threshold energies in the case
that they are not found from the
cross section. References~a! @28#,
~b! @29#, ~c! @30#, ~d! @31#, ~e!
@32#, ~f! @33#, ~g! @34#, ~h! @35#, ~i!
@17#, ~j! @13#, ~k! @36#, ~l! present
result, and~m! @37#.
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A. „g,n… and „g,p… cross sections
leaving all the residual states

The cluster configuration contributing in9Be is
@a•a•n# as shown in Table V. Knockout of a neutron leav
the ground and low-lying residual states (T50) of 8Be. In
addition, the elementary reaction involving neutron emiss
from an a cluster may lead toT51 states. The knockou
process leads to the (g,n) cross section in the low-energ
region just above threshold~the so-called pygmy giant reso
nance! as shown in Fig. 15. The9Be(g,p)8Li reaction leav-
ing the residual nucleus in low-lying states (T51) can only
be described by the elementary reaction4He(g,p)3H. This
(g,p) reaction is the analog of the9Be(g,n)8Be reaction
which leaves theT51 states resulting from the elementa
reaction 4He(g,n)3He. The residual state populated in th
9Be(g,n)8Be reaction is the analog of the low-lying state
8Li( T51) left by the (g,p) reaction. Since the lowest ana
log state is at 16.6 MeV in8Be, the (g,n) reaction based on
this elementary reaction appears in a region of energy hig
than 16.6 MeV above the9Be(g,n) threshold of 1.665 MeV,
namely, at 18.3 MeV. Neutron decay from this mode rep
duces the experimental results which show population of
sidual states at 16.6 MeV@38#. A large giant resonance in th
(g,n) and (g,p) reactions at energies above 18 MeV,
shown in Figs. 14 and 15, involves mainly the element
reaction of ana cluster.

The value of 0.6 for the ratio of the9Be(g,p) cross sec-
tion to the 9Be(g,n) cross section is an open question
mentioned before. One possible influence on this ratio
strong channel for neutron emission by knockout of a n
tron via T51/2 states, leaving theT50 residual states in
8Be. This corresponds to the extension of the pygmy re
nance into a region higher than 18 MeV. In the (g,p) reac-
tion, another strong channel is possible viaT53/2 states in
9Be leaving8Li in T52 states. However, theT52 states in
8Li are above 10.8 MeV and cannot contribute for phot
n
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-
-

y

a
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energy up to 27.7 MeV. Since proton emission analogou
the pygmy giant resonance in9Be(g,n) is forbidden because
T50 states do not exist in8Li, the extension of the pygmy
giant resonance would contribute to reduce the ratio of
(g,p) to (g,n) cross section above 18 MeV. However, th
contribution should be smaller at higher excitation ener
thus increasing the ratio, in contradiction of the experimen
result.

The fine structure found in the cross sections shown
Figs. 7–10 suggests that more complex processes shou
included in addition to the present simple transition. T
model of free clusters should be modified to describe the
modes for9Be, because twoa cores may set into oscillation
against each other and particle deexcitation from a core m
be due to some complex process. An exact theoretical tr
ment will be necessary to explain single nucleon photoem
sion from 9Be.

The result of the two-cluster model calculations for th
reaction via the@5Li•n# channel in6Li reproduces the ex-
perimental result well@5#. In checking the present free clus
ter model as shown in Table V, the6Li( g,n) reaction has
significant contributions both by knockout of a neutro
through the configuration of@5Li•n# and from the elemen-
tary reaction on2H and4He via the@a•d# configuration. The
cluster configuration in7Li is mainly @a•t# as shown in the
table. Thus the contribution to the7Li( g,n) reaction is only
due to the elementary reaction on3H and 4He ~the knockout
process does not appear in this case!. Consequently, the cros
section for7Li is predicted by the present model to be mu
smaller than that of6Li.

In the (g,n) reaction on6Li and 7Li, the states in the
residual nuclei analogous to that following the (g,p) reac-
tion via the elementary reaction mode are at20.33 and
3.563 MeV, respectively. Then the (g,n) reaction resulting
from the elementary reaction in6Li and 7Li will appear close
to the threshold and will not be separated from the predo
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nant knockout process in6Li. This is in contrast to the (g,n)
pygmy resonance, which is well separated from the gi
dipole resonance in9Be. The large9Be(g,n) cross section
above 18 MeV may be the result of there being two alpha
the cluster configuration of9Be, leading to a probability for
the elementary reaction on4He being larger than for the cas
of 6Li and 7Li.

B. „g,p0… cross section

The (g,p0) reaction for9Be results from the elementar
reaction on4He, and it is analogous to the9Be(g,n) reac-
tion, leading to the lowestT51 state at 16.6 MeV in8Be for
excitations above 18 MeV in9Be. The experimental (g,n)
reaction for9Be shows theE1 giant resonance in this energ
region. The present result for the (g,p0) reaction includes an
E2 contribution at the peak giant resonance as shown
Table III. This may show that some other unincluded mod
may contribute to this reaction, as discussed in Sec. IV
between (g,n) and (g,p) cross sections.

It seems that there is a theoretical possibility for anE2
component by means of a proton transition from the 1p shell
to the same shell in9Be through the analog states of th
low-lying parent states in9Li @9#. Such analog states exis
over several MeV in9Be at energies higher than 14.39
MeV. Since the shell model can approximately reproduce
photoabsorption cross section as mentioned, single-nuc
emission, such as the9Be(g,n) and9Be(g,p) reactions, par-
tially indicates the shell nature as discussed for the cas
the ~g,p! reaction@9#.

The (g,p0) reaction for 6Li can be described by the
present model as involving both the knockout of a pro
through@5He•p#, and the elementary reaction on2H and4He
via the cluster configuration of@a•d# as shown in Table V.
The measured7Li( g,p0) reaction results only from the el
ementary reaction on3H, which leads to a cross section th
is smaller than that for6Li.

C. „g,d0… cross section

This reaction on6Li is isospin forbidden forE1 absorp-
tion, and the cross section is mainly due toE2 absorption,
resulting in a very small cross section. The cross section
this reaction has been calculated using a two-cluster m
as mentioned before and agrees well with the experime
result @5#. A detailed discussion will not be made on th
reaction because theE1 contribution is strongest in the nu
clei 7Li and 8Be, and cannot be checked by the forbidd
process in6Li.

The 9Be(g,d0) reaction involves only the elementary r
action on4He as shown in Table V. Since the4He(g,d)2H
reaction is isospin forbidden forE1 transitions, the cross
section of9Be(g,d0) is expected to be too small to expla
the experimental results. The cluster within a nucleus m
not be exactly the same as the free particle, so that the
ementary (g,d) cross section on ana cluster may not be
assumed to be as small as in4He(g,d)2H. However, this
effect cannot be expected to be so large as to explain
data. Since the angular distribution of9Be(g,d011) shows
predominantlyE1 absorption with a slightE2 interference
as shown in Table III, a possible contribution for9Be(g,d0)
t
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may be E1 excitation of the elementary reactio
5He(g,d)3H via the@5He•a# component in the excited state
of 9Be @24#.

The 7Li( g,d0) cross section can be explained by the
ementary reactions on3H and 4He in the present model
where the3H(g,d)n reaction is dominant forE1 absorp-
tion: 4He(g,d)2H is very much suppressed as an isosp
forbiddenE2 transition.

D. „g,t0… cross section

This cross section on6Li and 7Li has been calculated by
cluster model theories as follows. The cross section for6Li
has been calculated by Dubovichenko and Dzhazair
Kakhramanov through the@3He•t# channel, and their resul
shows a broad resonance with a maximum cross sectio
about 1.5 mb in the region from 16 to 29 MeV@5#. In their
paper, they made a comparison with the experimental c
section, but they did not reach any conclusion because
experimental data was poorly defined. Their result is fou
to possibly reproduce the recent experimental result@36#,
which shows a maximum cross section of about 1 mb,
shown in Fig. 15. This cross section is expected on the b
of ejection of at through the cluster configuration@3He•t#,
which is deduced to be present from polarized-photon st
ies of highly excited states@2#. Another contribution is ex-
pected from the elementary reaction on4He. Early studies on
the spectroscopic factoru0

2 of @3He•t# in the ground state in
6Li gave values as large as 0.68@39#, 0.4560.07 @36#, and
0.860.2 by the inverse reaction@40#.

The cross section on7Li has also been calculated b
Dubovichenko and Dzhazairov-Kakhramanov via t
@4He•t# channel in the target ground state, using the sa
theoretical technique as for6Li @5#. The result reproduces th
experimental cross section, apart from structure around
MeV ~see Fig. 15!. Junghanset al. suggested that this struc
ture might be correlated to a sharp rise of the (g,n) cross
section@36#.

The present qualitative cluster consideration, as indica
in Table V, suggests that the (g,t0) reaction on6Li is based
on two different processes; the elementarya→p1t reaction
in the @a•d# ground-state configuration and ejection of at
from the@3He•t# configuration in the excited state. Also su
gested is that the7Li( g,t0) reaction is based on two differen
processes: ejection of at from the@4He•t# ground-state con-
figuration and the elementarya→p1t reaction in the
@a•t# configuration in the excited state. The two differe
transition modes in7Li might explain the structure around 1
MeV. The (g,t0) cross section of6Li is much larger than
that of 7Li. It is therefore likely that the contribution due t
ejection of a clustert from the @3He•t# configuration of the
highly excited state in6Li might be the largest of all the
processes mentioned above for (g,t0) reactions on6Li and
7Li.

The cross section for9Be is smaller than those of6Li and
7Li. This might suggest that the contribution to the cro
section for 9Be comes only from elementary reactions
4He, which is a small contribution to the strong direct eje
tion of a t for 6Li and 7Li.
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E. „g,3He0… cross section

The experimental cross section for9Be is similar to the
(g,t0) cross section and much smaller than that for6Li. The
only contribution to this reaction for9Be is 4He(g, 3He), so
that the cross section for9Be should be much smaller tha
that for 6Li, which is contributed to by direct emission o
3He.

For 6Li the (g, 3He0! cross section is exactly the same
for (g,t0) and results from3He ejection via the@3He•t# con-
figuration in the excited state in6Li in the present model.
This is the same ast ejection leading to the6Li( g,t) reaction.
An additional elementary reaction is4He(g, 3He)n, which is
analogous to4He(g,t)p in the case of the6Li( g,t) reaction.
The contributions of the two elementary reactions must
the same, because6Li( g,t0) and6Li( g, 3He0) are exactly the
same. The threshold for7Li( g, 3He) is 31.52 MeV, so tha
the reaction does not appear in the present discussion.

V. SUMMARY

The cross sections for photodisintegration of9Be together
with 6Li and 7Li have been discussed on the basis of
cluster model. Even under the primitive assumption of f
clusters, qualitative explanations of the experimental cr
sections have been achieved. The (g,n), (g,d0), and (g,t0)
cross sections for6Li and also7Li( g,t0) were calculated by
Dubovichenko and Dzhazairov-Kakhramanov using a tw
cluster model, and their results are in good agreement w
experiment@4,5#. The present qualitative discussion usi
the simple cluster model is checked by comparison with6Li
and 7Li data.
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Photodisintegration cross sections for9Be have never
been calculated using a cluster model: so it is uncer
whether it applies well to9Be. The present simple cluste
model, approximated by free clusters, predicts the cross
tions for 9Be as well as those of6Li and 7Li. Therefore, it
seems likely that if precise theoretical calculations using
many-cluster model were performed on9Be, the photodisin-
tegration cross sections for9Be would be reproduced a
those for6Li and 7Li.

Some fine structure is seen in the experimental cross
tions. This seems more pronounced for9Be than for6Li and
7Li. This may be studied by selecting an individual sta
represented by a cluster configuration, or shell model c
figuration, which may become dominant in9Be rather than in
6Li and 7Li. The shell model calculations made by Ishkh
nov et al. @22# for photoabsorption in 1p shell nuclei repro-
duces the experimental cross sections. Study of the
structure will be an interesting problem in the future.
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