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Clusters in the photodisintegration of °Be
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The ground-state cross sections and angular distributio?Beagfy,p), °Be(y,t), °Be(y,*He), and®Be(y,d)
are reported, together with the cross section for ¥e(y,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 Westers in
This is similar to the two-cluster model used fi and “Li for which theoretical calculations have been made.
Predictions on the basis of this model indicate the importance of clustering in the photodisintegration of
®Be, ®Li, and "Li. The observed angular distributions are consistent with contributions dil tand E2
transitions[S0556-28139)01801-4

PACS numbegs): 25.20—x, 21.60.Gx, 27.20:n

I. INTRODUCTION The ground state ofBe is considered to consist of a
_ _ _ weakly bound unpairegs,, neutron and a core of fousy,
The level structure of light nuclei can be described by theand fourp, nucleons. The photoabsorption cross section of
cluster model as well as by the single-particle shell model9ge has been measured up to the photopion thregh6ldin

These models can also be applied to describe the reactiqRg region of the giant dipole resonance, the emitted particles
mechanism involved in photonuclear reactions, and indee re predominantly, p, ande [11—14, with a non-negligible

many publications have applied the cluster modéiltoand contribution byd, t, and ®He [14—16

7 . . . . .
Li. Studies of the momentum distribution of the alpha and Figure 1 shows the energy level diagram for the photore-

deuteron clusters in the ground state dfi using the actions of°Be: the low-lying states in the residual nuclei are
8Li(e,e’d) reaction indicate that it can be modeled using an ) ying

a-NN model [1]. Photodisintegration to’He+3H and indicated. The reaction threshold§ other than femn anq
‘He+23Hc using linearly polarized photori&] has been used (v,a) are greater tha.n 1_6 MeV. Smce_ the low@st statg IS

to study cluster structure ifLi and "Li. Measurements of 2t 14.393 MeV, excitations above this energy may involve
the SLi( y,d) and 5Li( y,t) reactions using tagged photons POPulation of bothT - andT.. isospin states. o

show evidence of both-d and®He-t cluster components in The photoneutron cross section has been studied in three
6Li [3]. separate regiond1,13,17: (1) threshold to 5 MeV, where

Theoretical analyses of these reactions have been made 8Rarp resonances correspond to direct excitations of the un-
the basis of a cluster model using potentials that have statd¥ired neutron{2) 5-18 MeV, where coupling of the un-
forbidden by the Pauli principlg4,5]. This cluster nature of paired neutron to the ground state and the first excited state
SLi has also been studied by inelasfide scattering6] and  in ®Be dominates; anB) above 18 MeV, where a core neu-
by quasifreea scattering[7]. An extensive analysis of the tron is emitted leavingBe mainly in the 16.6 MeV excited
cluster nature irfLi has been made by Kukuliat al. [8]. state.

The shell model nature ofLi, 'Li, and °Be nuclei has In all cases of photoneutron emission, subsequestis-
been studied by means of the,¢r*) reaction. Highly ex- sion occurs due to the breakup &e, which is described as
cited spin-isospin flip states ifLi, ‘Li, and °Be have been a cluster of twoa particles. In the region above 18 MeV,
studied by the 4,7 ") reaction using about 200 MeV pho- photoproton emission from the core is also possible: the
tons[9]. These states are analogs of residual staté$l@y  similarity of the (y,n) and (y,p) reactions above 18 MeV
"He, and®Li, respectively, left byr™ emission. The ¢, 7 ") supports the reaction mechanism mentioned aljp8e
reactions on these nuclei are well described by the impulse Photodeuteron and phototriton emission frolBe has
approximation. The results show that the group energy of thbeen observed in the energy region above 20 MeV. For com-
states in these nuclei can be explained by the shell model.parison with cluster model predictions for this nucleus, more

Photodisintegration ofBe leads to emission of many precise experimental information on the photoemission of
few-nucleon entities such ak t, °*He, anda, in addition to  charged particles is needed.
single nucleons. This suggests the presence of clustéBein In the present paper, good resolution cross sections and
and the possible applicability of a cluster model. Sinceangular distributions have been measured for the photoemis-
photon-induced reactions produce less distortion in the ersion ofp, t, andHe, leading to ground residual states, and of
trance channel than do nucleon-induced reactions, photat, leading to the sum of the ground and first excited residual
nuclear studies might provide data that would more rigor-states. Since the reactions are measured specifically to the
ously test the cluster model. ground statdsum of the ground and first excited states for

(v,d)], the initial and final states are well defined. Thus
there is a good basis for testing the cluster model’Re.
*Present address: Atomic Energy Research Institute, Nihon Uni- Since more than three clusters may contribute to the struc-
versity, 7-24-1 Narashinodai, Funabashi 274-8501, Japan. ture of °Be, the theoretical analysis is not fully defined.
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Thus, in the present work, a qualitative analysis with a Examples of spectra of the energy lost in the solid state
simple cluster model is applied fBe. This method is then detectors are shown in Fig(a}, which also shows particle
checked againstLi and Li, which have been well studied identification. The lowest group does not correspond to the
by the cluster model theory. expected nuclear particles and is estimated téHe" ions.
As shown by Eq(1), the energies of protons ardparticles
are the same for the sarBeandp, so that they overlap in the
spectra. A thin absorber of aluminized Mylar was inserted in
A 3.06-mg/cn-thick °Be metal target was bombarded front of the detector ladder in order to separate these two
with electrons ranging from 21.0 to 39.0 MeV. Charged par-groups by virtue of the different energy loss in the absorber.
ticles were momentum analyzed using a Browne-BuchnerExamples of such separation are shown in Fig).2
type broad-range magnetic spectrometer and detected by a The energy distributions op, d, t and *He, following
ladder of 100 SLi) solid state detectors set along the focalelectrodisintegration, were obtained from the yields of each
plane[18]. The relevant experimental parameters are showparticle group of the spectra from the 100 detectors on the
in Table I. For those particles stopped in the detector, théadder and spectrometer parameters. The proton spectra were
energy loss was measured and, in combination with the mdhus obtained from data using the absorber to separate the
mentum, particle identification was made using the relationgroup as mentioned. The background in the spectrum from
each detector was subtracted to determine the yield for each
@ Z%Bp)? € particle group. _
E=—=—_~ - (1) Correction for the average energy loss by the particle
2m m  2¢? passing through the target was made by adding the energy
loss (AE,,,) corresponding to half the target thickness in the
HereE, g, m andZ are the energy, momentum, mass, anddirection of emission. Examples of the results of the energy
charge number of the particld, and p are the field strength distribution of the emitted particles are shown in Figs. 3-6.

and radius of the particle orbit in the magnet, @ahdc are  In the figures, arrows show the end-point energy of particles
the elementary charge and the velocity of light. leaving the residual nucleus in the ground, first, and second
excited states.

Il. EXPERIMENTAL PROCEDURES

TABLE |. Energy parameters of the experimeris. is kinetic
energy of bombarding electrofresolution is 1.5% and AE, is

energy stepd is the detection angle. Ill. RESULTS
Particle P d t 3He Electronuclear reaction cross sections can be reduced to
photonuclear reaction cross sections using a virtual photon
Energy distribution ¢=125°) spectrum[19]. The energy distributions of electroproduced
E. (MeV) 21.5-28.0 21.0-35.0,39.0 21.0-35.0 27.5-38.0particles are given by
AE, (MeV) 0.5 2.0 2.0 1.5
Angular distributiof
E. (MeV) 23.0 23.0 23.0
26.0 26.0

d dE,
(ExE)=2 g Trm(Ex E)NN(E, B =250 ()
89=42°, 55°, 67°, 78°, 90°, 102°, 113°, 125°, and 138°. : %
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whereE, is the kinetic energy of the emitted partictevith
mass numbera, E, is the photoexcitation energy, and and ground states is too sméd.4781 MeV to permit sepa-
cr(%xi)(Ex,Ey) is the cross section of they(x;) reaction at

E,. The kinetic energy of the emitted particke leading to
theith residual excited state with excitation energyapgj is

specified a&, = Ex,- HereNy,,(E, ,Eg) is the virtual photon

spectrum associated with an electron of kinetic eneggy
[20]. The energyE, is related to mass numbek of the

target nucleus, the threshold eneiy, E,, andERi as fol-

lows:

A—a

Ex=—5a {E,~ (EntEg)}.

3

According to Egs(2) and(3), the end-point energy region
(Ex> Exi) of the particle energy distributioh(E, ,E,) in-

volves only particles leading to the residual ground statepey for t, and 1 MeV for®He in the present case.

For deuteron emission, the separation of the first excited

ration. However, the second excited state is sufficiently well
separate@4.630 Me\) to allow extraction of the sum of the
ground and first excited states,fy. 1).

The energy of the particle is reduced by an amount that
depends on the thickness experienced in the target. The re-
sulting energy loss can be estimated by assuming a uniform
production of particles in the irradiated target volume. This
result suggests a significant modification in the energy dis-
tribution in the region within AE,,, of the end-point en-
ergy. However, the measured energy distributions have been
corrected for the energy loss on the assumption that all the
particles were emitted at a half thickness of the target. Thus,
in order to avoid possible large errors in the analysis, the
energy distribution in the region withirt AE,,, around the
end-point energy was not used for the analysis of the cross
sections. The energ)E,,,, which depends on the particle
and its energy, is less than 0.1 MeV for0.2 MeV ford, 0.4

Therefore the corresponding ground-state cross section A similar analysis was applied in order to obtain the an-
do(y,x,)(E,)/d€) can be extracted from the end-point energy qyjar distributions at the angles as shown in Table I. Here,
distribution using Eqs(2) and (3). As seen in Fig. 1, the the top 0.5 MeV of the energy distribution is not used, in
energies of the first excited states in the residual nuclei arerder to minimize the effect of uncertainties in the particle
large enough to apply the present analysis to obtain thenergy spectrum and the virtual photon spectrum in the end-
ground-state cross sections for the,fg), (v.tp), and point energy region. The cross sections and angular distribu-
(7,%Hey) reactions. tions are shown in Figs. 7—13 together with previous data for
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FIG. 3. Example of proton energy distributions by electron cated by arrows.
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results, the number of tern®;(cos6) was limited toi<3

comparison. The error bars in these figures are statisticd@r the *Be(y,do.1) and*Be(y,to) data and td<4 for the

only. Be(y,p,) data.
The results are shown in Table Il where the coefficients
IV. DISCUSSION OF THE RESULTS in parentheses are smaller than the errors and are assumed to

be zero for the present discussion. The results indicate that
Photonuclear angular distributions may be expanded asthe main mode of interaction in the photodisintegration of
q °Be is an overlap oE1 andE2 plusE1/E2 interference in
to D the case of §,py) andE1 plusE1/E2 interference in the
dQ _Aozi aPi(cos ), @ cases of §,dy, ;) and (y,t). The angular distributions pro-

vide information on the corresponding states and reaction

where P;(cos6) are Legendre polynomials argg are coef- mechanisms. These results will be discussed later for the
ficients determined by the interaction parameters. The conelevant reactions.
nection between the terms in E@) and the photon multi- The °Be(y,po.1) cross section measurement by Denisov
polarities and their interference terms are shown in Table lland Kul'chitskii [16] is compared in Fig. 7. Their results,
Angular distribution coefficients; in Eq. (4) were deter- which include an unknowm, contribution, agree with the
mined by ax? fit to the experimental results. The values present {,p,) results near 22 MeV, but are about twice the
x’=3eélot are calculated by the deviation of the datapresent results near 27 MeV. From the present proton energy
points from the fitted curvee() and the standard deviation distribution shown in Fig. 3, the excess yield pf is ob-
(o) of the data points based on the statistics. JReare  scured by the, contribution. This indicates that the/(p)
about 3 for the {,dy.,) data shown in Fig. 12 and not cross section is much smaller than the[,) cross section at
sensitive to a selection ot 3 andi<4 for Pi(cos¢). Inthe  E,=24 and 26 MeV. Therefore the discrepancy between the
(7,to) data shown in Fig. 13¢? is about 1 folE, 21.5-22.5 present result and that of Denisov and Kul'chitskii does not
MeV and about 8 folE, 24.0-25.5 MeV, and they are not seem to be due to they(p;) contribution. The method re-
sensitive ta <3 andi<4. In the (y,py) data shown in Fig. ported here has been used to determipgg) cross sections
11, x? is about 4 for both casés<2 andi=<3, but decreases for many other nuclei and gives agreement with the already
to 0.2 fori=<4, indicating a better fitting. Thus, in the present established data.
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FIG. 5. Example of triton energy distributions by electron bom-
bardment. The end-point energies t3f and t; are indicated by
arrows.

FIG. 6. Example ofHe energy distributions by electron bom-
bardment. The end-point energies’bfe, and®He, are indicated by
arrows.

In the case ofBe(y,dqy. ;) shown in Fig. 8, the results of
Denisov and Kul'chitskii are similar to the present resultsonly possible if the §,p) cross section reported by Clike-
except that the structures around 28 MeV are much strongemanet al.[12] is used in the sum rather than that of Denisov
The cross section of Denisov and Kul'chitskii foy,t,) is ~ and Kul'chitskii. This is included in Fig. 14).
about 1.5 times the present result as shown in Fig. 9. Despite Calculations of the photonuclear cross section in the giant
the fact that the present detection angle is 125° while that oflipole resonancéGDR) region of 1p shell nuclei, including
Ref. [16] is 90°, consideration of the angular distribution ®Li, "Li, °Be, and others, have been made by Ishkhanov
shown in Figs. 11-13 suggests that this discrepancy is nait al. These were based on supermultiplet structure in the
due to the difference in the detection angle. shell model[22]. The results show configuration splitting
The photodisintegration cross sections fBe are shown depending on the shell of the initial nucleon. Experimental
in Fig. 14@ where vertical bars show the photoabsorptionphotoabsorption cross sections of these nuclei agree approxi-
cross sectior{10] together with ¢,n) (solid curve [13], mately with these theoretical results. In particular, the
(y,p) (histogram [12], (v,po) (open circley (y,d.;)  Strength at high energies in the GDR corresponds to excita-
(open triangles (y,ty) (solid circles, (y,°Hey) (crosses  tion of the nucleon from the &, shell. They raised the
The last four cross sections are the present results derivgabssibility that this group results from cluster effects.
from do/dQ at 125° multiplied by 4. The uncertainty in The giant resonances fdBe(y,n) and °Be(y,p) shown
this assumption will be less than 10% with an angular distriin Fig. 14 are similar. The photoneutron yield in this energy
bution similar to that shown in Table Ill. The present dataregion predominantly involves excitation of tBe core as
are also shown magnified in Fig. (bl. mentioned before. This suggests that the photoprotons are
Denisov and Kul'chitskii[16] also measured they(p)  emitted from the®Be core in®Be, which is the analog of the
cross section using the photon difference method and ol(-y,n) reaction leaving residual states higher than 16.6 MeV
tained a cross section that was about half the absolute crogs ®Be.
section reported in previous measurements using the same The (y,p) cross section integrated from 18 to 37 MeV is
method [12,21. The (y,p) result of Denisov and about 0.6 times they,n) cross section. The cross sections
Kul'chitskii is approximately equal to they(p,) cross sec- for “He(y,n) and*He(y,p) as studied by many experiments
tion presented here and a little smaller than thept.,)  [23] are approximately equal except for several MeV above
cross section reported in the same paper. When the sum tie threshold. However, the ratio of 0.6 in the high-energy
the (y,n) and (y,p) cross sections is compared with the total region and also the fact that this ratio decreases in the higher-
photon absorption cross section, reasonable agreement égergy region cannot be explained by the Coulomb effect.
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FIG. 7. Cross section dBe(y,po). Solid circles, present result
at #=125°. Open circles, Denisost al. *Be(y,pg.1) at 6=90°

[16].
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FIG. 9. Cross section dBe(y,t,). Solid circles, present result
at #=125°. Histogram, Denisoet al. at §=90° [16].

This shows that some modification of the present simple
transition models is necessary. Although some explanation
of the difference may be possible in terms of isospin as men-
tioned later, the explanation of this ratio is currently an open
question.

The cross sections fofBe(y,dq.1), °Be(y,ty), and

FIG. 8. Cross section ofBe(y,dy.,). Solid circles, present
result atd=125°. Histogram, Denisoet al. at 6=90° [16].

T AN %Be(y,3Hey) have similar strengths and are about one order
{ Be(¥,do.1) of magnitude smaller than thi8e(y,p,) cross section. The
20f h+ ﬁ o =125 °Be(y,dy.1) cross section shows a strong peak from the
s } threshold region up to around 26 MeV, but above this it is
15k * relatively flat. This is in contrast to the cross sections
+ for °Be(y,ty) and °Be(y,*Hey). The °Be(y,t,) and
[ Be(y,3He,) cross sections are similar.
~10r H + T The cluster model has been successfully applied to light
¢ | * # | nuclei. Nuclei with fewer than eight nucleons are well de-
g 5} # scribed by a two-cluster model using, among others, the
~ Hfﬂﬂu +{+ } resonating group methoRGM) as summarized in the re-
S 0 [ Y +"4++++ view article in [24]. However, for nuclei with more than
3 - S
© 0=90" 3
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g 9=125°
15¢ 315t 1 ]
3 | ]
10} g 10; H* m 1
o}
st © 5t @ 'ﬁlﬂ -
0 N ) L N 1 L M 2 n ' [ 0 N N N " " 3 N N " N
16 20 24 28 32 36 40 20 24 28 32 36 40
Ey (MeV) Ey (MeV)

FIG. 10. Cross section otBe(y,*Hey). Solid circles, present
result atd=125°. Horizontal lines show the energy resolution.
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FIG. 11. Angular distribution ofBe(y,p,) ranging from 22.0 to

22.5 MeV. The curve is the result of the fitting shown in Table FIG. 13. Angular distribution ofBe(y,t,) ranging from 21.5 to
Il. 22.5 MeV and from 24.0 to 25.5 MeV. The curves are the result of

the x? fitting shown in Table IIl.

eight nucleons, the model usually involves three or more Many particle shell model calculations have been made of
clusters, and calculations are tedious. However, they can b yp

- : the photoabsorption cross section e by Majling et al.
gg;ﬁ]glsemg the generator coordinate mett®EM) [25], for [26], Shackletor[26], and Ishkhanot al. [22]. They em-

Experimental results for photodisintegration &fi and ployed different residual interactions between all nine nucle-

’Li have been compared with two-cluster model calcuIations?nes'ezhg'rrir;isnutgls frenp)rocdrggg zgg%str#chtgr?nse:(j?e\éveca:ggsm
For °Be, experimental studies have been made of the totar‘ P X '

photoabsorption cross section, the,if) cross section, and S?glorle%ki)&vz Ii? g/lce:r\éslz ssggtilgrr]gii' tﬁgdhialrt]rjgxgrh Mr?a]“ir:)%
also charged particle photodisintegration, but theoretic P 9 9 gy region,

heir calculation cannot reproduce the cross section from

analyses are few. threshold to 18 MeV. The result of Shackleton does not show
any significant cross section in the high-energy region. Ish-
khanovet al. successfully reproduced the energy and inten-
[ 9Be()!,do,,) sity dependence of the experimental broad cross section for
30t Ey 21.0-225MeV 1 1p shell nuclei by configuration splitting due to supermul-
- - tiplet structure forE1l transitions from the fi valence
20 _/?L—Lt—ﬂ\ nucleon and the 4 core. The result of their calculation on

%Be(y,n) shows that the strongest channels lead to the popu-

lation of states of théBe nucleus beginning at 16.6 MeV,

101 A where the emission of fragments from tf@e core is more
- : important.
P O—— . Two-cluster model calculations for the photodisintegra-
! i tion of 8Li and ’Li have been made with less ambiguity, and
3 Ey 22.5-24.0 Mev the results agree well with the experimental dat®]. How-
3 201 S 1 ever, no theoretical cluster model calculation has been made
P ——— ¥ 1"\I\,\'\' for the photodisintegration dBe. Qualitative analyses using
T 10F 4 the cluster model will be discussed here for photodisintegra-
5t ) tion of °Be in comparison with the cases %fi and Li for
o e which there are many cluster model calculations.
In the present qualitative discussion, the crude assumption
20l Ey 2.0-255 MeV is made that the cluster can be assumed to be free in the

TABLE II. Theoretical angular distribution for photonuclear re-
actions assuming compound process. The results are given for the

10 :‘/'——F‘N-L-r—l/—‘ multipolarity E1,E2, and their interference for the reaction.

ob—m— . . . Interaction mode do/dQ
0O 30 60 90 120 150 180
8 (deg) El Ag[ Po(cos)+a,Py(cosb)]
E2 Aol Po(cosb)+a,P,(cos ) +a,P,(cosb) ]
FIG. 12. Angular distribution ofBe(y,d,, ;) ranging from 21.0 Interference
to 22.5 MeV, from 22.5 to 24.0 MeV, and from 24.0 to 25.5 MeV. E1-E2 Aq[a;P;(cos6)+asPs(cosh)]

The curves are the results of tlyé fitting shown in Table III.



246

K. SHODA AND T. TANAKA

PRC 59

TABLE lll. Angular distribution coefficients; determined by g2 fit with experimental results by Eq.
(4). The coefficients in parentheses are smaller than the errors and are assumed to be zero for estimation of

main modes.

E, (MeV) Aq (ublsn a, a, ag a, Main modé&
*Be(7,po)"

22.0-22.5 1273 (0.02£0.049 —-0.22+0.12 -0.11+0.09 -0.28*+ 0.09 E1E2E1l-E2

Be(y,dg+1)°

21.0-22.5 19.40.4 0.08:0.06 —0.17=0.06 (0.01+0.10 E1l, E1-E2

22.5-24.0 14.90.3 0.210.06 0.2G:0.06 (0.06x0.10 E1l, E1-E2

24.0-25.5 9.60.3 (—0.02-0.089 —-0.62+0.31 —0.28+0.13 E1l, E1-E2
gBe(’yvtO)C

21.5-225 10.¢0.5 (-0.01+0.13 -0.26+0.13 (—0.10+0.2) El

24.0-25.5 9.20.3 -0.20+0.08 -—0.48+0.11 0.15-0.14 E1, E1-E2

8Main mode indicates the possible modesBh, E2 interactions and their interference deduced from the
present results of; . E1-E2 means interference betweBd andE2.

PEquation(4) is taken up td =4 for y? fitting.
°Equation(4) is taken up td =3 for y? fitting.

binding potential. For this approximation, Table IV lists the |“ |I |I °Be
possible cluster configurations of the target and residual 5 I | “II |“

states for the cases 6ti, ‘Li, and °Be. In the table, the (a) I ¥ ABSORPTION
relevant residual configuration resulting from the cluster I l“ll Il

knockout is underlined. The number of the possible cluster 4 b l I |

transitions in°Be is much greater than fét.i and Li.

In order to maintain a consistent discussion, consideration
of the residual states is limited to the ground state when the
model is compared with the experimental results for the
(7,p0), (7,do), (7.to), and (y,°Hey) reactions. For 4,n)
and (y,p) reactions, residual excited states are included. The
cluster structure for light nuclei with more than four nucle-
ons is discussed in Rdi24]. The cluster transitions given in
Table IV are selected so that the main cluster configurations
in both the target and residual nuclei agree with a component
of the configuration in Ref.24]. The results of such transi-
tions are shown in Table V, where the cluster configurations
for the residual states are also indicated. When the cluster
configuration of the excited state has already been defined

o (mb)

from experiment, it is shown by “ex.s.,” and it is assumed o) o /5

that one of the component clusters in this configuration is i AAXA o ° (f.po) X1

directly emitted from the excited states following photoexci- (b) o5 #, s (¥.don1)

tation. 0.2} £ o ¢ (x';°) 1
In the cluster model, photodisintegration involves two s ° . o x x (¥Heo)

types of transitions by the component clusters in the target r . . “‘fom“x.xx % 1

ground state. One is direct knockout of a cluster, and the " "‘M?'Kx'- X x

other is based on the photodisintegration of a component 01t S AL & .5;)(,)3‘ x X

cluster. The knockout process for a two-cluster system has | o) o a I Jx %

been calculated in the microscopic potential model and by l‘%‘pi) e AMMAAAAMMAAA.AAA

the RGM. Most recently, Dubovichenko and Dzhazairov- oLt . P il

Kakhramanov have calculated the photonuclear process for 16 20 24 28 32 36 40

8Li using a cluster model via the channéls-d], [*He-t], Ey (MeV)

and[°Li-n] [4]. The calculation was based on microscopic

FIG. 14. (a) Cross sections for photodisintegration te (E,

potgntlals with forbldd.en state; and V\éa_s Com%ared with eX= 16 MeV). Threshold energies are shown by arrows. Vertical bars,
perimental cross sections f6ti( y,d), °Li( ¥.t), °Li( y.n), photoabsorption cross sectiph0]; solid curve, ,n) [13]; histo-
and the relevant inverse reactions. The agreement betweggam, (y,p) [12]; open circles, §,p,) present data; open triangles,
theory and experiment was generally good. In the case qfy,d,.,) present data; solid circlesy(t,) present data; crosses,
bLi( y,t), the comparison was difficult because of poor ex-(y,%He,) present data(b) Magnified figure of ¢,po), (.o 1),
perimental data. They also applied the same methoflito  (y,t), and (y,°He), the same as ifa).
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TABLE V. Possible cluster configuration for photodisintegration®f, ’Li, and °Be. An underline
shows the result by cluster knockout reaction.

Reaction f.n) (7.p) (v.d) (7.1) (7.%He)
Target nucleus Residual nucleus
oLi 5Li *He “He *He 34
a-d a-p a-n a
*He-d t-d d-d p-d n-d
SHe-t *He-d SHe-2n *He-n °H
2p-t d-t p-t T t
SHe- p? SHe?
a-p ‘H-p° t-p d-p 2n-p
5Li-n® SLi¢
‘Li-nd a-n ®*He-n 2p-n d-n
Li 5L ®He °He “He “H
a-t a-d @-2n a-n o
SHe-t t-t d-t p-t n-t
3He-*HP SHe-t *He-3n He- 2n *He-n
2p-4HP d. 4HP p-*HP ap
*He-d? *He- p? *He-n? SHe? o
a-d *H.dP t-d d-d 2n-d
°Li-2n° SLi-n®
“Li-2n? @-2n ®*He-2n 2p-2n d-2n
6He. pe Giee
*He. p? H.pf “H.p° t-p 3n-p
®Li-n oLi
5Li-n° *He-n? a-n %He-n t-n
Be Be 8L Li BLi ®He
a-a-n M
a-*He-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 o
SHe-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-4HP
3He- p- *HP t-p-4Hb d-p-*HP p-p-*HP n-p-*HP
SHe-t-t SHe-t-d SHe-t-2n SHe-t-n SHe-t
2p-t-t d-t-t p-t-t t-t
He-d-*HP *He-d-t *He-d-3n *He-d-2n *He-d-n _
3He.p-HP 3He-n-*HP 3He-*HP
2p-d-*HP d-d-*H° p-d-*HP d-“HP
SHe: a? SHe-*He? SHe-t? SHe-d? *He. p? SHe-n?
oo H.aP t-a d o 2n- o
SLj.4HoP 5Li-t° 5Li-3n° SLi-2n° SLi-n®
4 .4Hdb a-4HP 4He.4HP 2p-*HP d.4HP
SHe-3He® SHe- 2p® ®He. d® SHe- p® °He®
*He-3He? SH.-°Hef *H-%HeP t-°He 3n-°He
oLi-t bLi-d ®Li-2n ®Li-n SLi
5Li-t° *He-t? a-t ‘He-t t-t
Li-d Li-d Li-n L
oLi-d ®He- d® SHe-d? a-d H.dP

94 i may be3He-p andd-2p.
©6He may bea-2n, *He-3n, t-t, d-*H, andp-5H.
"SH may bet- 2n.

@5He may bea-n, t-d, andp-“H.
®4H may bet-n andd-2n.
°5Li may bea-p, He-d, andt-2p.
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TABLE V. Expected transition of the main cluster for photodisintegratiorflof ‘Li, and °Be. The
elementary reaction on a cluster component is shown, and knockout of a cluster component is indicated by
—. Cluster configuration is shown Hy]. The residual configuration is selected so as to be the ground state
except (y,n) in which excited residual states are included. The threshold energy is shown following the
residual nucleus.

Reaction (y,n) (7.p0) (7.do) (.10 (7,°Heg)
Target nucleus Residual nucleus Threshold energy (MeV)
[Main cluster Transition of main cluster component
configuration]* [Residual cluster configuration]*
bLi 5Li 5.67 He 4.59 “He 1.48 3He 15.80 ’H 15.80
g.s. [a-d] ( d—p+n d—n+p d—
[*Li-n] L [a-p] [a-n] [a]
[*He-p]  a—’He+n a—t+p a—d+d a—p+t a—n+°He
[*He-d] [t-d] [d-d] [p-d] [n-d]
8 n— p—-)
[ [°Li] [°He]
ex.s. [PHe-:] t— *He—
- [*He] (4]
Li 6Li 7.25 °He 9.98 He 9.62 ‘He 2.47 H 31.52
g.s. [a-1] r t—d+n t—2n+p t—n+d t—
Li-n | [a-d] [a-2n] [an] [a]
[l%i*m” [ a—’He+n a—d+d a—p+t a—n+He
‘He-d 1l U [PHe 1] (d-1] [p-t] [n-f]
Be %Be 1.67 8Li 16.89 Li 16.70 °Li 17.69 He 21.18
g.s. [a-a-n] n—
[ [aa]
r a—3He+n a—t+p a—d+d° a—p+1d a—n+°He
[ [a-*He-n] [a-2-n] [ [a-d-n] ] [ [a-p-n] ] [ [a-n-n] ]

ex.s [*He: a]

@Dominant cluster configuration of the ground state is taken as fol{asuen the excited state is shown, it is
indicated by ex.$: ®H:[n-d]. 3He:[p-d]. *H:[n-t]. “He:[t-p],[3He-n], weak [d-d] [27]. °He:
[t-d],[a-n] [24]. 5Li: [a-p], [PHe-d] [24]. ®He:[a-2n] [24]. SLi: [«-d], rather mild effect of °Li- n]

and [*He-p] [24]. SLi ex.s.: [a-d], [®He-t] [24]. 'Li: [a-t], additional configuration ofSLi-n],
[®Li-n*], and [°He-d] for good description[24]. Li ex.s. (<50 MeV): [a-t] [24]. 8Li: [a-t-n],
[n-7Li] [24]. ®Be:[a- «] [24]. ®Be ex.s..[a-a], [a-a*] [24]. °Be: most important fof a- a-n] [24].

°Be ex.s.[°He- a] [24].

bThese configurations are neglected for transition, though they are necessary for a detailed discudsion for
T a-d-n] may be approximated #&Li-n].

9 @-p-n] may be approximated o'Li-n].

through the[a-t] channel and obtained good agreement(massx) results from the elementary reacti@y+ y=Dg

with the experimental cross sections for bdth( y,a) and  +x. If the ground state of the residual nucleig (massBy)

the inverse reactiofb]. is described by the sum of the free cluster m@ss(i #s)
Sketches of the experimental cross sections fgm),  andDg plus the binding energy of the clusters, the threshold

(7,P0), (7.do), (7:to), and (y,°Hey) on BLi, 7Li, and °Be  energy of the reactiol\(y,Xo)By is given by E(y,Xq;Cs

are shown in Fig. 15. Also shown are the cross sections by-D +x)=B,+x—A, which does not depend on the el-

the same decays foH, *H, *He, and*He, so that compari- ementary reaction threshold for any kind of component clus-

son can be made in discussing the assumption of disintegrger C,.

tion of free cluster. The cross section We(y,dg, 1) Li is The following qualitative discussion fdiBe and also for
taken to bes(y,dy), because the cluster configuration may ®Li and “Li as a check, will consider the elementary reac-
be the same for the ground and first excited state4.iin tions. In this discussion, processes involving knockout of a

If a target nucleug\ (massA) is described by the configu- cluster from the ground state and ejection of a cluster that
ration of the clusterC; [massC; (i=1~N)], massA is  exists in the configuration of a highly excited state are as-
given by 3,;C; plus the binding energy of the clusters. Con- sumed to be far more likely than the elementary reaction on
sider that the reactiol\(y,x)B which emits a particlex ~ the component cluster in the ground state.
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A. (y,n) and (y,p) cross sections energy up to 27.7 MeV. Since proton emission analogous to
leaving all the residual states the pygmy giant resonance ¥8e(y,n) is forbidden because

The cluster configuration contributing inBe is T=0 states do not exist ifLi, the extension of the pygmy
[a- a-n] as shown in Table V. Knockout of a neutron leavesdiant resonance would contribute to reduce the ratio of the
the ground and low-lying residual stateE=0) of ®Be. In  (7.p) to (y,n) cross section above 18 MeV. However, this
addition, the elementary reaction involving neutron emissiorcontribution should be smaller at higher excitation energy,
from an « cluster may lead taf=1 states. The knockout thus increasing the ratio, in contradiction of the experimental
process leads to they(n) cross section in the low-energy result.
region just above thresholthe so-called pygmy giant reso-  The fine structure found in the cross sections shown in
nance as shown in Fig. 15. Th&Be(y,p)®Li reaction leav-  Figs. 7—10 suggests that more complex processes should be
ing the residual nucleus in low-lying stateE<£€1) can only included in addition to the present simple transition. The
be described by the elementary reactfttte(y,p)®H. This  model of free clusters should be modified to describe the real
(y,p) reaction is the analog of théBe(y,n)®Be reaction modes for’Be, because twer cores may set into oscillation
which leaves thél =1 states resulting from the elementary against each other and particle deexcitation from a core may
reaction*He(y,n)3He. The residual state populated in this be due to some complex process. An exact theoretical treat-
%Be(y,n)®Be reaction is the analog of the low-lying state in ment will be necessary to explain single nucleon photoemis-
8Li(T=1) left by the (y,p) reaction. Since the lowest ana- sion from°Be.
log state is at 16.6 MeV ifiBe, the {y,n) reaction based on The result of the two-cluster model calculations for this
this elementary reaction appears in a region of energy highdeaction via the[°Li-n] channel in°Li reproduces the ex-
than 16.6 MeV above th%Be(y,n) threshold of 1.665 MeV, perimental result well5]. In checking the present free clus-
namely, at 18.3 MeV. Neutron decay from this mode reproter model as shown in Table V, tHi( y,n) reaction has
duces the experimental results which show population of resignificant contributions both by knockout of a neutron
sidual states at 16.6 Mel38]. A large giant resonance in the through the configuration dfLi-n] and from the elemen-
(y,n) and (y,p) reactions at energies above 18 MeV, astary reaction orfH and“He via thef « - d] configuration. The
shown in Figs. 14 and 15, involves mainly the elementarycluster configuration ifLi is mainly [«-t] as shown in the
reaction of anx cluster. table. Thus the contribution to thé&i( y,n) reaction is only

The value of 0.6 for the ratio of th&Be(y,p) cross sec- due to the elementary reaction 8H and*He (the knockout
tion to the °Be(y,n) cross section is an open question asprocess does not appear in this ga€®nsequently, the cross
mentioned before. One possible influence on this ratio is &ection for’Li is predicted by the present model to be much
strong channel for neutron emission by knockout of a neusmaller than that ofLi.
tron via T=1/2 states, leaving th&=0 residual states in In the (y,n) reaction on®Li and ’Li, the states in the
8Be. This corresponds to the extension of the pygmy resoresidual nuclei analogous to that following the,p) reac-
nance into a region higher than 18 MeV. In thg f) reac- tion via the elementary reaction mode are -a0.33 and
tion, another strong channel is possible Via 3/2 states in  3.563 MeV, respectively. Then they(n) reaction resulting
9Be leaving®Li in T=2 states. However, thE=2 states in from the elementary reaction fii and "Li will appear close
8Li are above 10.8 MeV and cannot contribute for photonto the threshold and will not be separated from the predomi-
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nant knockout process fiLi. This is in contrast to the,n) ~ may be E1 excitation of the elementary reaction
pygmy resonance, which is well separated from the giantHe(y,d)3H via the[*He- «] component in the excited states
dipole resonance ifBe. The large®Be(y,n) cross section of “Be [24].
above 18 MeV may be the result of there being two alphas in  The "Li( y,d,) cross section can be explained by the el-
the cluster configuration diBe, leading to a probability for ementary reactions ofH and “He in the present model,
the elementary reaction diile being larger than for the case where the®H(y,d)n reaction is dominant foE1 absorp-
of 8Li and "Li. tion: “He(y,d)?H is very much suppressed as an isospin-
forbiddenE2 transition.
B. (y,po) cross section

. D. i
The (y,po) reaction for°Be results from the elementary (7.%o) cross section

reaction on*He, and it is analogous to th#e(y,n) reac- This cross section ofLi and ‘Li has been calculated by
tion, leading to the lowesE=1 state at 16.6 MeV iiBe for  cluster model theories as follows. The cross section®for
excitations above 18 MeV ifBe. The experimentaly,n) has been calculated by Dubovichenko and Dzhazairov-
reaction for’Be shows th&1 giant resonance in this energy Kakhramanov through thg’He- t] channel, and their result
region. The present result for the,@,) reaction includes an shows a broad resonance with a maximum cross section of
E2 contribution at the peak giant resonance as shown igbout 1.5 mb in the region from 16 to 29 Md¥$]. In their
Table IIl. This may show that some other unincluded modegaper, they made a comparison with the experimental cross
may contribute to this reaction, as discussed in Sec. IV Asection, but they did not reach any conclusion because the
between ,n) and (y,p) cross sections. experimental data was poorly defined. Their result is found
It seems that there is a theoretical possibility fore®  to possibly reproduce the recent experimental regad,
component by means of a proton transition from tipeshell ~ which shows a maximum cross section of about 1 mb, as
to the same shell ifBe through the analog states of the shown in Fig. 15. This cross section is expected on the basis
low-lying parent states iffLi [9]. Such analog states exist of ejection of at through the cluster configuratidiiHe- t],
over several MeV in°Be at energies higher than 14.393 which is deduced to be present from polarized-photon stud-
MeV. Since the shell model can approximately reproduce thees of highly excited statef?]. Another contribution is ex-
photoabsorption cross section as mentioned, single-nucleqfected from the elementary reaction tie. Early studies on
emission, such as tfBe(y,n) andBe(y,p) reactions, par- e spectroscopic facta# of [*He- t] in the ground state in
tially |nd|cates_ the shell nature as discussed for the case Q;f_i gave values as large as 0.689], 0.45+0.07[36], and
the () reaction[9]. 0.8+0.2 by the inverse reactidd0].

The (7.po) reaqﬂon fpr Li can be described by the The cross section oriLi has also been calculated by
present model as involving both the knockout of a proton . : )
Dubovichenko and Dzhazairov-Kakhramanov via the

through[°He- p], and the elementary reaction 8d and*He _ _
ughl P] y ! [*He-t] channel in the target ground state, using the same

via the cluster configuration ¢fe- d] as shown in Table V. ) . :

The measuredLi( y,p,) reaction results only from the el- theoretical technique as f8t| [5]. The result reproduces the

ementary reaction oH, which leads to a cross section that €XPerimental cross section, apart from structure around 11

is smaller than that fofLi. MeV (see Fig. 15 Junghant al. suggested that this struc-
ture might be correlated to a sharp rise of then) cross

section[36].

. . L . ) The present qualitative cluster consideration, as indicated

_ This reaction orfLi is isospin fqrbldden folEl absqrp- in Table V, suggests that theyt,) reaction orfLi is based

tion, and the cross section is mainly dueH@ absorption, o g different processes; the elementary p-+t reaction

resulting in a very small cross section. The cross section ofn the [«-d] ground-state configuration and ejection of a

I
om the[®He- t] configuration in the excited state. Also sug-

this reaction has been calculated using a two-cluster mod?\l
as mentioned before and agrees well with the experlmenta&qested is that théLi( y.to) reaction is based on two different
processes: ejection oftfrom the[*He- t] ground-state con-

result [5]. A detailed discussion will not be made on this
figuration and the elementarg—p+t reaction in the

reaction because thel contribution is strongest in the nu-
clei ‘Li and ®Be, and cannot be checked by the forbidden _ e , _
process infLi. [a-t]_ _conflguratlc_)n in t_he exmte_d state. The two different
The ®Be(y,d,) reaction involves only the elementary re- transition modes idLi might gxplaln 'Fh-e structure around 11
action on*He as shown in Table V. Since tHele(y,d)2H MeV. The (y,to) cross section ofLi is much larger than
reaction is isospin forbidden foE1 transitionS, the cross that of 7|_| It is therefore I|ke|y that the contribution due to
section of°Be(y,d,) is expected to be too small to explain €jection of a clustet from the[°*He- t] configuration of the
the experimental results. The cluster within a nucleus mayighly excited state irfLi might be the largest of all the
not be exactly the same as the free particle, so that the eprocesses mentioned above for,1;) reactions orfLi and
ementary ,d) cross section on am cluster may not be ‘Li.
assumed to be as small as fHe(y,d)?H. However, this The cross section fotBe is smaller than those 6ti and
effect cannot be expected to be so large as to explain th&i. This might suggest that the contribution to the cross
data. Since the angular distribution #e(y,dy,;) shows section for°Be comes only from elementary reactions on
predominantlyE1 absorption with a slighE2 interference  “He, which is a small contribution to the strong direct ejec-
as shown in Table lll, a possible contribution fiBe(y,d,)  tion of at for 8Li and “Li.

C. (y,dg) cross section
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E. (,%°Hey) cross section Photodisintegration cross sections féBe have never

The experimental cross section fBe is similar to the been calculated using a cluster model: so it is uncertain
(7.,to) cross section and much smaller than that®idr The ~ Whether it applies well tdBe. The present simple cluster
only contribution to this reaction folBe is “He(y,3He), so  model, approximated by free clusters, predicts the cross sec-
that the cross section fdBe should be much smaller than tions for °Be as well as those diLi and ‘Li. Therefore, it
that for 6Li, which is contributed to by direct emission of seems likely that if precise theoretical calculations using a
3He. many-cluster model were performed &Be, the photodisin-

For °Li the (v,%He) cross section is exactly the same astegration cross sections foilBe would be reproduced as
for (,to) and results fronfHe ejection via thé°He-t] con-  those forLi and “Li.
figuration in the excited state ifLi in the present model. Some fine structure is seen in the experimental cross sec-
This is the same asejection leading to théLi( y,t) reaction.  tions. This seems more pronounced 8e than forLi and
An additional elementary reaction le(y,*He)n, whichis  7Li. This may be studied by selecting an individual state
analogous tdHe(y,t)p in the case of théLi( y,t) reaction.  represented by a cluster configuration, or shell model con-
The contributions of the two elementary reactions must bEﬁguration, which may become dominantSBe rather than in
the same, becausei( y,tg) and®Li( v,°Hey) are exactly the 6 and 7Li. The shell model calculations made by Ishkha-
same. The threshold follLi( y,°He) is 31.52 MeV, so that noy et al. [22] for photoabsorption in fi shell nuclei repro-
the reaction does not appear in the present discussion.  gyces the experimental cross sections. Study of the fine

structure will be an interesting problem in the future.
V. SUMMARY

The cross sections for photodisintegratior’Bé together
with SLi and “Li have been discussed on the basis of the ACKNOWLEDGMENTS
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