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ABSTRACT

The (9Be,8Be) reaction has been investigated at.a bombarding energy
of 50 MeV oh targets of.l2C, 16O, 26Mg, 285i, 40Ca and 208Pb.l Due to the
small neutron binding energy of 9Be and the resulting positive Q-values, this
reaction favors transitions involving small f-transfers and populates states
up to severél MeV in excitation with a fairly high yield. 1In additioh, a
broad continuum in the energy spectra was observed that can be attributed to
the breakup Qf the weakly-bound 9Be projectile. For the 288i, 40Ca_and 208Pb
targets, spectroscopic factors have been extracted from exact finite—rangé
distorted-wave Born-approximation calculations using opticalfmodel potentials
derived from 9Be elastic scattering data. The relative spectroscopic.factors

are in good agreement with those obtained from 1ight ion reactions but the

absolute values are low.

' 12 16 26 28, 40_ 208 .
[ NUCLEAR REACTIONS c, o, Mg, Si, Ca, 0 Pb
9 8 12 28 . 40 208 9 9
("Be, Be), c, Si, Ca, Pb( Be, Be), E =
| 28 . 40 208_'2P
50 MeV; measured ¢ (E,0) for si, Ca, Pb; optical

model and EFR-DWBA analyses, deduced spectroscopic

9
. factors, “Be breakup. |
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I. INTRODUCTION

'Single*neutronvstripping reactions induced by heavy ions such as

Li, 11B, c, 1 N and 16O at bombarding energies not too far above the

Coulomb barrier have been investigated extensively over the past few years. -
These feactiéns all involve the transfer of a neutron that isvfairly tightly
bound in the projectile (by‘7.2 - 18.7 MeV). Thus, the éround state reaction
Q-values are generélly negative and trénsitibns to high-spin states at low
excitation energies are favored. >Thé only heavy-ion projectile with a
substahtially smaller neutron-separation energy is.9.Be(Sn = 1.67 MeV), which
is even more weakly bound than the deuteron (Sn = 2.22 MeV). Since the
Q-values"fof the (9Be,8Be) reaction are typically positive, the (9Bé,8Be)
reaction is expected to favor transitions that are kinematically inhibited

in other heavy-ion reactions, namély those involving small angular momentum
transfers at high excitation energies, and these tfansitions should be well
described by standard distorted-wave Born-approximation (DWBA) calculations.

On the other hand, the small separation energy of 9Be can also give
rise to a breakup process 9Be > 8Be + n in the field of the target nucleus,
similar to that observed for the deuteron,d - p + n. If the magnitude of
this process ‘is large, the coupling of the breakup to the direct transfer
channel may be important and could. lead to a breakdown of tﬁe conventional
DWBA model.

The (9Be,8Be) reaction has been studied only recently9 because of
problemslo in the acceleration of 9Be (due to the absence‘of gaseous compounds
of beryllium and the high toxicity of beryllium compounds) and difficulties
in detecting the particle-unbound 8Be. Nevertheless, this reaction has
experimental advantages over other heavy-ion single—ﬁeutron tranéfer reac-—

tions. A 8Be‘detection systemll is capable of eliminating both (a) the excited
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_ . 8 . .
states of the outgoing particle ( Be ) from the energy spectra and (b) the
more copiously produced elastically and inelastically scattered beam particles;
both of these can be sources of spurious peaks in heavy-ion single-neutron
transfer reactions,
A . ' 9 8 .
In the present work we report energy spectra for the ( "Be, Be) reaction
12 16 2 28 208 .
on c, o, 6Mg, si, 40Ca and Pb targets at a bombarding energy of
28 4 208 ' . .

50 MeV. For the si, 0Ca and Pb targets, angular distributions were

measured and analyzed in terms of the exact finite-range DWBA using optical

. . s 9 . .
model potentials obtained by fitting the measured Be elastic scattering data.
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II. EXPERIMENTAL METHOD

The exﬁeriments discussed in his work utilized a 50 MeV 9Be2+ beam
.from the Lawrence Berkeley Laboratory 88—inch_cyclotron at intensities of up to
100 nA on farget. The ?Bez+ iong were producedvin a Penning Ion Gauge source12
_to which argon was added to sputter beryllium atoms from a‘ﬁiece of beryllium
metal into the arc where théy were ionized. This technique was used in
place of’the more common method ofvmixing the sourcé material (lithium, boron)
into the cathode buttons in order to.redpce the safety problems associated
with the handling of the highly toxic beryllium.

The detection of 8Be(g.s..) nuclei13 is complicated by the fact that
they decay promptly (T 10—16 s), and must be observed indirectly by means
of their decay a particles. The decay of the 8Be ground state is characterized
by a single decay channel, a small decay energy (92 keV), two identical éharged
prbducts and, since all the spins involved are zéro, an isotropic distribution
of the decay products in their center of masé. For relatively high-energy 8Be'
events.(E(BBe) > 35 MeV), the decay a particles are kinematically focused into
a narrow cone (apex angle < 6°) whose axis lies in the direction of the
original.8Be event. Since the decay energy is small compared to the 8Be energy,
the two o particles have approximately equal energies and velocities. Therefore,
they will reach a‘detection system almost simultaneously and a 8Be event can
be characterized by detecting both particles in coincidence.

Because the distribution of the o particles is sharply peaked at the
surface of the breakup cone, a large solid angle is required to detect both
an particles with high eﬁficiency,whereas a small horizontal acceptancé angle
is required for good energy reéolution, If a position-sensitive detector

' 13 . e
(PSD) is placed behind a twin transmission AE detector = (see Fig. 1), it is

. . . ’ 8 . . .
possible to measuré both the direction and energy of a Be event; with this
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approach the detection efficiency and the energy resolution can be optimized
concurrently. Since ﬁhe two o particleé strike the PSD at nearly equal
distances from the axis of the breakué cone, the average position signal X
corresponds to the direction of the original 8Be event (see Fig. 1l). Thus
one can. compensate kiﬁematic broadening by gating the energy signals with
posifion signals corresponding to a small angular range. To further charac-
terize 8Be events, particle identification is performed using the summed AE
signals and the E signal from the PSD (8Be identifies13 as if it were a i
event) . Because.they have considerably larger breakup cones; decay products
from excited states of 8Be are not detected by this system (see Refs. 11 and 13
for a more detailed disqussion of the 8Be identifier).

To study the (9Be,8Be) reaction, a 8Be identifier with a large effective
solid angle was utilized which consisted'of 100 um phosphorus—diffused silicon
twin transmission detectofs (10x13 mm2) and a 300vum surface—barrier silicon
PSD(10%30 mm2). Because of the large horizontal acceptance angle (9°), three
position gates were set on the 8Be energy spectra. Each gate was 1.4° wide
and subtended an effective solid angle of 0.35 msr with a calculated detection
effiéiéncy14 of aboﬁt lé%. The observed energy resolution of 450 keV FWHM
was mainly determined by the kinemafic broadening. With this system é singles
count rate of 15,000 s-1 in each AE detector could bé maintained wifh an
associated dead time of less than 20%. |

. 9 ' . . co e s
In the same experimént, Be elastic scattering was measured utilizing

a 300 pm silicon surface-barrier PSD with a width of 50 mm and a height of 10 mm.

A collimator was employed which consisted of a tantalum plate with 8 vertical
slits (10x%x1 mm2) sepératéd-by 2 mm. The energy signal was routed by the
corresponding position signal, thus.elastié scattering was simultaneously
measured at 8 aﬁgles, each with a horizontal acceptance of 0.5° and separated

by 1°.
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III. ELASTIC SCATTERING DATA

Elaspic s;atteriﬁg'of 9Be at SOIMeV from l?C, 28Si.and 40Ca targets
was measured between 10° and 60° and from a 208, target between 60° and
100° in the center of mass.' The angular distributions are shown in Figs. 2
and 3 as the.ratio of the elastic to Rutherford cross sections. Only statisti-
cal error bars are ihdicated; the absolute cross sections are.expected to be
accurate to + 15%. For the light target,vl2C, the distribution is strongly
oscillatory (Fraunhofer-type scattering), while with increasing atomic number,
and thus increasing Coulomb field, the oscillations weaken (ZSSi) and then
disappear,(zost, Fresnel-type scattering).lS

Figures 2 and 3 also_show fits obtained from.opticgl médel calculations
using a modified yersion of the search code GENOA.16 For the nuclear part
of the potential, only real and imaginary volume terms of Woods-Saxon form
were included and for the Coulomb part a-sphexical qharge distribution witﬁ
radius 1.2 (Allj/3 + A;/3) fm was taken. The potenfiai parameters extracted

from a 6-parameter search and used in the DWBA calculations are listed in

Table I.
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'IV. REACTION DATA

Heavy?ion reactions show a pronounced dependence of the. yield on the
reaction kinematics, which is discussed in Sec. IV. 1 in view of the
partiqular kinematic conditions which result from employing the weakly-bound
projectile 9Be. In Sec IV. 2 the single-particle states observed in ‘the

9 8 : . .
energy spectra of the ("Be, Be) reaction on 12C, 16O, 26Mg, 2851, 40Ca and

208 ' . . . . . .
Pb targets are discussed in detail ; angular distributions and a DWBA

analysis are presented in Sec. IV. 3. Finally, the broad continuum that is

seen in the energy spectra is treated in Sec. IV. 4.
1. Kinematical Effects

There are two main kinematical factors that determine the yield of

heavy-ion reactions: the Q-value and the angular momentum matching. At
, . ; . . . . . 17,3
energies above the Coulomb barrier, semiclassical considerations by Brink
show that, in the reaction A(a,b)B, the probability for transferring a nucleon,
or a cluster of nucleons, with mass m is highest for transitions with Q-values
around a preferred O-value, Qp' which is given by:
z_ - 2 2 )e?

12 (2,25 = 2,%y)e

Qp=_2mv' * - R Y

where Vv 1is the relative velocity of the projectile and target nuclei

in the region of transfer; Z, the atomic number; and R = ro (al/3 + A1/3),the
distance at the point of interaction. The first term in Eg. 1 can be calculated

from the following expression:
Lw® =& - U (2)

where u and EC n are, respectively, the entrance channel reduced mass and the

' ' 2 . ; .
center-of-mass energy and U = ZaZAe /R 1is the Coulomb potential energy at the

distance R. Using Eg. 2 and noting that the second term in Eq.1 vanishes
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for neutron . transfer reactions, one finds:

--D (g - v | | B '
Qp. u-oc.m. c : . -3

The preferred excitation energy.Ep in the residual nucleus is then

given by:
E =Q -—Q : (4)

where Qo isbthe ground etater—value. Table ITI presents the. values
of Qé, Qp and Epfcalculeted ueing ro - 1.4 fm, for the (9Be,éBe) reaction at 50 MeV
on the targets investigated ieifhis werk; At this bomba?diﬁé energy,E is
. ‘ L p

typicaliy between 7 and 10 MeV; the smailer value for 208Pb is caused by the
lerge Coulomb potehtial energy. These Ep values.are'quite high( evenvthough
the bombarding energy is'relatively low( due toethe positiﬁe.éo—values associated
with the Smallvneutron eeparation enefgy of 9Be.. For comparison, these quantities
have also been calculated for two other heavy-ion neutron transfer reactions
with projecfiles of comparable mass and which have been studied at a similar
eneréy/nucleon: (7Li,6Li) at 36 MeVl and (11B,10B) at.72 MeV.4
wbereas the Qp—?alues for these three feactions are reughly the same, the Ep
values for the lattef two reactions are significantly lo@er due to their
smaller Qoevaluee. Higher values of Ep for the 7Li and llB induced reactions
can only be achieved at much higher bombarding energies.

The other kinematical feetor is the angular QOentum matchin918
between the initial and final'orbife for a surface reaction; The yield is
large if the erbital angular momentum tfaﬁsfer A fulfilis the matching

condition:

g ~AL = |L ., - L B - ' (5)
oi of : ) . .
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Whgre'Loi and Lof are the partial waves in the'initial'and the final channels
for which the amplitude of the elastic S-matrix is equal to 0.5. For a given
reaction, AL depends stropgly on the Q¥va1ue of the transition and somewhat
less on the bombarding energy. For the (QBe,sBe) reaction at 50 MeV, values
of AL have been determined for a light (lzc) , medium (4OCa)'and heavy (208Pb)
target from optical model calculations using the parameters listed in Table I

' for both the éntrance and exit channels; these are plotted as a function éf
the Q-value in Fig. 4. At this bombarding energy, AL is zero for Q-values
around 2 MeV and increases almost linearly for larger and smaller values with
a slope tha£ steepens with increasing target mass. Also indicated in Fig. 4
are the ground state Q-values (QO), excitation energy scales for the region in.
which the single‘particle states lie, and the preferred excitétion energy Ep taken
from'Tabie II. In-general,rthe Qo~values fall on the right (more positive
Q;vélue) side of the minimum in‘the AL-curves and the corresponding AL values are
around 1li. Then, for transitions to excited states, AL first decreases but, after
going through zero, increases to a value of about 2-3 h for excitation energies
near Ep' For excitation energies below Ep,optimum angular moﬁentum matching
is therefore achieved for small Q—transfers, that is for transitions to low
spin states; transitions involving large 24transfers are kinematically inhibiﬁéd.
This is quite different from the conditiéns encountered in other heavy-ion
single-neutron transfer.reactidns with similgr.mass projectiles at comparable
incidenf energies. Sihée these other.reactions all have less positive Qo—values
than the (9Be,8Be)'reaction, their Qo-values lie on the left side of the
minimum in the AL curves and thérefore.AL incfeasés monotonically for
transitions to excited states, resulting in an angular momentum mismatch for

small f-transfers.
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Based on Qb and AL, Brink has also derived more detailed formuiaeB'17

.

for, predicting the relative transition probabilitieé in heavy-ion reactions:
Théy have bgen tested for the present reaction ﬁsing the cémputer code HIPR.OB.19
However, it was found that the observed preferehtialpépulationof fhe low
spin states was not predicﬁed correctly. That is, for transitions_wi;h
AL = 0 and % >>> AL, the angular momentum mismatch did not result in a reduction
of thé calculatea transition probabilities. On thé other hana, for those
'reaCtioﬁs'in whieh.large angulér momentum transfers are favored [AL > o,
e.qg. 208Pb (llB,loB)zogpb]fana,for which the model Has been successfully
applied3véo far,'fhe caldulationsvcléarly‘showaé smalier pfobébilit? for

transitions that have & = 0.
- 2. Energy Spectra
In the following subsections, the single particle states observed in
, , - — |
energy spectra from the ( Be, Be) reaction will be discussed and contrasted
with results from other heavy—ioﬁ single-neutron stripping reactions where
available. Errors on excitation energies of peaks which cannot be assigned

to knownvstatés are typically * 100 keV.

129 8 13
A. T C(Be, Be) C

In the energy spectrum shown in Fig. b5a, transitions are observed

2 ; . : .13 . . .
to the known ° single particle states in ~~C with the following energies

3.85 MeV, 1d and 8.2 MeV,

1/2° 5/2°

. ) . + .
ld3/2. Furthermore, the 6.86-MeV, 5/2 state and.levels at 7.5, 9.5 and 10.8 MeV

and configqgurations: g.s., lpl/z; 3.09 Mev, 2s

are wedkly populated; the last three levels cannot‘be unicuely iden#ified with
known sta?es. The fact thétsstates at these high éxcitation\énergies ére populated
ié duevto the large value of Ep (7.8 MeV}). In other;heévy ion reactions such

as the<(7Li,6Li) reacti'ohl at 36 MeV, these states are only very.

weakly excited because Ep is small (1.9 MeV). On the other hand, at
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11

11B,loB) and the (12C, C)

much higher incident energies,>the (

. 3 - 14 , 7
reactions™ at 114 MeV as well the ( N,13N) reaction at 155 MeV populate

’ ‘s 9 ' . .
states up to about 1l MeV, very much like the (-Be,8Be) reaction, since at
these energies the EP values of the reactions approach that of the (9Be,8Be)

reaction at 50 MeV bombarding energy.

B. 16O(9Be,8Be)17O

. 9 8 .
Figure 5b presents an energy spectrum from the ( Be, Be) reaction on

a SiO2 target. The preferred excitation energy for this reaction on 160 is

. . 2 : . .
6.8 MeV; thus the following states which are known 1 to have substantial single

particle character are populated: g.s., 1d 0.87 Mev,2s1/2;5.08Mev, 1d

5/2° 3/2

and 5.70 Mev, 1f A strongvtrgnsition is also observed to a state at

7/2°
: . .21 o ' .
7.6 MeV with a possible 2p3/2 configuration. The 5/2 state at 3.84 MeV is

only weakly populated; this is similar to results from the 16O(d,p)l70

22 ‘ - . .
reaction”  where it was found that this 5/2 state was not populated in a simple

8

- , l6_ .9 17
stripping reaction. In contrast to these ~O( Be, Be) O data, the

7.. 6_., . ' A ' , . : .
( Li, LI) reactlon1 at 36 MeV (Ep = 0.9 MeV) predominantly excites the l70

g.s. with a decreasing yield to excited states.

9. 8 27
C. 26Mg( Be, Be) Mg and

28Si(9Be,8Be)295i

Siﬁce 26Mg and 28Si have the saﬁe numﬁer of neutrons, the energy
épectra from tﬁe (9Be,aBe)rreactioh on these two.targets are exéected to be
quite similar. Spectra from the two reactions.are shown in Figs. 6a and 6b at
Olab = 20° aha 16°,‘respectively. Known23 states with single-partigle
configuration 281/2,1d3/2,1d5/2 and'2p3/2 at 0.0, o.és, 1.70 and 3.56 MeV

27 ‘ .
in Mg and at 0.0,_l.27, 2.03 and 4.93 MeV in 298i are in fact populated
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with the same relative strengths. The lf7 5 level, which is only weakly

/ ,
e .29, Ce . 27 , ‘ »
populated in- "Si at 3.62 MeV, lies in = Mg above the 2p3/2 level by
- 200 kev'énd'could‘not be resolved. A state observed in 27Mg at 4.8 MeV with
‘ ' e e 23
a tentative assignment of (1/2 , 3/2 )23 could correspond to the known =~ 6.38 MeV
i/2" level in 29g;
' | 9 8, . 26 28 _,
Because the ("Be, Be) reaction on both the Mg and Si targets has
a high'preferred excitation energy (8.9 and 10.7 MeV, respectively), states
2 o . . .
in 27Mg and 9Si are appreciably populated up to 8 MeV. At the higher excita-
tion energies the density of states increases, making an identification of
the observed peaks with known states difficult. 1In Mg two (poorly
resolved) peaks at 5.6 MeV and 6.1 MeV as well as a broad peak at 7.1 MeV
are populated,while in 298i peaks at 7.1 MeV and 8.3 MeV are observed.
' e - : 8
In contrast to these data from the (9Be, Be) reaction on
28
Mg and - 'Si, other single-neutron stripping reactions at a comparable
' . 1 7.\ . . 5,8 11
bombarding energy (36 MeV Li) or at higher energies - (114 Mev B and
16
126 MeV =~ 0O) populate states at lower excitation energies (< 4 MeV) because
their more negative Q-values shift downward the preferred excitation energy
; ’ 7
(see Table 1I) and also increase AL. Thus, for the ( Li,6Li) reactionl on
28 . '

Si, the strongest transition is observed to the ld3/2,1.27-MeV state which

. - 8 .
is only moderately populated by the (9Be, Be) reaction. Furthermore, the

' 10 16 1 ... 5,8
large AL values for the (llB, B) and (" O, 5o) reactions

on'26Mg cause

them to populate strongly the high-spin state with configuration 1f7/2 at
— y P . 9. 8_ ., . L

3.76 MeV in " 'Mg; this state is unresolved in the ("Be, Be) data but,

based on the observed excitation energy of the peak corresponding to the

3/2°, 3.56-MeV state, is only weakly excited.
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40 9 8 41 .
D. Ca( Be, Be) Ca
. ' : : -9 8_. . 40
Figure 7a presents an energy spectrum from the ("Be, Be) reaction on Ca.

Transitions are'bbserved:to the 1f 5 ground state, two states with a substantial

7/
2p3/2 configuration at 1.94 MeV and 2.46 MeV and two states with an appreciable
. . . . 2 -
2pl/2'conflguratlon at 3.94 MeV and 4.75 MeV. 3 The state at 5.6 MeV, the broad

(possibly a doublet) state at 7.5 MeV and a sharp state at 8.6 Mév, which ié above
the neutron threshold of 8.4 MeV, cannot be identified with particular known
levels.

As can be seen fromAFig. 4,'oné haé AL <1 for tfansitions to stétes h
in 41Ca with exéitation energies'below 5 MeV. Since orbital angulaf momentum
transfer values of 2, 3 or 4: are required for the transition to the 7/2_,-
g.s. ofV41Ca,the angular momentum mismatch resultsinasmaller cross section
thaﬁ forvthe transitions with good angular mbmentum matching such és those to
the.first two 3/2— and l/2- states, where a néutron'is deposi£ed in a p¥orbital

with possible f-transfers of 0 (for the 3/2 states), 1 or 2.

208_ 8_ 209
E. Pb_(gBe ’ Be) Pb

20

' . ' : 8 9 8 209 . .
A typical energy spectrum of the Pb( Be, Be) ~Pb reaction is

presented  in Fig. 7b. Transitions to the following reasonably pure'single—
11/2; 1.57 Mev 3d5/2,
and 2.54 MeV .34 . The 1.42-MeV, 1j15/2; 2.03-MeV, 4s

. 24 : .
particle states are observed: g.s.,2g9/2; 0.78 Mev 1i

and 2!49—Mev, 297/2

3/2 1/2

states are not resolved from the two Strongly populated states at 1.57 MeV, 5/2+
L+ ' '
and 2.54 MevV, 3/2 .
The data in Fig. 7b clearly show a substantial decrease in yield for the

high spin states relative to that for the lower spin states. Since the single-

particle spectroséopic strengths for all these states are close to unity; the dif-

ferences in population are entirely due to a kinematical effect, namely the angular
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" momentum mismatch discussed in Section IV. 1. For the transitions to the
9/2+,g.§; and the first exéited étate, 11/2f , AL < 1h (see-Fig.v4), whereas
the ailowedAl—tranSfer values are 3,4,5 and 5, 6, 7; respectively, giving rise to
a substan;ial.mismatch. For the transitions to low spin states (5/2+,l/2+and 3/2+)
around 2 MeV excifation, both the z-mai:lcbing and the Q-matching (Ep = 3 MeV)
are good. This.accounts for thé large observed cross sections to these states.

Thevkinematic behavior of the (9Be,8Be) reaction differs strikingly
from similar heavy-ion reactions,‘such as the (1lB,lOB) reaction4 at 72 MevV,
ip which the AL value is around 1oﬁ fo% the é.s. transifioﬁ and becomes even
larger fér transitions to excited states. Thus there‘is a large angular

.mqmentum mismatch for all transitions except those involving Qery
large angular momentum transfersrand as a resultvoniy high spin states were
ob;erved.(wit?ldecreasing cross sectibns for the excited states sinqe Ep =

-5.9 MeV). A similar comment applies to the 2OBPb (llB,loB) reaction2 at .

113.5 MeV and the 208Pb (160,150) reaction6 at 139 MeV where only the high

. spin states were observed.

3. Angular Distributions

. : 2 . 4 2 .
For the (9Be,8Be) reaction on 851, OCa and OBPb targets, angular

distributions for transitions to states with khown”spin and parity are presented
in Figs. 8—10; The angular distributions for the 288i target show some diffraction
) . . 40 208 -
structure (see Fig. 8) while those observed for Ca and . Pb are almost feature-
less (see Figs. 9_and 10), as is typical of low energy heavy-ion reactions.
) . . : 5 - I . 209 .
[ The distribution for the unresolved 2.03-MeV, 1/2 state in Pb (Fig. 10) was
obtained by a multiple peak fitting analysisf] Only statistical error bars are
shown; the uncertainty in the absolute cross sections is about * 25%.
These'angular distributions were analyzed in terms of exact finite-range
. - | 25 | . .
DWBA using the computer code PTOLEMY , which calculates the differential

cross section by:
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/a0 = L s Sy oo | (6)
- '3 “Be '

where sB'and sgBe are the single-~neutron spectroscopic factors for the residual
nucleus and the projectile, respectively. The contributions from all allowed
f-transfers were added incoherently since in the calculation of the distorted
waves no spin-orbit interaction was used.

Optical model paramefers, derived from 9Be elastic scattering (Table 1)
wefe used for both the entrance and exit channels. This approximation
should not be unreasonable since both 9Be and‘SBe aré weakly-bound structures
of similar mass and.identical'chaggé. The bound-state Qave.functions were

N 1/3

determihed using a real Woods-Saxon potential with radius Rb o= 1.25x%A fm,

diffuseness a = 0.65 fm and a spin-orbit strength

VS.O.‘= 6 MgV. The depth of

the potential well was adjusted to give the neutron separation energy.

The results of tﬁe calculations are shown in Fiés. 8-10. In general
the shapes of the_diStributions ére well reproduced by the theory. Extracted
absolute éndvrélative spectroscopic factors SB are'giveh in Table III where

2 v 3
for S9 the theoretical value 6 of 0.58 was used. Although the relative
Be : '

' spectroscopic factors are in fairly good agreement with those obtained from light-ion
: 27-29 , L
reactions, the absolute values for all the targets are too small; i.e.
the magnitude of the predicted cross section is too large by an average
: 28 . 40 208 - :
factor of 1.3, 3.3 and 5.2 for Si, Ca and Pb, respectively.
Several effects could account for this discrepancy in the absolute
magnitudes of the spectroscopic factors. There is, of course, an uncertainty
in the optical potential for the exit channel since no elastic scattering

. 40 208 .
data exist. For the Ca and Pb targets,where the cross sections were over-

~estimated the most by the DWBA, different optical_potential parameter sets that

g
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fitted the.elastiC»scattering equally well were tfied; however, neither the
Shape‘norvthe mégnitude of.the prediéted créss section wés very sensitive té
these parameters,.sb'léngvas'they fitted the elastic scattering data.
Furthermore, a variation of the.bound state radius Rb.s. did not affect

the magnitude of the calculated cross sections significantly. It is possible,
however, that the over-estimation of the cross section arises from the fact

that the strong observed breakup of 9Be (see Sec. IV.4) was not properly
aécountéd for in these calculations. Although in convenfional DWBA such effects
are implicitly contained in ;he“absorptiye part of the opfiqal potential,

coupling of the breakup channel to the transfer channel and the distortion of

‘the internal wave function of the projectile, which are likely to be important

in the presence of a strong breakup process, are neglected. Attempts30’31 to

improve the DWBA calculations by including breakup of the'projectile have
mainly concentrated on the analysis of deuteron strippipg reactions. Perhaps
the simplest and most su¢ces$ful approach is that of Johnson and Sop_er.3
Their theory leads to a stripping matrix element similar to that in the DWBA, .
except that the deuteron optical potential is replaced_by an effective

poténtial—— the adiabatic potential-- which is derived from phenomenological

'neutron and proton optical potentials. To date this model has not been

v . v 8 . |
applied to heavy-ion reactions. Although the (9Be,_Be) reaction seems to

be particularly well suited for studies of breakup effects in heavy-ion

‘reactions, the application of the adiabatic theory is complicated by the

: 8 : . . . s '
- unbound nature of Be (since optical potentials for this particle-unstable

nuclide would be required).
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4. 9Be‘Breakup'

8 - :
In all the Be energy spectra, particularly those for the heavier
40 208 \ ' .
targets Ca and Pb (Fig. 7), a rather large, roughly Gaussian-shaped
continuum was observed. This continuum is peaked close to the
preferred excitation energy E, in the final nucleus. On the other hand,
. ' 8 .
if expressed in terms of the Be energy, the centroid of the distribution
. ' . 8 .
for all the targets is around 43 MeV which corresponds to a Be velocity
9 . '
equal to that of the "Be projectile reduced somewhat by the neutron
. 9 . ' . . ’
separation energy of "Be. Thus, the yield for this continuum could come
from two reaction mechanisms: direct neutron transfer to a region having
a high density of states with single particie strength, or "quasi-elastic"
9 8 .
breakup of Be + Be + n. Because of the small neutron separation energy
9 : . ' . |
of "Be, and the fact that this structure appears with each target, the
. , 9 . .
latter process is likely to be dominant. Breakup of the Be projectile has
been observed previously at beam energies both below and above the Coulomb
‘ . 9 32
barrier. Sub-Coulomb breakup of Be on gold has been measured by Lang et al. -
and analyzed with semiclassical calculations. At energies above the Coulomb
. . 9 s s
barrier, evidence. for the breakup of the "Be projectile has been obtained
_ 9 10 .. . L
in the ( Be,0) reaction, in which the o particle energy spectra exhibited a large
. . - . 9 8
. background which was ascribed to the two-step disintegration Be - Be + n followed
. 8 . . 9
by Be > 2a as well as three-body processes such as’ Be - 2a + n.
. , L - 9 8
Under the assumption that the continuum observed in the ( Be, Be)
reaction is entirely due to breakup, rough differential cross sections were
extracted from the. various energy spectra and the ahgular distributions are
shown in the lower portion of Figs. 8~10. The slopes of these distributions

are about the same as for the single particle transitions-- rising towards
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the grazing angle (see Fig. 10) and falling behind it (see Figs. 8 and 9) --
as expected for a‘?qﬁasi—elasticV process. For the-zOSPb target, the distri-
bution is somewhat flatter compared to those observed for the discrete
transitions (see Fig. 10), which could indicate that breakup is significant
even at larger impact parameters. The peak cross sections for breakup on the
28 . 40 208 ' ' .
Si, Ca and Pb targets are about 30, 60 and 10 mb/sr, respectively.

' . o : 208_ .

It is somewhat surprising that the breakup cross section for Pb is smaller
28 _, 40 - .. .

than that for Si and Ca. However, similar results have been observed in
. ' . L 6 . . ' . |
a study33 of the dissociation of ILi into a + d, where it was found that, at
a bombarding energy of 36 MéV, the breakup cross section on Ni was smaller than

12
- on C.
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V. SUMMARY

It ha; béen shown thaf the unusually small neutron-separation energy
of 9Be gives rise to kinematicalrconditions that distinguish the - (9Be,8Be)
reaction from other one=-neutron stripbing reactions induced by heavy ions
at loQ bombardingbenefgies. .Thisiréaction populates low spin states up to
several MeV in excitation with considerable strength, whereas ﬁost other
heavy ion reactions, due to their more negative Q-values, preferentially
populate higher spin states at low excitation energies. In addition,
evidence for a considerable projectile breakup process was obtained in the form
of a large continuum in the 8Be energy spectra. Even though’EFR—DWBA predicts
the shapes of the angular distributions and the relative -cross sections for
the single-particle transitions correctly, it overestimates the absolute
magnitude, especially for the heavier targets. It is belie&ed that this
disagreement may be caused by the strong pfojectile'breakup p;ocess not

taken into account by the conventional DWBA theory.

ACKNOWLEDGEMENTS

We wish to thank Dr. D. K. Scott for many helpful discussions and

for a critical reading of the manuscript, as well as J. Bowen and the cyclotron -

crew for developing the beryllium beam,



-19-, . . '  LBL-6508
FOOTNOTES AND REFERENCES -

Work performed under the auspices of the U.S. Energy Research and

Development Administration.

+Present address: Michigah étate University, Eést Lanéing, Michigan 48824.
1. P. Séhuﬁéchef, N. Uefa, H. D. Duhﬁ, K. I.—Kﬁbo,and W. J. Klages,
Nucl. Phys._églg, 573 (1973). | |

2. A. Anyas—Weiss; J;‘Becker, T. A; Eelote, J. C. Cornell, P. S. Fisher,
P.‘N.‘Hudéon, A; Menchaca—Rocha; A. D. Panagiatou,and D. K. Scott,
Phys. Lett. 45B, 231 (1973).

3."N. Anyas—Weisé, J. C; Cornell, ?. S. Fisher, P. N. Hudson, A. Menchaca-Rocha,
D. J. Millener, A. D. P;nagiotou, D..K. Scott( D. Strottman, D. M. Brink,
B.'Buck, ?. S;IElliS;anabT. Eﬂgeléﬂd, Phys. Rep. 12C, 201 (1974).

4. J. L. C. Ford, Jr., K. S. Toth, G. R; Satchier, D. C. Hensley, L. W. Owen,
R. M; DeVries, R. M. Gaedke, P. J. Riley,and S. T. Thornton,

Phys. Rev. C 10, 1429 (1974).

5. 1. Paschopoulos, P. S. Fisher, N. A. Jelley, .S. Kahana, A. A. Pilt,
W. D. M. Rae,and D. Sinclair,;Nucl;‘Physl'§g§gj 173 (1975).

6. F. b. Becchetti, B. G. Harvey, D. Kovar, J. Mahopey, C. Maguire,and
D. K. Scott, Phys. Rev. C 12, 894 (1975).

7. K. G. Nair, H. Voit, é.‘w.>Towsley, M. Hamm, J. D. Bronson, ana
K. Nagatani, Phys. Rev..C 12, 1575 (1975).

8. D. Sinclaif, I.vPa§éh9pou1§s, H? S. Bradlow, ?. S. Fisher, A. A. Pilt,
and W. D. M. Rae, Nucl. Phys. A261, 511 (1976).

9. J. Lang, R. Miller, J. Unterndhrer, L. Jarezyk, B.fKamys,énd A. Strzalkowski,
Proceedings of European Conference on Nuclear Physics with Hea&y Ions,

Caen, 1976, p. 39 (unpublished).



- 10.

11.

12.

13;

14.
15.
16.
17.

18.

19.

-20.
21.

22.

23,
24,

25.

-20- ' LBL-6508

N. I. Venikov, Yu. A. Glukhov, V. I. Man'kov, B. G. Novatskii,

'A. Al Ogloblin, S. B. Sakuta, D. N. Stepanov, V. N. Unezhev,

V. I. Chuev, and N. I. Chumakov, Yad. Fiz. 22, 924 (1975)

(Sov. J. Nucl. Phys. 22, 4él (1976)).

G. J. Wozniak, D. .P. Stahel; J. Cerny, and N. A. jelley,

Phys. Rev. C 14, 815 (1976). |

D. J. Clafk, J. Steyaert,vJ. Bowen, A. Carneirofand D. Morris,
Proceedings of the 6th International Cyclotron Conference, Vaneouver,
(1972), ed. J. J. Burgerjon and A. Straehdee (ATP, N.Y. 1972), p. 265.
G. J. Wozniak, N. A. Jelley, and J. Cerny, Nucl.'Inetrum. Methods |

lgg, 29 (1974). |

Copies of the program EFFCR are available from the authors upon request.

W. E. Frahn, Phys. Rev. Lett. 26, 568 (1971).

F. G. Perey, Optical Model Search Code GENOA, (unpublished).

D. M. Brink, Phys. Lett. 40B, 37 (1972).

R. Stock, R. Bock, P. David, H. H. Duhm, and T. Tamura, Nucl. Phys. Alo4,
136 (1967).

Computer Code HIPROB, provided by Dr. P. N. Hudson, Oxford University,
Oxford, England.

F. Ajzenberg-Selove, Nucl. Phys. A268, 1 (1976).

F. Ajzenberg—Selove, Nucl. Phys. A281, 1 (1977).

S. E. Darden, S. Sen, H. R. Hiddleston, J. A. Aymar, and W. A. Yoh,
‘Nucl. Phys. A208, 77 (1973). |

P. M. Endt end C. Van der Leun, Nucl. Phys. A214, 1 (1973).

M. J. Martin, Nucl. Data Sheets B5, 287 (1971).

D. H. Gloeckner, M. H. Macfarlane,and S. C. Pieper,

Argonne National Laboratory Report No. ANL-76-11, (unpublished).



26.

27.

28.

29.

30.

31.

32.

33.

D06 0da8u s ge

=21- o j

S. Cohen and D. Kurath, Nucl. Phys. 101, 1 (1967).

'M. C. Mermaz, C. A. Whitten, Jr, J. W. Champlin, A. J. Howard,

and D. A. Bromiey, Phyé. Rev. C 4 , 1778 (1971).

D..C. Kocher and W. Haeberli,'Nucl. Phys. Al96, 225 (1972).
D;.G} vaar,‘N. Steiﬁfand C. K. Bockelman, Nucl. PhYS"égiir
266 (l974fa |

R. C. Johnson and P..J, R,‘Soper, Phys. Rev. C 1, 976 (1970).

J. P. Farrell, Jr., C. M. Vincent,and N. Austern,

- Ann. Phys. 96, ‘333 (1976). N

J. Lang, R. Miller, E..Ungricht,and J. Unternéhrer,
Proéeedings of;the European Conference on Nuclear Physics with
Heavy ions, Caen, 1976, p. 48, (unpublished).

R. W. bllerhead, C. Chésman,and D. A. Bromley, Phyé. Rev. 134,

B74 (1964).

LBL-6508



-22~

Table I. Optical Model Parameters

LBL-6508

a a
Target v . rOR aR W rOI aI
(MeV) (fm)  (fm) (MeV) (£fm) (fm)
12
C 85.3 1.01 .64 23.9 .94 .89
28 . ’
Si 72.0 1.05 .61 11.2 1.30 .85
40 : v ‘
Ca  65.4 .86 .79 10.1 1.28 .80
208Pb 61.9 1.26 .40 3.37 1.32 .92
Ap= o (Al/3+A1/3)
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Grouﬁd state Q—value;Q ; theoretical preferred Q=value, Qp(Eq 3);

Table II.
"' 'and excitation energy, (Eq. 4) for the { 9Be,®Be) reaction at
50 MeV compared with the values for the (7L1,6L1) reaction at
36 MeV and the (llB,loB) reactlon at 72 Mev.
- 8 . 6., 11
( Be, Be) ( L1,‘L1) ( B,lOB)
50 MeV 36 MeV 72 MeV
Target ’ ' E ’ E - E
get | R o % . 9 SO .
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
12 ' _ . :
c 3.28 -4.5 7.8 -2.31 -4.2 1.9 ~6.51 - -5.4 -1.1
16 :
o] 2.48 -4.3 6.8 -3.11. -4.0 0.9 =-7.31 -5.3 -2.0
26 '
Mg 4.77 -4.1 8.9 -0.81 -3.8 3.0 ~-5.02 -5.1 0.1
28 . "
Si 6.81 -3.9 10.7 1.22 -3.6 4.8 -2.98 -4.9 1.9
Ca 6.68 -3.5 "10.2 1.10 -=-3.2 4.3 ~3.11. -4.5 1.4
208
Pb 2.28 -0.7 3.0 -3.31 -0.4 -=2.9 -7.51 -1.6 -5.9




Table III. Absolute and Relative
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Spectroscopic Factors.

LBL-6508

9 8 - a
(.Be, Be) (d:P)
Final Nucleus E 23 v '
w nese _ X ned 'Sabs. . rel. Sabs. rel.
(MeV) .
2 ,
si g.s 2s 172 | .31 1. .53 1.
1.27 14 3/2 .61 1.97 .74 1.40
2.03 1d 5/2 | .09 . .29 .12 .23
3.62 1f 7/2 .25 .81 .38 .58
4.93 2p 3/2 .49 1.55 .56 1.06
6.38 2p 1/2 .49 1.55 .53 1.00
{
41
. Ca g.s. 1£ 7/2 .21 - 1. .95 1.
1.94 2p-3/2 | .20 .95 | .70 1.36
2.46 2p 3/2 .08 .38 .25 .36
3.94 2p 1/2 .18 .86 .67 .96
4.75 2p 1/2 .10 .48 .19 .27
209, g.s. 2g 9/2 .16 1. .83 1.
.78 1i 11/2 24 1.50 .86 1.04
1.42 j 15/2 .58 .70
13 15/: % .19° 1.19 |
1.57 3d 5/2 .98 1.18
+2.03 4s 1/2 .14 .88 .98 1.18
2.49 2g 7/2 C 1.05 1.27
d 7P 1.06
2.54 3@ 3/2 1.07 . 1.29.
®Ref. 27 for 29Si; Ref. 28 for 4]_'Ca; Ref. 29 for-209

b~ . s e . .
Average value obtained by dividing the experimental cross section

for these unresolved states by the sum of the calculated cross sections.
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FIGURE CAPTIONS

i.. SChemafic diagram of the 8Be idénfifier éhowing twin transmission
detectors, PSD, trajectories of the breakup o par;icles (solid lines)
and‘measured direction of the 8Be event (dashed line).

2. Eléstid scattering anQUlar distributions.(plotted as a ratio to

. 9 12 28 .,
Rutherford cross section) for 50 MeV. "Be on targets of c, 851 and

4 . . . . .
0Ca. The solid lines are optical model calculations using the

potentials in Table I.
3. Elastic scattering angular distribution (plotted as a ratio to
. . . 9 208 ' .
Rutherford cross section) for 50 MeV "Be on Pb. The solid line is an
optical model calculation using the potential in Table I.

9 -8
4. Plot of AL vs. Q-value for the ( Be, Be) reaction on 12C (dashed

liné), 40Ca (solid_line) and-208Pb (dotted line) targets at 50 MeV.

Ground state Q-values and an excitation energy scale are given for
each final nucleus, and the preferred excitation energies are indicated

by upward-pointing arrows. -

8 2
5. Be energy spectra from (a) the 1 C(gBe,8Be)13C and (b) the

1

6.9 -8 17 : . .
O( "Be, Be) O reactions (the latter using an SiO_ target). The

2

population of known final states is denoted with the appropriate J“
values;-transitions which 'cannot be uniquely identified are labelled
with excitation energies. The arrows on the upper excitation energy
scales indicate.the calculated values of Ep.

8 2 8 27 '
6. Be energy spectra from (a) the 6Mg(gBe, Be) Mg and (b) the

28 . .9 8_ .29 . . . .
Si{ Be, Be) Si reactions. See caption to Fig. 5.

4 9 8 41
7. 8Be energy spectra from (a) the OCa( Be, Be) Ca and (b) the

2 9 8 209 _. . . : .
08Pb( Be, Be) Pb reactions. See caption to Fig. 5.
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Fig. 8. Angular distributions for transitions to single-particie states
N ' . . . 28,9 8 .29 .
(dots) and the continuum (open circles) for the Si( " Be, Be) “Si
reaction. Only statistical error bars are shown. The solid lines
represent DWBA calculations using the optical potential in Table I
and normalized with the spectroscopic factors given in Table IIT.
Fig. 9. Angular distributions for transitions to single-particle states

” . . 40
(dots) and the continuum (open circles) for the

9. 8 41
Ca( Be, Be) Ca
reaction. See caption to Figure 8.

Fig. 10. Angular distributions for transitions to single-particle states

' . 208 9 8 20
(dots) and the continuum (open circles) for the Pb( Be, Be) 9Pb

reaction. See caption to Figure 8.
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