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The ('Be,'Be) reaction has been investigated at a bombarding energy of 50 MeV on targets of "C, ' 0,' Mg, "Si, ' Ca, and ' 'Pb. Owing to the small neutron binding energy of Be and the resulting positive Q
values, this reaction favors transitions involving small t transfers and populates states up to several MeV in
excitation with a fairly high yield. In addition, a broad continuum in the energy spectra was observed that
can be attributed to the breakup of the weakly bound Be projectile. For the "Si, ' Ca, and -' 'Pb targets,
spectroscopic factors have been extracted from exact finite-range distorted-wave Born-approximation
calculations using optical-model potentials derived from Be elastic-scattering data. The relative spectroscopic
factors are in good agreement with those obtained from light-ion reactions but the absolute values are low.

U'C I,EAR HEAC TIQNS 12C 16p 26Mg 28si 4oCa 208pb ( Be 8Be) 12C 28si

Ca, Pb ( Be, Be), E&~—-5Q MeV; measured 0 (E, O) for Si, Ca, Pb;
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I. INTRODUCTION

Single-neutron stripping reactions induced by
heavy ions such as 'Li, "B, "C, "N, and "O at
bombard:ng energies not too far above the Coulomb
barrier have been investigated extensively over
the past few years. ' ' These reactions all involve
the transfer of a neutron that is fairly tightly
bound in the projectile (by l.2-18.7 MeV). Thus,
the ground-state reaction Q values are generally
negative and transitions to high-spin states at
low excitation energies are favored. The only
heavy-ion projectile with a substantially smaller
neutron-separation energy is 'Be(S„=1.67 MeV),
which is even more weakly bound than the deuteron
(S„=2.22 MeV). Since the Q values for the ('Be,
'Be) reaction are typically positive, the ('Be, 'Be)
reaction is expected to favor transitions that are
kinematically inhibited in other heavy-ion reac-
tions, namely, those involving small angular mo-
mentum transfers at high excitation energies, and
these transitions should be wel. l described by stan-
dard distorted-wave Born-approximation (DWBA)
calculations.

On the other hand, the small separation energy
of 'Be can also give rise to a breakup process
'Be -'Be+ n in the field of the target nucleus, simi-
lar 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 the
conventional DWBA model.

The ('Be, "Be) reaction has been siudied only
recently' because of problems" in the acceleration
of 'Be (due to the absence of gaseous compounds
of beryllium and the high toxicity of beryllium
compounds) and difficulties in detecting the par-
ticle-unbound 'Be. Nevertheless, this reaction has
experimental advantages over other heavy-ion
single-neutron transfer reactions. A 'Be detection
system" is capable of eliminating both (a) the ex-
cited 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 trans-
fer reactions.

In the present work we report energy spectra
for the ('Be, 'Be) reaction on "C, "0, "Mg, "Si,
~ Ca, and Pb targets at a bombarding energy of
50 MeV. For the "Si, "Ca, and '"Pb targets,
angular distributions were measured and analyzed
in terms of the exact finite-range DWBA using
optical model potentials obtained by fitting the
measured 'Be elastic-scattering data.

II. EXPERIMENTAL METHOD

The experiments discussed in his work utilized
a 50-MeV 'Be" beam from the Lawrence Berkeley
Laboratory 88-inch cyclotron at intensities of up
to 100 nA on target. The 'Be" ions were produced
in a Penning Ion Gauge source" to which argon
was added to sputter beryllium atoms from a piece
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of beryllium metal into the arc where they were
ionized. 'This technique was used in place of the
more common method of mixing the source mater-
ial (lithium, boron) into the cathode buttons in
order to reduce the safety problems associated
with the handling of the highly toxic beryllium.

The detection of 'Be(g.s. ) nuclei" is complicated
by the fact that they decay promptly (v -10 '8 s),
and must be observed indirectly be means of their
decay e particles. The decay of the 'Be ground
state is characterized by a single decay channel,
a small decay energy (92 keV), two identical
charged products and, since all the spins involved
are zero, an isotropic distribution of the decay
products in their center of mass. For relatively
high-energy 'Be events [F('Be)&35 MeV], the de-
cay a particles are kinematically focused into a
narrow cone (apex angle &6') whose axis lies in
the direction of the original 'Be event. Since the
decay energy is small compared to the 'Be energy,
the two n particles have approximately equal en-
ergies and velocities. Therefore, they will reach
a detection system almost simultaneously and a
'Be event can be characterized by detecting both
particles in coincidence.

Because the distribution of the a particles is
sharply peaked at the surface of the breakup cone,
a large solid angle is required to detect both a
particles with high efficiency, whereas a small
horizontal acceptance angle is required for good
energy resolution. If a position-sensitive detector

(PSD) is placed behind a twin transmission &E
detector" (see Fig. 1), it is possible to measure
both the direction and energy of a 'Be event; with
this approach the detection efficiency and the ener-
gy resolution can be optimized concurrently. Since
the two a particles strike the PSD at nearly equal
distances from the axis of the breakup cone, the
average position signal X corresponds to the direc-
tion of the original 'Be event (see Fig. 1). Thus
one can compensate kinematic broadening by gating
the energy signals with position signals corre-
sponding to a small angular range. To further
characterize 'Be events, particle identification
is performed using the summed &F. signals and
the F. signal from the PSD ('Be identifies" as if
it were a 'Li event). Because they have consider-
ably larger breakup cones, decay products from
excited states of 'Be are not detected by this sys-
tem (see Refs. 11 and 13 for a more detailed dis-
cussion of the 'Be identifier).

To study the ('Be, 'Be) reaction, a 'Be identifier
with a large effective solid angle was utilized which
consisted of 100-p, m phosphorus-diffused silicon
twin transmission detectors (10 &&13 mm') and a
300-pm surface-barrier silicon PSD (10 x 30 mm').
Because of the large horizontal acceptance angle
(9'), three position gates were set on the 'Be ener-
gy spectra. Each gate was 1.4 wide and subtended
an effective solid angle of 0.35 msr with a calculat-
ed detection efficiency" of about 18%. The ob-
served energy resolution of 450 keV full width at

Position-sensitive

XE

FIG. l. Schematic diagram of the Be identifier showing twin transmission detectors, PSD, trajectories of the break-
up 0. particles (solid lines), and measured direction of the 8Be event (dashed line).
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half maximum was mainly determined by the kine-
matic broadening. With this system a singles
count rate of 15000 s ' in each &E detector could
be maintained with an associated dead time of
less than 20%.

In the same experiment, 'Be elastic scattering
was measured utilizing a 300-p. m silicon surface-
barrier PSD with a width of 50 mm and a height
of 10 mm. A collimator was employed which con-
sisted of a tantalum plate with eight vertical slits
(10 x 1 mm') separated by 2 mm. The energy sig-
nal was routed by the corresponding position sig-
nal; thus elastic scattering was simultaneously
measured at eight angles, each with a horizontal
acceptance of 0.5' and separated by 1'.

FIG. 2. Elastic-scattering angular distributions
(plotted as a ratio to Rutherford cross section) for 50-
MeV SBe on targets of C, 28Si, and OCa. The solid lines
are optical-model calculations using the potentials in
Table l.

FEG. 3. Elastic scattering angular distribution (plotted
as a ratio to Hutherford cross section) for 50-MeV 9Be
on pb. The solid line is an optical-model calculation
using the potential in Table I.

the light target, "C, the distribution is strongly
oscillatory (Fraunhofer-type scattering), while
with increasing atomic number, and thus increas-
ing Coulomb field, the oscillations weaken ("Si)
and then disappear ('08Pb, Fresnel-type scatter-
ing). "

Figures 2 and 3 also show fits obtained from op-
tical-model calculations using a modified version
of the search code GENOA. . 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 spherical charge distribution
with radius 1.2(A~'~'+Ar'~') fm was taken. The
potential parameters extracted from a six-param-
eter search and used in the distorted-wave Born-
approximation (DWBA) calculations are listed in
Table I.

IV. REACTION DATA

Heavy-ion reactions show a pronounced depen-
dence of the yield on the reaction kinematics,
which is discussed in Sec. IV A in view of the par-
ticular kinematic conditions which result from

III. ELASTIC-SCATTERING DATA

Elastic scattering of 'Be at 50 MeV from "C,
"Si, and "Ca targets was measured between 10'
and 60' and from a '"Pb target between 60' and
100' in the center of mass. The angular distribu-
tions are shown in Figs. 2 and 3 as the ratio of the
elastic to Rutherford cross sections. Only statis-
tical error bars are indicated; the absolute cross
sections are expected to be accurate to +15/0. For

TABLE I. Optical-model parameters.

12C

28S.

4'Ca
208pb

85.3 1.01 0.64
72.0 1.05 0.61
65 4 0.86 0.79
61.9 1.26 0,40

23.9 0.94 0.89
11.2 1.30 0.85
10.1 1.28 0.80
3.37 1.32 0.92

'R=~, (x '~'+x, '~').

V r0~ g~ W go~
Target (MeV) (fm) (fm) (MeV) {fm,) (fm)
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employing the weakly bound projectile 'Be. In

Sec. IV B the single-particle states observed in
the energy spectra of the ('Be, 'Be) reaction on
"C "0 "Mg "Si "Ca and "'Pb targets are
discussed in detail; angular distributions and a
D%BA analysis are presented in Sec. IV C. Fi-
nally, the broad continuum that is seen in the ener-
gy spectra is treated in Sec. IVD.

A. Kinematical effects

2gpv =E, m.
—U) (2)

where p, and E, are, respectively, the entrance
channel reduced mass and the center-of-mass
energy and U = Z,Z„e'/ft is the Coulomb potential
energy at the distance R. Using Eq. (2) and noting
that the second term in Eq. (1) vanishes for neu-
tron-transfer reactions, one finds

'The preferred excitation energy Ep in the residu-
al nucleus is then given by

'There are two main kinematical factors that
determine the yieM of heavy-ion reactions: the

Q value and the angular momentum matching. At

energies above the Coulomb barrier, semiclassi-
cal 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
perferred Q value, Qp, which is givenby

(Z,Zs —Z,Z„)e
p

——amv + 8
where v is the relative velocity of the projectile
and target nuclei in the region of transfer, 2 is the
atomic number, and A = r, (a' '+A' '), the distance
at the point of interaction. The first term in Eq.
(1) can be calculated from the foiiovling expression:

Ep=Q, -Qp,

where Q, is the ground-state Q value. Table II
presents the values of Q„Qp, and Ep, calculated
using x, = 1.4 fm, for the ('Be, 'Be) reaction at
50 MeV on the targets investigated in this work.
At this bombarding energy, Ep is typically be-
tween 7 and 10 MeV; the smaller value for "'Pb
is caused by the large Coulomb potential energy.
'These Ep values are quite high, even though the
bombarding energy is relatively low, due to the
positive g, values associated with the small neu-
tron-separation energy of 'Be. For comparison,
these quantities have also been calculated for two
other heavy-ion neutron-transfer reactions with
projectiles of comparable mass and which have
been studied at a similar energy per nucleon: ('Li,
'Li) at 36 MeV (Ref. 1) and ('B,"B)at 72 MeV
(Ref. 4). Whereas the Q~ values for these three
reactions are roughly the same, the Ep values for
the l.atter two reactions are significantly lower
due to their smaller Qp values. Higher values of
E, for the 'I.i and "B induced reactions can only
be achieved at much higher bombarding energies.

The other kinematical factor is the angular mo-
mentum matching" between the initial and final
orbits for a surface reaction. The yield is large
if the orbital angular momentum transfer l fulfills
the matching condition:

(6)

where L„and Lp~ are the partial waves in the ini-
tial and the final channels for which the amplitude
of the elastic S matrix is equal to 0.5. For a given
reaction, ~L depends strongly on the Q value of
the transition and somewhat less on the bombard-
ing energy. For the ('Be, 'Be) reaction at 50 MeV,
values of &L have been determined for a light
("C), medium (~Ca), and heavy ("'Pb) target from
optical-model calculations using the parameters
listed in Table I for both the entrance and exit

TABLE II. Ground-state Q value, Q„ theoretical preferred Q value, Qp[Eq. {3));
and excitation energy, &p fEq. (4}l for the ( Be, Be) reaction at 50 MeV compared with the
values for the (~Li, 6Li) reaction at 36 MeV and the ( B, B}reaction at 72 MeV.

('Be, 'Be)
50 MeV

Qp ~p
Target (MeV) (MeV) (MeV)

~0
{MeV)

( Li, 6Li)
36 MeV

Qp

(MeV) (MeV)

(iiB ioB)

72 MeV

Qp

(MeV) (MeV) (MeV)

"C 3 28
0 2.48

6Mg 4 VV
28

Ca 6.68
2o8Pb 2 28

-4.5
-4.3
-4.1
—3.9
-3.5
-Q.V

7.8
6.8
8.9

10.7
10.2
3.0

-2.31
-3.11
-0.81

1.22
1.10

-3.31

-4.2
-4.0
-3.8
-3.6
—3.2
-0.4

1.9
0.9
3.0
4.8
4.3

-2.9

-6.51
—7.31
-5.02
-2.98
-3.11
-7.51

-5.4
—5.3
—5.1
—4.9
-4.5
-1.6

—1.1
-2.0

0.1
1.9
1.4

—5.9
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tion using the computer code HIPROB. " However,
it was found that the observed preferential popu-
lation of the low-spin states was not predicted
correctly. That is, for transitions with &L =0
and l » ~L, the angular momentum mismatch did
not result in a reduction of the calculated transi-
tion probabilities. Qn the other hand, for those
reactions in which large angular momentum trans-
fers are favored [&L»0, e.g. '"Pb("B '~B) "'Pb]

and for which the model has been successfully
applied' so far, the calculations clearly show a
smaller probability for transitions that have l =0.

Q (MeV)

2 4 6

FIG. 4. Plot of ~ vs g value for the ( Be, BBe) reac-
tion on '2C (dashed line), 4 Ca (solid line), and Pb
(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 indi-
cated by upward-pointing arrows.

B. 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-ion single-neutron strip-
ping reactions where available. Errors on ex-
citation energies of peaks which cannot be assigned
to known states are typically *100 keV.

channels; these are plotted as a function of the
Q value in Fig. 4. At this bombarding energy, 4L
is zero for Q values around 2 MeV and increases
almost linearly for larger and smaller values with
a slope that steepens with increasing target mass.
Also indicated in Fig. 4 are the ground-state Q
values (Q,), excitation energy scales for the region
in which the single-particl, e states lie, and the pre-
ferred excitation energy E~ taken from Table Q.
In general, the Q, values fall on the right (more
positive Q value) side of the minimum in the nL
curves and the corresponding &L values are around
1k Then, for transitions to excited states, &L
first decreases but, after going through zero, in-
creases to a value of about 2-35 for excitation
energies near E~. For excitation energies below

E~, optimum angular momentum matching is there-
fore achieved for small l transfers, that is for
transitions to low-spin states; transitions invo. ving
large l transfers are kinematically inhibited. This
is quite different from the conditions encountered
in other heavy-ion single-neutron transfer reac-
tions with similar mass projectiles at comparable
incident energies. Since these other reactions all
have less positive Q, values than the ('Be, 'Be)
reaction, their Q, values lie on the left side of the
minimum in the &L curves and therefore &L in-
creases monotonically for transitions to excited
states, resulting in an angular momentum mis-
match for small l transfers.

Based on Q~ and &L, Brink has also derived
more detailed formulas'" for predicting the rela-
tive transition probabilities in heavy-ion reac-
tions. They have been tested for the present reac-

12'(9B~8Be)13~

In the energy spectrum shown in Fig 5(a), transi-
tions are observed to the known" single-particle
states in "C with the following energies and con-
figurations: ground-state, 1p, &,, 3.09 MeV, 2s, &, ,
3.85 MeV, 1d, &,, and 8.2 MeV, 1d, &,. Furthermore,
the 6.86-MeV, —,

"state and levels at 7.5, 9.5, and
10.8 MeV are weakly populated; the last three
levels cannot be uniquely identified with known
states, The fact that states at these high excita-
tion energies are populated is due to the large
value of E~ (I.S MeV). In other heavy-ion reac-
tions such as the ('Li, 'Li) reaction' at 36 MeV,
these states are only very weakly excited because
E~ is small (1.9 MeV). On the other hand, at much
higher incident energies, the ("B,"B) and the
("C,"C) reactions' at 114 MeV as well the ("N,
"N) reaction' at 155 MeV populate states up to
about 11 MeV, very much like the ('Be, 'Be} reac-
tion, since at these energies the E, values of the
reactions approach that of the ('Be, 'Be) reaction
at 50-MeV bombarding energy.

2 160( Be,88ej' 70

Figure 5(b) presents an energy spectrum from
the ('Be, 'Be) reaction on a SiO, target. The pre-
ferred excitation energy for this reaction on "O
is 6.8 MeV; thus the following states which are
known" to have substantial single-particle charac-
ter are populated: ground state, 1d,&„0.87 MeV,
2s, l, , 5.08 MeV, 1d, /„and 5.70 MeV, 1f,&, . A

strong transition is also observed to a state at
7.6 MeV with a possible 2p, &, configuration. " The
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FIG. 5. 8Be energy spectra from (a) the ' C( Be, Be)
'3C and (b) the '60(~Be, Be)' 0 reactions {the latter using
an Si02 target). The population of known final states is
denoted with the appropriate J" values; transitions which
cannot be uniquely identified are labeled with excitation
energies. The arrows on the upper excitation energy
scales indicate the calculated values of F&.

state at 3.84 MeV is only weakly populated;
this is similar to results from the "Q(d, p)"0
reaction" where it was found that this —,'. state
was not populated in a simple stripping reaction.
In contrast to these "0('Be,'Be)"0 data, the
('Li, 'Li) reaction' at 36 MeV (Ee = 0.9 MeV} pre-
dominantly excites the "9ground state with a
decreasing yield to excited states.

~eNg(eBe Bej II(g end eSi(eBe Beg Si

Since "Mg and "Si have the same number of
neutrons, the energy spectra from the ('Be, 'Be)
reaction on these two targets are expected to be
quite similar. Spectra from the two reactions me
shown in Figs. 6(a) and 6(b) at &„„=20' and 16,
respectively. Known23 states with single-particle

0 40 50
Energy { MeV)

FIQ. 6. 8Be energy spectra from {a) the Mg(~Be, aBe)
Mg and {b) the 2 Si( Be, Be) ~Si reactions. See caption

to Fig. 5.

configuration 2s, &„1d3&„1d,&» and 2p3/2
0.0, 0.98, 1.70, and 3e56 MeV in "Mg and at 0.0,
1.27, 2.03, and 4.93 MeV in "Si are in fact popu-
lated with the same relative strengths. The 1f,&,
level, which is only weakly populated in "Si at
3.62 MeV, lies in "Mg above the 2p3&, level by
200 keV and could not be resolved. A state ob-
served in "Mg at 4.8 MeV with a tentative assign-
ment of (&, —,

'
) (Ref. 23) could correspond to the

known" 6.38-MeV —, level in '~Si,
Because the ('Be, 'Be) reaction on both the "Mg

and "Si targets has a high preferred excitation
energy (6.9 and 10.'( MeV, respectively), states
in "Mg and "Si are appreciably populated up to
8 MeV. At the higher excitation energies the den-
sity of states increases, making an identification
of the observed peaks with known states difficult.
In "Mg two (poorly resolved} peaks at 5.6 and 6.1
MeV as weH as abroad peak at 7.1 MeV are popu-
lated, while in "Si peaks at 7.1 and 8.3 MeV are
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observed.
In contrast tb these data from the ('Be, 'Be) reac-

tion on "Mg and "Si, other single-neutron strip-
ping reactions at a comparable bombarding ener-
gy' (36-MeV 'Li) or at higher energies" (114
MeV "8 and 126-MeV "'O) populate states at low-
er excitation energies (&4 MeV) because their more
negative Q values shift downward the preferred
excitation energy (see Table II) and also increase
dL. Thus, for the ('Li, 'Li) reaction' on "Si, the
strongest transition is observed to the 1d, /„1.27-
MeV state which is only moderately populated by
the ('Be, 'Be) reaction. Furthermore, the large
nL values for the ("B,"B) and ("0,"0) reac-
tions" on "Mg cause them to populate strongly
the high-spin state with configuration lf, &, at
3.76 MeV in 'Mg; this state is unresolved in the
('Be, 'Be) data but, based on the observed excita-
tion energy of the peak corresponding to the -,'-,
3.56-MeV state, is only weakly excited.

4. 40Ca(~Be ~Bef'~Ca

I 00
I/2 ' 2

Energy (

E„(MeV)
200

roe
Pb (

e
B eB )

zosPb

EB = &0 MeV
Be

)ab

MeV}

0

'. 2 7'
)+ 2

2

Ex (MeV) i6 I2 8 4 0
I T I I I I

Ca ( Be, 'Be) "Ca

E~ = 50 MeV
Be

6„„=20

(b)

Figure 7(a) presents an energy spectrum from
the ('Be, 'Be) reaction on "Ca. TransiI;ions are
observed to the 1f,&, ground state, two states with

a substantial 2p, /, configuration at 1.94 and 2.46
MeV and two states with an appreciable 2py/2 con-
figuration at 3.94 and 4.75 MeV." The state at
5.6 MeV, the broad (possibly a doublet) state at
7.5 MeV and a sharp state at 8.6 MeV, which is
above the neutron threshold of 8.4 MeV, cannot
be identified with particul. ar known levels.

As can be seen from Fig. 4, one has ~L &1 for
transitions to states in "Ga with excitation ener-
gies below 5 MeV. Since orbital angular momen-
tum transfer values of 2, 3, or 4 are required for
the transition to the —', , ground state of ~'Ca, the
angular momentum mismatch results, in a smaller
cross section than for the transitions with good
angular momentum matching such as those to the
first two —,

' and —,
' states, where a neutron is de-

posited in a p orbital with possible t, transfers of
0 (for the —,

' states), 1, or 2.

5. "'Isf'ae 'If~g"I's.
A typical energy spectrum of the 'o'Pb('Be, 'Be)-

'"Pb reaction is presented in Fig. 7(b). Transi-
tions to the following reasonably pure single-par-
ticle states" are observed: ground state, 2g, /„
0.78 MeV, lips/ 1.57 MeV, 3d, /, , and 2.54 MeV,
3d, /, . The 1.42-MeV, 1jyg/2, 2.03-MeV, 4sg/2p
and 2.49-MeV, 2g, /, states are not resolved from
the two strongly populated states at 1.57 MeV, —,

"
and 2.54 Mev, —,".

The data in Fig. 7(b) clearly show a substantial
decrease in yield for the high-spin states relative

-
I 00—

O

II

2 9
j 2

40
Ill%

50
Energy ( MeV}

FIG. 7. Be energy spectra from {a) the Ca{ Be,
8Be) Ca and {4) the 2o8Pb{9Be Be) ~Pb reactions. See
caption to I ig. 5.

to that for the lower-spin states. Since the single-
particle spectroscopic strengths for all these
states are close to unity, the differences in popu-
lation are entirel, y due to a kinematical effect,
namely, the angular momentum mismatch dis-
cussed in Sec. IV A. For the transitions to the

—",', ground state and the first excited state, —", ',
4L &18 (see Fig. 4), whe.-eas the allowed I-trans-
fer values are 3, 4, 5 and 5, 6, 7, respectively,
giving rise to a substantial mismatch. For the
transitions to low-spin states (-,",&', and —,")around
2-MeV excitation, both the / matching and the Q
matching (E~= 3 MeV) are good. This accounts
for the large observed cross sections to these
states.

The kinematic behavior of the ('Be, 'Be) reaction
differs strikingly from similar heavy-ion reac-
tions, such as the ("B,"B) reaction' at 72 MeV,
in which the 4J. value is around 10h for the ground
state transition and becomes even larger for tran-
sitions to excited states. Thus there is a large
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angular momentum mismatch for all transitions
except those involving very large angular momen-
tum transfers, and as a result only high-spin
states were observed (with decreasing cross sec-
tions for the excited states since E~= -5.9 MeV).
A similar comment applies to the '"Pb("B,"B)
reaction' at 113.5 MeV and the '"Pb("0, "0) reac-
tion' at 139 Me7 where only the high-spin states
were observed.

C. Angutar distributions

For the ('Be, 'Be} reaction on "Si, "Ca, and
'"Pb targets, angular distributions for transitions

to states with known spin and parity are presented
in Figs. 8-10. 'The angular distributions for the
"Si target show some diffraction structure (see
Fig. 8) while those observed for "Ca and "'Pb
are almost featureless (see Figs. 9 and 10}, as is
typical of low energy heavy-ion reactions. [The
distribution for the unresolved 2.03-Me7, —:"state
in '"Pb (Fig. 10) was obtained by a multiple peak
fitting analysis. ] Only statistical error bars are
shown; the uncertainty in the absolute cross sec-
tions is about +25.

These angular distributions were analyzed in
terms of exact finite-range DWBA using the com-
puter code PTOI EMY, ' which calculates the dif-
ferential cross section by

Q.S.
I/2'

I—

" l.27
3/2+

I -g-l, 2

2 03
I -5/2+

— J-l, 2

I I I

Si( Be, Be} Si = ~ SB 9Be DNBA (8)

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

Optical-model parameters, derived from 'Be
elastic scattering (Table I) were used for both
the entrance and exit channels. This approxima-
tion should not be unreasonable since both 'Be—O.I—
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FIG. 8. Angular distributions for transitions to single-
particle states (dots) and the continuum (open circles)
for the 2 Si(BBe, Be)2 Si reaction. Only statistical error
bars are shown. The solid lines represent D%'BA cal-
culations using the optical potential in Table I and nor-
malized with the spectroscopic factors givenin Table
III.

20 QQ

ec.m. 'I deQ~

FIG. 9. Angul. ar distributions for transitions to single-
particle states (dots) and the continuum {open circles)
for the Ca( Be, Be) 'Ca reaction. See caption to Fig-
ure 8.
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factors. There is, of course, an uncertainty in
the optical potential for the exit channel since no
elastic-scattering 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 fitted the elastic
scattering equally well were tried; however, neith-
er the shape nor the magnitude of the predicted
cross section was very sensitive to these param-
eters, so long as they fitted the elastic-scattering
data. Furthermore, a variation of the bound state
radius Ab, did not affect the magnitude of the
calculated cross sections significantly. It is pos-
sib1.e, however, that the overestimation of the
cross section arises from the fact that the strong
observed breakup of 'Be (see Sec. 1VD) was not
properly accounted for in these calculations. Al-
though in conventional DWBA such effects are im-
plicitly contained in the absorptive part of the op-
tical potential, coupling of the breakup channel
to the transfer channel and the distortion of the in-
ternal wave function of the projectile, which are
likely to be important in the presence of a strong
breakup process, are neglected. Attempts"" to
improve the DWBA calculations by including break-
up of the projectile have mainly concentrated on
the analysis of deuteron stripping reactions. Per-
haps the simplest and most successful approach
is that of Johnson and Soper. '" Their theory leads

FIG. 10. Angular distributions for transitions to
single-particle states (dots} and the continuum (open
circles} for the pb(~Be, Sae} pb reaction. See cap-
tion to Figure 8.

and 'Be are weakly bound structures of similar
mass and identical charge. The bound-state wave
functions were determined using a real Woods-
Saxon potential with radius R, , = 1.25 &A' ' fm,
diffuseness a= 0.65 fm, and a spin-orbit strength
V, , = 6 MeV. The depth of the potential well was
adjusted to give the neutron separation energy.

The results of the calculations are shown in

Figs. 8-10. In general the shapes of the distribu-
tions are well reproduced by the theory. Extracted
absolute and relative spectroscopic factors S~ are
given in Table III where for S, the theoretical
value" of 0.58 was used. Although the relative
spectroscopic factors are in fairly good agreement
with those obtained from light-ion 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 factor of 1.3,
3.3, and 5.2 for "Si, 4'Ca, and 'O'Pb, respectively.

Several effects could account for this discrepan-
cy in the absolute magnitudes of spectroscopic

Final E'„

nucle us {MeV} n l,

g.s . 2~ i/2
1.27 1d3/2
2.03 1d5/2
3.62 1f)/2
4.93 2P3/2
6.38 2Pi/2

( Be, Be)
Sabs ~ rel

0.31 1
0.61 1.97
0.09 0.29
0.25 0.81
0.49 1.55
0.49 1,55

(d P)'
Sabs Srcl

0.53 1
0.74 1.40
0.12 0.23
0.38 0.58
0.56 1.06
0.53 1.00

4'Ca g.s.
1.94
2.46
3.94
4.75

g.s.
0.78
1.42
1.57
2.03
2.49
2.54

1A/2
2~3/2
2~3/2
2P i/2
2P i/2

2&a/2
1~ ii/2
1~ i5/2
3 5/2
4S 1/2
2g, /2
3 d3/2

0.21 1
0.20 0.95
0.08 0.38
0.18 0.86
0.10 0.48

0.16 1
0.24 1.50

0.19 1.19

0.14 0.88

0.17 1.06

0.95 1
0.70 1 36
0.25 0.36
0.67 0.96
0.19 0.27

0.83 1
0.86 1.04
0.58 0.70
0.98 1.18
0.98 1.18
1.05 1.27
1.07 1.29

'Ref. 27 for 2 Si, Ref. 28 for Ca, and Ref. 29 for
209pb

~Average value obtained by dividing the experimental
cross section for these unresolved states by the sum of
the calculated cross sections.

TABLE III. Absolute and relative spectroscopic factors.
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to a stripping matrix element similar to that in
the D%BA, except that the deuteron optical poten-
tial is replaced by an effective potential —the adia-
batic potential —which is derived from phenomeno-
logical neutron and proton optical potentials. To
date this model has not been applied to heavy-ion
reactions. Although the ('Be, 'Be} reaction seems
to be particularly well suited for studies of break-
up effects in heavy-ion reactions, the application
of the adiabatic theory is complicated by the un-
bound nature of 'Be (since optical potentials for
this particle-unstable nuclide would be required).

k). 9Be breakup

In all the 'Be energy spectra, particularly those
for the heavier targets "Ca and "'Pb (Fig.~ 'I), a
rather large, roughly Gaussian-shaped continuum
was observed. This continuum is peaked close to
the preferred excitation energy E~ in the final nu-
cleus. On the other hand, if expressed in terms
of the 'Be energy, the centroid of the distribution
for all the targets is around 43 MeV which cor-
responds to a, 'Be velocity equal to that of the 'Be
projectile reduced somewhat by the neutron sepa-
ration energy of 'Be. Thus, the yield for this con-
tinuum could come from two reaction mechanisms:
direct neutron transfer to a region having a high
density of states with single-particle strength,
or "quasielastic" breakup of "Be-'Be+n, Be-
cause of the small neutron separation energy of
'Be, and the fact that this structure appears with
each target, the latter process is likely to be dom-
inant. Breakup of the "Be projectile has been ob-
served previously at beam energies both below
and above the Coulomb barrier. Sub-Coul. omb
breakup of 'Be on gol.d has been measured by Lang
et al. '2 and analyzed with semiclassical calcula-
tions. At energies above the Coulomb barrier,
evidence for the breakup of the 'Be projectile has
been obtained in the ('Be, n) reaction, " in which
the a-particle energy spectra exhibited a large
background which was ascribed to the two-step
disintegration 'Be —"Be+n followed by 'Be —2n
as well as three-body processes such as 'Be-2n
+ n.

Under the assumption that the continuum observed
in the ('Be, 'Be) reaction is entirely due to break-
up, rough differential cross sections were extract-

ed from the various energy spectra and the angular
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 transi-
tions —rising towards the grazing angle (see Fig.
10) and falling behind it (see Figs. 8 and 9)—as
expected for a quasielastic process. For the "'Pb
target, the distribution is somewhat flatter com-
pared to those observed for 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 "Si,
"Ca, and 'o'Pb targets are about 30, 60, and 10
mb/sr, respectively. It is somewhat surprising
that the breakup cross section for ' 'Pb is smaller
than that for "Si and "Ca. However, similar re-
sults have been observed in a study" of the dissoci-
ation of 'Li into n+ d, where it was found that, at
a bombarding energy of 36 MeV, the breakup cross
section on Ni was smaller than on "C.

V. SUMMARY

It has been shown that the unusually small neu-
tron-separation energy of 'Be gives rise to kine-
matical conditions that distinguish the ('Be, 'Be)
reaction from other one-neutron stripping reac-
tions induced by heavy ions at low bombarding
energies. This reaction populates low-spin states
up to several Me7' in excitation with considerable
strength, whereas most other heavy ion reactions,
due to their more negative Q values, preferentially
populate higher-spin states at low excitation ener-
gies. In addition, evidence for a considerable
projectile breakup process was obtained in the
form of a large continuum in the 'Be energy spec-
tra. Even though exact finite-range D%BA pre-
dicts 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 believed that this disagreement may be caused
by the strong projectile breakup process not taken
into account by the conventional DWBA theory.
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