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ABSTRACT 

LBL-6508 

The (
9

Be,
8

Be) reaction has been investigated at a bombarding energy 

12 16 26 28 . 40 208 
of 50 MeV on targets of C, 0, Mg, S1, Ca and Pb. Due to the 

9 
small neutron binding energy of Be and the resulting positive Q-values, this 

reaction favors transitions involving small2-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 

9 
the breakup of the weakly-bound Be projectile. h 

28 . 40 208 
For t e S1, Ca and Pb 

targets, spectroscopic factors have been extracted from exact finite-range 

distorted-wave Born-approximation calculations using optical-model potentials 

. d 9 . . d der1ve from Be elast1c scatter1ng ata. The relative spectroscopic factors 

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

absolute values are low. 

12 16 26 28 . 40 208Pb NUCLEAR REACTIONS C, 0, Mg, S1, Ca, 
9 8 12 28 . 40 208 9 9 

(Be, Be), C, S1, Ca, Pb( Be, Be), E
1 

b 
28 . 40 208 a 

50 MeV; measured a (E,G) for S1, Ca, Pb; optical 

model and EFR-DWBA analyses, deduced spectroscopic 
9 

factors, Be breakup. 
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I. INTRODUCTION 

Single~neutron stripping reactions induced by heavy ions such as 

7 . ·11 12 .. 14 16 mb .di . L1, · B, C, N and 0 at bo ar ng energ1es not too far above the 

1-8 
Coulomb barrier have been investigated extensively over the past few years. 

These reactions all involve the tr~nsfer of a neutron that is fairly tightly 

bound in the projectile (by 7.2- 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 

. . . 9 ( substant1ally smaller neutron-separat1on energy 1s Be S 
n 

= 1.67 MeV), which 

is even more weakly bound than the deuteron (S 
n 

2.22 MeV). Since the 

.f (9 8 ") . . 1 . . h (9 8 ) Q-values or the Be, Be react1on are typ1ca ly pos1t1ve, t e Be, Be 

reaction is expected to favor transitions that are kinematically inhibited 

in other heavy-ion reactions, namely those involving small angular momentum 

transfer·s at high excitation energies, and these transitions should be well 

described by standard distorted-wave Born-approximation (DWBA) calculations. 

9 
On the other hand, the small separation energy of Be can also give 

rise to a breakup process 
9

Be + 
8

Be + 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 the conventional 

DWBA model. 

9 8 9 
The ( Be, Be) reaction has been studied only recently because of 

10 9 
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 particle-unbound 
8

Be. Nevertheless, this reaction has 

experimental advantages over other heavy-ion single-neutron transfer reac

tions. A 8Be detection system11 is capable of eliminating both (a) the excited 



-2- LBL-6508 

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. 

12 
on C, 

50 MeV. 

9 8 
In the present work we report energy spectra for the ( Be, Be) reaction 

16 26 28 40 208 
O, Mg, Si, Ca and Pb targets at a bombarding energy of 

28 . 40 208 
For the S~, 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 
9

Be elastic scattering data. 
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II. EXPERIMENTAL METHOD 

The experiments discussed in 
9 2+ 

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. 
9 2+ . 12 

The Be ions were produced in a Penn1ng Ion Gauge source 

to which argon was added to sputter beryllium atoms from a piece 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 material (lithium, boron) 

into the cathode buttons in order to .reduce the safety problems associated 

with the handling of the highly toxic beryllium. 

8 ,13 
The detection of Be(g.s . .) nucle1 is complicated by the fact that 

-16 
they decay promptly (T ~ 10 s) , and must be observed indirectly by means 

of their decay a particles. 
8 

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 
8

Be 

8 
events (E( Be) > 35 MeV), the decay a particles are kinematically focused into 

a narrow cone (apex angle < 6°) whose axis lies in the direction of the 

8 8 
original Be event. Since the decay energy is small compared to the Be energy, 

the two a particles have approximately equal energies and velocities. Therefore, 

8 
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
13 

(see Fig. 1), it is 

8 
possible to measure 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 the two a particles strike the PSD at nearly equal 

distances from the axis of the breakup cone, the average position signal X 

8 
corresponds to the direction of the original Be event (see Fig. 1). Thus 

one can compensate kinematic broadening by gating the energy signals with 

position signals corresponding to a small angular range. To further charac

terize 
8

Be events, particle identification is performed using the summed ~E 
. (8 13 . f . t 7L. signals and the E s1gnal from the PSD Be identifies as 1 1 were a 1 

event). Because they have considerably larger breakup cones, decay products 

8 
from excited states of Be are not detected by this system (see Refs. 11 and 13 

for a more detailed discussion of the 
8

Be identifier). 

To study the (
9
Be,

8
Be) reaction, a 

8
Be identifier with a large effective 

solid angle was utilized which consisted of 100 ~m phosphorus-diffused silicon 

2 
twin transmission detectors (lOxl3 mm ) and a 300 ~m surface-barrier silicon 

. 2 0 
PSD(l0X30 mm). Because of the large horizontal acceptance angle (9 ), three 

8 
position gates were set on the Be energy spectra. Each gate was 1.4° wide 

and subtended an effective solid angle of 0.35 msr with a calculated detection 

. . 14 b 8 eff1c1ency of a out 1 %. The observed energy resolution of 450 keV FWHM 

was mainly determined by the kinematic broadening. With this system a singles 

-1 
count rate of 15,000 s in each 6E detector could be maintained with an 

associated dead time of less than 20%. 

In the same experiment, 
9

Be elastic scattering was measured utilizing 

a 300 IJm 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 

. 2 . 
sl1ts (lOxl mm ) separated by 2 mm. The energy s1gnal was routed by the 

corresponding position signal, thus elastic scattering was simultaneously 

measured at 8 angles, each with a horizontal acceptance of 0.5° and separated 

by 1°. 
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III. ELASTIC SCATTERING DATA 

9 12 28 . 40 
Elastic scattering of Be at 50 MeV from C, S1 .and Ca targets 

208 
was measured between 10° and 60° and from a Pb 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 indicated; the absolute cross sections are expected to be 

accurate to± 15%. For the light target,-
12c, the distribution is strongly 

oscillatory (Fraunhofer-type scattering), while with increasing atomic number, 

and thus increasing Coulomb field, the oscillations weaken c28
si) and then 

. (208 . ) 15 d1sappear Pb, Fresnel-type scatter1ng . 

Figures 2 and 3 also show fits obtained from optical model calculations 

16 
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!
13 + A~/3 ) fm was taken. The potential 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 shm"l a pronounced dependence of the yield on the 

reaction kinematics, which is discussed in Sec. IV. 1 in view of the 

particular kinematic conditions which result from employing the weakly-bound 

9 
projectile Be. In Sec IV. 2 the single-particle states observed in the 

energy spectra of the (
9
Be,

8
Be) reaction on 

12
c, 

16o, 26
Mg, 

28
si, 

40
ca 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 

T~ere are two main kinematical factors that determine the yield of 

heavy-ion reactions: the Q-value and the angular momentum matching. At 

energies above the Coulomb barrier, semiclassical considerations by Brink
17

'
3 

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 Q-value, Qp' which is given by: 

(ZbZB - z z )e2 
. 1 2 a A 

(1) QP =- 2 mv + 
R 

where v is the relative velocity of the projectile and target nuclei 

in the region of transfer; Z, the atomic number; and R = r (a1/ 3 + A1/ 3),the 
0 

distance at the point of interaction. The first term in Eq. 1 can be calculated 

from the following expression: 

1 2 
2 llV E - U 

c.m. 
(2) 

where ll and E are, respectively, the entrance channel reduced mass and the 
c.m. 

2 
center-of-mass energy and U = Z Z e /R is the Coulomb potential energy at the 

a A 

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

m 
Q = - - (E - U) • 

p ]l · c.m. 

The preferred excitation ~nergy E in the residual nucleus is then 
p 

given by: 

E 
p 

where 0 is the ground state Q-value. Table II presents the values ·-o 

(3) 

(4) 

of Q
0

, Q and E ,calculated using r = 1.4 fm,for the (
9
Be,

8
Be) reaction at 50 MeV p p . 0 

..... 

on the targets investigated in this work. At this bombarding energy,E is 
p 

. . 208 
typically between 7 and 10 MeV; the smaller value for Pb is caused by the 

large Coulomb potential energy. These E values are quite high, even though 
p 

the bombarding energy is relatively low, due to the positive Q
0
-values associated 

9 
with the small neutron separation energy of Be. For comparison, these quantities 

have also been calculated for two other heavy-ion neutron transfer reactions 

with pro]ectiles of comparable mass and which have been studied at a similar 

energy/nucleon: 
7 6 1 11 10 4 

( Li, Li) at 36 MeV and ( B, B) at 72 MeV. 

Whereas the Q -values for these three reactions are roughly the same, the E 
. p p 

values for the latter two reactions are significantly lower due to their 

smaller Q -values. Higher values of E for the 
7

Li and 
11

B induced reactions 
0 p 

can only be achieved at much higher bombarding energies. 

' . . . 18 
The other k1nemat1cal factor 1s the angular momentum match1ng 

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: 
., \ 

(5) 
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where L . and L f are the partial waves in the initial and the final channels 
01 0 . 

for which the amplitude of the elastic S-rnatrix is equal to 0.5. For a given 

reaction, ilL depends strongly on the Q-value of the transition and somewhat 

less on the bombarding energy. For the (
9
Be,

8
Be) reaction at SO MeV, values 

12 40 208 
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 channels; these are plotted as a function of 

the Q-value in Fig. 4. At this bombarding energy, ~L 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 
0 

which the single particle states lie, and the preferred excitation energy E taken 
p 

from Table II. In general, the Q -values fall on the right (more positive 
0 . 

Q-value) side of the minimum in the ~L-curves and the corresponding ~L values are 

around lh. Then, for transitions to excited states, ~L first decreases but, after 

going through zero, increases to a value of about 2-3 h for excitation energies 

near E . For excitation energies below E ,optimum angular momentum matching p . p 

is therefore achieved for small t-transfers, that is for transitions to low 

spin states; transitions involving large t-transfers are kinematically inhibited. 

This is quite different from the conditions encountered in other heavy-ion 

single-neutron transfer reactions with similar mass projectiles at comparable 

incident energies. Since these other reactions all have less positive Q
0
-values 

( 9 8 . . . h f 'd f than the Be, Be)' react1on, the1r Q -values l1e on t e le t s1 eo the 
0 

minimum in the ~L curves and therefore ~L increases monotonically for 

transitions to excited states, resulting in an angular momentum mismatch for 

small ~-transfers. 
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. . 3 17 
Based on Q and ~L, Brink has also derived more detailed formulae ' 

p . . 
for,predicting the relative transition probabilities in heavy-ion reactions. 

19 
They have been tested for the present reaction using the computer code HIPROB. 

However, it was found that the observed preferential population of the low 

spin states was not predicted cor:r:,ectly. That is, for transitions with 

~L :=:::: 0 and J1, >> ~L, the angular momentum mismatch did not result in a reduction 

of the calculated transition probabilities. On the other hand, for those 

reactions in which large angular momentum transfers are favored -[~L >> 0, 

208 11 10 209 ] . . ' . . 
e.g. Pb ( B, B) Pb and for wh1ch the model has been successfully 

applied
3 

so far, the calculations clearly show a smaller probability for 

transi'tions that have J1, :=:::: 0 . 

. 2. Energy Spectra 

In the following subsections, the single particle states observed in 

energy spectra from the (
9

Be,
8

Be) reaction will be discussed and contrasted 

with results from other heavy-ion single-neutron stripping reactions where 

available. Errors on excitation energies of peaks which cannot·be assigned 

to known states are typically ± 100 keV. 

12 9 8 13 
A. C ( Be , Be) C 

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

to the known
20 

single particle states in 
13c with the following energies 

and configurations: g.s., lpl/
2

; 3.09 MeV, 2s
112

; 3.85 MeV, ld
512

; and 8.2 MeV, 

. + 
ld

312
. Furthermore, the 6.86-MeV, 5/2 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 excitation energies are populated 

is due to the large value of E (,7. 8 MeV). In other e heavy ion reactions such . p 

( 
7 . 6 . ) . . 1 36 h . 1 as the. L1, L1 react1on at MeV, t ese states are on y very 

weakly excited because E is small (1.9 MeV). On the other hand, at 
p 
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much higher incident energies, the c11
B,

10
B) and the c12c, 11c) 

reactions
3 

at 114 MeV as well the <
14

N,
13

N) reaction
7 

at 155 MeV populate 

states up to about 11 MeV, very much like the (
9

Be,
8

Be) ~eaction, since at 

. th 1 f i 9 8 these energ~es e Ep va ues o the react ons approach that of the ( Be, Be) 

reaction at 50 MeV bombarding energy. 

B. 
16 9 8 17 

0( Be, Be) 0 

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

. h f . . f h" . 16 . a S10
2 

target. T e pre erred exc1tat1on energy or t 1s react1on on · 0 1s 

6.8 MeV; thus the following states which are known
21 

to have substantial single 

particle character are populated: g.s .• , ld
512

; 0.87 MeV, 2s112; 5.08 MeV, ld
312 

and 5. 70 MeV, lf
712 

•. A strong tr~msition is also observed to a state at 

. . . 21 I . 7.6 MeV with a poss1ble 2p
312 

conf1gurat1on. The 5 2 state at 3.84 MeV 1s 

only weakly populated; this is similar to results from the 
16

o(d,p)
17

o 

reaction
22 

where it was found that this 5/2- state was not populated in a simple 

16 9 8 17 
stripping reaction. In contrast to these 0( Be, Be) 0 data, the 

( 7 . 6 . ) . 1 36 ( L1, L1 react1on at MeV E 
p 

0.9 MeV) predominantly excites the 
17

o 

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

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

28 . (9 8 ) 29 . S1 Be, Be S1 

. 26 d 28 . h h mb f t th S1nce Mg an S1 ave t e same nu er o neu rons, e energy 

spectra from the (
9
Be,

8
Be) reaction on these two targets are expected to be 

quite similar. Spectra from the two reactions are shown in Figs. 6a and 6b at 

8 = 20° and 16°, respectively. 
lab 

23 
Known states with single-particle 

configuration 2s
112

,ld
312

,ld
512 

and 2p
312 

at 0.0, 0.98, 1.70 and 3.56 MeV 

. 27 3 . 29 . . f 1 d 1n Mg and at 0.0, 1.27, 2.03 and 4.9 MeV 1n S1 are 1n act popu ate 
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with the same relative strengths. The lf
712 

level,which is only weakly 

. d . 29 . 6 1' . 27 popul.ate . 1n · SJ. at 3 •. 2 MeV, 1es J.n Mg above the 2p
3
/

2 
level by 

200 keV and could not be resolved. A state observed in 
27

Mg at 4.8 MeV with 

- . - 23 23 
a tentative assignment of (1/2 , 3/2 ) co.uld correspond to the known 6. 38 MeV 

1/2- level in 29si. 

(9 8 ) . 26 d 28 . Because the Be, Be reactJ.on on both the Mg an SJ. targets has 

a high preferred excitation energy (8.9 and 10.7 MeV, respectively), states 

27 29 . 
in Mg and SJ. 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. 
27 

In 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 
29

si peaks at 7.1 MeV and 8.3 MeV are observed. 

In contrast to 
9 8 

these data from the ( Be, Be) reaction on 

26 d 28 . . . . . 1 Mg an · SJ., other SJ.ngle-neutron str1pp1ng reactJ.ons at a comparab e 

. d • 1 ( 36 7 •) h • h • 5 I 8 ( 11 d bombar 1ng energy MeV L1 or at J.g er energ1es 114 MeV B an 

16 
126 MeV 0) populate states at lower excitation energies (< 4 MeV) because 

their more negative Q-values shift downward the preferred excitation energy 

( bl. ) d 1 • A h f h ( 7 • 6 • ) ' 1 
see Ta e II an a so 1ncrease oL. T us, or t e LJ., LJ. react1on on 

28
si, the strongest transition is observed to the 1a

312
, 1.27-MeV state which 

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

11 10 ) (16 15 . . 5,8 26M a se large l:!.L values for the ( B, B and 0, 0) react1ons on g c u 

them to populate strongly the high-spin state with configuration lf712 at 

27 h. . 1 d . (9 8 ) d b 3.76 MeV tn Mg; t 1s state 1s unreso ve J.n the Be, Be · ata ut, 

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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D. 
40 9 8 41. 

Ca( Be, Be) Ca 

. 9 8 . 40 
Figure 7a presents an energy spectrum from the ( Be, Be) reaction on Ca. 

Transitions are observed'to the lf7/2 ground state, two states with a substantial 

2p3/2 configuration at 1. 94 MeV and 2.46 MeV and two states with an appreciable 

2Pl/2 
·configuration at 3.94 MeV and 4.75 MeV. 

23 
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 particular known 

levels. 

As can be seen from Fig. 4, one has ~L < 1 for transitions to states 

41 
in Ca with excitation energies below 5 MeV. Since orbital angular momentum 

transfer values of 2, 3 or 4 are required for the transition to the 7/2 , 

41 
g.s. of Ca,the angular momentum mismatch resultsinasmaller cross section 

than for the transitions with good angular momentum matching such as those to 

the first two 3/2 and 1/2 states, where a neutron is deposited in a p-orbital 

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

208 9 8 209 
E. Pb ( Be , Be} Pb 

208 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

particle states
24 

are observed: g.s., 2g
912

; 0. 78 MeV li
1112

; 1.57 MeV 3d
512

, 

and 2.54 MeV·3d
312

. The 1.42-MeV, lj
1512

; 2.03-MeV, 4s
112 

and 2.49-MeV, 2g
712 

+ states are not resolved from the two strongly populated states at 1.57 MeV, 5/2 

+ 
and 2.54 MeV, 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 spectroscopic strengths for all these states are close to unity, the dif-

ferences in populat.ion are entirely due to a kinematical effect, namely the angular 



.. 

0 0 ~~. 
"'' .~ 8 0 ~) ''~'i ~ ''\ ., L; 4;1 

-13- LBL-6508 

momentum mismatch discussed in Section !V. 1. For the transitions to the 

+ 
9/2 ,g.~. and the first excited state, 11/2 + , t.L < lh (see Fig. 4) , whereas 

the allowed 2.-transfer values are 3,4,5 and 5, 6, 7 1 respectively, giving rise to 

a sUbstantial mismatch. For the transitions to low spin states (5/2+,1/2+ and 3/2+) 

around 2 MeV excitation, both the 2.-matohing and the Q-matching (E = 3 MeV) 
p 

are good. This accounts for the large observed cross sections to these states. 

9 8 
The kinematic behavior of the ( Be, Be) reaction differs strikingly 

11 10 . 4 
from similar heavy-ion reactions, such as the ( B, B) react1on at 72 MeV, 

in which the t.L value is around 10h for the g.s. transition and becomes even 

larger for transitions to excited states. Thus there is a large angular 

momentum mismatch for all transitions except those involving very 

large angular momentum transfer~.and as a result only high spin states were 

observed (with decreasing cross sections for the excited states since E 
p 

5 9 V) . '1 1' h 208 (11 10 ) . 2 - . Me . A s1m1 ar comment app 1es to t e Pb B, B react1on at 

208 16 15 6 
113.5 MeV and the Pb ( 0, 0) reaction at 139 MeV where only the high 

spin states were observed. 

3. Angular Distributions 

(
9 8 ) . . 28 . 40 208 

For the Be, Be react1o~ on 81, 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 
28

si 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 . 

[The distribution for the unresolved 2.03~MeV, 1/2+ state in 
209

Pb (Fig. 10) was 

obtained by a multiple peak fitting analysis.] Only statistical error bars are 

shown; the uncertainty in the absolute cross sections is about l 25%. 

These angular distributions were analyzed in terms of exact finite-range 

DWBA using the computer code PTOLEMY
25

, which calculates the differential 

cross section by: 
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dCJ/dQ = (6) 

where SB and s
9 

are the single-neutron spectroscopic factors for the residual 
Be 

nucleus and the projectile, respectively. The contributions from all allowed 

Q.-transfers were added incoherently since in the calculation of the distorted 

waves no spin-orbit interaction was used. 

9 
Optical model parameters, derived from Be elastic scattering (Table I) 

were used for both the entrance and exit channels. This approximation 

9 . 8 
should not be unreasonable since both Be 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 ~.s.= 1.25xA
113 

fm, 

diffuseness a = 0.65 fm and a spin-orbit strength vs.o. = 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 distributions are well reproduced by the theory. Extracted 

absolute and relative spectroscopic factors SB are given in Table III where 

for s
9 

the theoretical value
26 

of 0.58 was used. Although the relative 
Be 

spectroscopic factors are in fairly good agreement with those obtained from light-ion 

reactions,
27

-
29 

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 b 
factor of 1.3, 3.3 and 5.2 for S1, Ca and P , 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 

data exist. 
40 208 

For the Ca and Pb targets,where the cross sections were over-

estimated the most by the DWBA, different optical potential parameter sets that 
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fitted the elastic scattering equally well were tried; however, neither the 

shape nor the magnitude of the predicted cross section was very sensitive to 

these parameters, so long as they fitted the elastic scattering data. 

Furthermore, a variation of the bound state radius ~.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 

9 
that the strong observed breakup of Be (see Sec. IV.4) was not properly 

accounted for in these calculations. Although in conventional DWBA such effects 

are implicitly contained in ,the. absorptive part of the optical 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. 
30,31 

Attempts to 

improve the DWBA calculations by including breakup of the projectile have 

mainly concentrated on the analysis of deuteron stripping reactions. Perhaps 

30 
the simplest and most successful approach is that of Johnson and Soper. 

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 

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

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

. (9 8 ) . applied to heavy-ion react1o~s. Although the Be, Be react1on 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 

unbound nature of 
8

Be (since optical potentials for this particle-unstable 

nuclide would be required). 
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4. 9 
Be Breakup 

8 
In all the Be energy spectra, particularly those for the heavier 

targets 
40

ca and 
208

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, 
p 
8 

if expressed in terms of the Be energy, the centroid of the distribution 

. . 8 . 
for all the targets 1s around 43 MeV wh1ch corresponds to a Be veloc1ty 

equal to that of the 
9

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 particle 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 

. . d . h 9 . '1 h latter process 1s l1kely to be om1nant. Breakup of t e Be proJect1 e as 

been observed previously at beam energies both below and above the Coulomb 

LBL-6508 

barrier. 
9 32 

Sub-Coulomb breakup of Be on gold has been measured by Lang et al. 

and analyzed with semiclassical calculations. At energies above the Coulomb 

barrier, evidence for the breakup of the 
9
se projectile has been obtained 

. (9 ) . 10 . h. h h . . 1n the Be,a react1on, 1n w 1c t e a part1cle energy spectra exh1bited a large 

background which was ascribed to the two-step disintegration 
9

Be ~ 8
Be + n followed 

8 . 9 
by Be ~ 2a as well as three-body processes such as· Be ~ 2a + n. 

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 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 transitions-- rising towards 
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the grazing angle (see Fig. 10) and .falling behind it (see Figs. 8 and 9) --

as expected fo:r: a ''quasi-elastic" process. 
208 

For the Pb 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 
S1, Ca and Pb targets are about 30, 60 and 10 mb/sr, respectively. 

208 . 
It is somewhat surprising that the breakup cross section for Pb 1s smaller 

28 . 40 
than that for S1 and Ca. However, similar results have been observed in 

33 6 
a study of the dissociation of Li into a + d, where it was found that, at 

a bombarding energy of 36 MeV, the breakup cross section on Ni was smaller than 

12 
on C. 
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V. SUMMARY 

It has been shown that the unusually small neutron-separation energy 

of 
9

Be gives rise to kinematical conditions that distinguish ·the 9 8 
( Be, Be) 

reaction from other one-neutron stripping reactions induced by heavy ions 

at low bombarding energies. This reaction populates low spin states up to 

several MeV 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 energies. In addition, 

evidence for a considerable projectile breakup process was obtained in the form 

of a large continuum in the 
8

Be 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 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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Table I. Optical Model Parameters 

Target v a 
rOR aR w rOI 

a 
a! 

(MeV) (fm) (fm) (MeV) (fm) (fm) 

12 
85.3 1.01 c .64 23.9 . 94 .89 

28 
Si 72.0 1.05 .61 11.2 1. 30 .85 

40Ca 65.4 .86 .79 10.1 1.28 .80 

208Pb 61.9 1.26 .40 3.37 1. 32 .92 
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Table II. Ground state Q-value,Q
0

; theoretical preferred Q~value, Qp(Eq.3); 
and excitation energy, Ep (Eq. 4) for the ( 9Be, 8Be) reaction at 
50 MeV compared with the values for the c7Li, 6Li) reaction at 
36 MeV and the ( 11 B, 10B) reaction at 72 MeV. 

:==.:=.-:-:::.::= 

9 8 ( Be, Be) ( 7 . 6 . ) Ll., L1. (llB, lOB) 

50 MeV 36 MeV 72 MeV . 
Target Qo Qp E Qo Qp E Qc, Qp E 

p p p 
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV 

12 
3.28 -4.5 7.8 -2.31 -4 . .2 1.9 c -6.51 -5.4 -Ll 

160 2.48 -4.3 6.8 -3.ll -4.0 0.9 -7.31 -5.3 -2.0 

26Mg 4. 77 -4.1 8.9 -0.81 -3.8 3.0 -5.02 -5.1 0.1 

28 . 
S1 6.81 -3.9 10.7 1.22 -3.6 4.8 -2.98 -4.9 1.9 

40 
ca 6.68 -3.5 10.2 1.10 -3.2 4.3 -3.ll -4.5 1.4 

208Pb 2.28 -0.7 3.0 -3.31 -0.4 -2.9 -7.51 -1.6 -5.9 

·~-- - -- ·-
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Table III. Absolute and Relative Spectroscopic Factors. 

9 8 
( Be, Be) (d,p) 

a 

Final Nucleus E nR.j s s 
rel. 

s s 
X abs. abs. rel· 

(MeV) \ 

29 
Si 2s 1/2 g.s .31 1. .53 

.. 
1. 

. 
1. 27 1d 3/2 .61 1. 97 .74 1.40 

2.03 1d 5/2 .09 .29 .12 .23 

3.62 1£ 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 
I 

41 
Ca g.s. lf 7/2 .21 1. .95 1. 

1. 94 2p 3/2 .20 .95 .70 l. 36 

2.46 2p 3/2 .08 .38 .25 .36 

3.94 2p l/2 .18 .86 .67 .96 

4.75 2p 1/2 .10 .48 .19 .27 

209 
2g 9/2 .16 1. .83 l. Pb g.s. 

.78 1i 11/2 .24 1.,50 .86 1.04 

1.42 lj 15/2 

~ .l9b 
.58 . 70 

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 ! .l7b 
1.05 1.27 

1.06 
2.54 3d 3/2 1.07 1. 29 

a f 29 . 41 209 Ref. 27 or SJ.; Ref. 28 for Ca; Ref. 29 for Pb. 

b 
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 

Fig. 1. 
. 8 

Schematic diagram of the Be identifier showing twin transmission 

detectors, PSD, trajectories of the breakup a particles (solid lines) 

and measured direction of the 
8

Be event (dashed line). 

Fig. 2. Elastic scattering angular distributions (plotted as a ratio to 

9 12 28 . 
Rutherford cross section) for 50 MeV. Be on targets of C, S1 and 

40 
Ca. The solid lines are optical model calculations using the 

potentials in Table I. 

Fig. 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. 

Fig. 4. P.lot of ~L vs. Q-value for the (
9

Be,
8

Be) reaction on 
12

c (dashed 

line), 
40

ca (solid line) and 
208

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 indicated 

by upward-pointing arrows. 

Fig. 5. 
8 12 9 8 13 

Be energy spectra from (a) the C( Be, Be) C and (b) the 

16 9 8 17 
0( Be, Be) 0 reactions (the latter using an Si0

2 
target). The 

population of known final states is denoted with the appropriate Jn 

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 E . 
p 

8 26 9 8 27 
Fig. 6. Be energy spectra from (a) the Mg( Be, Be) Mg and (b) the 

28 . (9 8 ) 29 . . Sl Be, Be S1 react1ons. See caption to Fig. 5. 

Fig. 7. 
8 40 9 8 41 

Be energy spectra from (a) the Ca( Be, Be) Ca and (b) the 

208 9 8 209 . . 
Pb( Be, Be) Pb react1ons. See caption to Fig. 5. 
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Fig. 8. Angular distributions for transitions to single-particle states 

(d ) d h . ( . 1 ) f .h 28 . (9 8 ) 29 . ots an t e cont1nuum open c1rc es or t e S1 Be, Be S1 

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 I.II. 

Fig. 9. Angular distributions for transitions to single-particle states 

40 9 8 41 
(dots) and the continuum (open circles) for the Ca( Be, Be) Ca 

reaction. See caption to Figure 8. 

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

208 9 8 209 
(dots) and the continuum (open circles) for the Pb( Be, Be) Pb 

reaction. See caption to Figure 8. 
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