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ABSTRACT 

2He energy spectra were obtained for the (d,2He ) reaction on 

LBL-8636 

f 6, 10 12 55'" targets 0 L~, B, and C at Ed = MeV ~n a k~nemat~cally complete 

coincidence measurement of two protons with small relative energies. 

Projected proton energy spectra show an enhancement of the cross section 

over phase space due to the final-state interaction between two protons 

in a 
, 1 

relatlve So state. 2 1 d' 'b' f d b He angu ar lstrl utlons were oun to e 

in reasonable agreement with predictions of microscopic DWBA calculations 

using spectroscopic amplitudes derived from intermediate-coupling wave 

functions. 

6 lOB, 

[

NUCLEAR REACTIONS Li, 

. Ed = 55 MeV; measured a (Ee G) , 

DWBA analysis. 

12 2 
C(d, He)., ] 

microscopic 
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I. INTRODUCTION 

The feasibility of detecting the unbound 2He system as a nuclear 

. 2 
reaction product has recently been demonstrated in the study of the (a, He) 

reaction on several light nuclei.
l 

Utilization of this experimental approach 

opens up a wide range of new nuclear reactions which can be used for the 

study of·nuclear structure and reaction mechanisms. Among these reactions, 

that of charge-exchange via (d,2He)is of particular interest • .such studies 

should be a useful complement to other charge-.exchange reactions producing 

neutron-excess nuclei, such as the (n,p), (t,3He) and heavy-ion induced 

reactions, many of which have experimental problems associated with their 

general application. For example, high-energy neutron beams have poor 

energy resolution and low intensities whereas triton beams are currently 
J 

only available at moderate energies « 25 MeV). Though heavy-ion reactions 

(e.g., (7Li ,7Be » are being increasingly employed, the presence of bound 

excited states of the ejectile frequently complicates the interpretation 

of the spectra. since intense high energy deuteron beams are readily 

2 2 
available and there are no bound states in He, the (d, He) reaction was 

investigated for its promise as a charge-exchange reaction. 

From the theoretical point of view, the (d,2He ) reaction differs 

from charge-exchange reactions induced by spin 1/2 projectiles, such as 

the (n,p) reaction, in that the latter reaction may proceed by both spin-

2 
flip (S = 1) and non-spin-flip (S = 0) transitions whereas the (d, He) 

reaction is always restricted to spin-flip transitions. 

-+ -+ -+-+ 

2 
Thus, the (d, He) 

reaction is only governed by the VII (a·a) (T·T) part of the effective 
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-+ -+ 
nuclear interaction, whereas in the (n,p) reaction in addition the VOl (T·'r) 

part can contribute to some transitions. Therefore, every state populated 

in the (d,2He ) reaction should also be seen.in the corresponding (n,p) 

reaction; on the other hand, if transitions, which are observed strongly 

in the (n,p) reaction, are unobserved or only1weakly observed in the (d i
2

He) 

reaction, this may indicate that, they are favored with S = 0 but unfavored 

with S = 1. Thus by comparing .the levels populated in the same final 

nucleus by these two reactions, one may learn something about the character 

of these final states. 

Owing to the scarcity of high energy (n,p) data which could be used 

2 
. for comparative purp?ses, the (d, He) reaction was initially studied at 

E 55 · V th 0 6. 10 d 12 d' 1 f' 1 = Me on e T = targets L1, B an C pro uC1ng T = 1na 
d z z 

nuclei, since in these cases the energy spectra can also be directly compared 

with those from reactions such as (p,n) which produce the Tz = - 1 mirror 

nuclei. 

2 . 
In Sec. II, the He detection system and the experimental method 

are presented. A discussion of the measured. energy spectra is given in 

Sec. III and Sec. IV presents the results of a microscopic distorted-wave 

Born-approximation (DWBA) analysis of the angular distributions from the 

2 10 12 
(d, He) reaction on Band C. 

.. 
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II ~EXPERIMENTAL PROCEDURE 

2 
A. He detection system 

2 
It is well known that He (the di-proton) does not have any bound 

• states. However, 'in many reactions producing 2He as a residual nucleus 

3 2 2 2 . 2-4 
such as the He(d,t) He and H(p,n) He reactlons an enhancement of the 

cross section at small relative pp energies £ has been observed, which is 

attributed to the pp final-state interaction (FSI) of the virtual (or anti-bound) 

1 . . 2 
So state of He. This enhancement peaks at £ ~ 400 keV. For smaller values 

of £ the Coulomb repulsion begins to dominate and counteracts the attractive 

nuclear interaction. For larger values of £, the effects of the FSIfall 

off fairly slowly; they are noticeable up to several MeV in relative energy. 

Detection of 2He as an outgoing system requires a coincidence 

measurement of two protons with small relative energies, for which the FSI 

enhancement is the greatest. Since the relative pp energy £ is given by 

(1) 

where El and E2 are the laboratory energies of the two protons, it is 

rtecessarythat the angle 8
12 

between the directions of the two protons, and 

thus the angular separation between the two counters, be of the order of 

only a few degrees. 

Figure 1 shows a schematic diagram of the 2He detection system. 

It consisted of two large solid angle lili-E counter telescopes collimated 

by 8 rrnn wide and 10 rrnnhigh slits which were separated vertically by 10 rrnn. 

At 11 cm distance from the target, this system permitted the detection of 
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pp events with 812 = 5° -15°. The 6E counters were phosphorus diffused 

silicon, 380,jJIIl thick, and the E detectors were Si(Li), 5 rom thick, all 

2 
having the same area of 1 x 1.4dm. In addition, 5 rom thick counters 

were mounted behind the E detectors in order to reject events that traversed 

the 6E-E system. 
• 

Each counter was connected to a charge-sensitive preamplifier whose 

slow output was fed into a high-rate linear amplifier. Both 6E-preamplifiers 

additionally produced fast pick-off signals which were run into constant-

. fraction discriminators (CFO) whose fast outputs were used as "start" and 

"stop" signals for a time-to-amplitude converter (TAC). The output signal 

of the TAC is proportional to the. time-of-flight difference. (6TOF) between 

the particles being detected in the separate telescopes. By applying a high 

bias voltage (2 V/jJm) on the 6E detectors to minimize the .charge collection time 

and by using low capacity cables, a time resolution of about 200 ps (FWHM) 

was obtained as measured with a fast rise-time pulser. The fast CFO output 

signals were also run into fast pile-up rejectors which permitted 

a high count rate ('V3 x 104/s ) in each6E counter with an associated. system 

deadtime of about 20%. 

The two 6E and two E signals were gated by the TAC signal such that 

any two particles in coincidence within one beam burst (or two sequential 

beam bUrsts for background analysis) were accepted. These four signals 

together with the TAC signal were transmitted to a ModComp IV computer arid 

subsequently written on magnetic tape event-by-event for later analysis. 'oi 
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Although events corresponding to any two particles arriving at the 

two ill: counters within 200 ns were stored on tape, during both the data 

acquisition process·and the off-line analysis, particle identification (PI) 

spectra were generated using the algorithm PI oc (E+~E)1.73 _El • 73 in order 

to select two proton events only. Furthermore a narrow gate was set in 

the TAC spectrum such that only events with I~TOFI ~1.5 ns were accepted, 

12 2 12 
as indicated with vertical arrows in the ~TOF spectrum from the C(d, He) B 

(g.s.) reaction shown in Fig. 2. The contribution from random coincidences 

within this gate was determined by setting an equally wide gate around the 

peak arising from purely random coincidence events between one proton and a 

s.econd one from .. the following beam burst. In order to correct for these 

random coincidence events, all energy spectra were generated first with 

the real, then with the randomTAC gates; finally the latter was subtracted 

from the former. Since there is a large proton flux associated with the 

high energy deuteron beam, the random coincidence contribution was reduced 

by limiting the singles count rate in each ~E detector to about 2 x 104/ s. 

The deadtime and stability of the electronic system were continuously checked 

with pulser signals which were triggered by .a monitor counter and injected 

at the preamplifiers. 
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B. Experimental method 

These experiments were performed using a 55 MeV deuteron beam 

from the Lawrence Berkeley Laboratory 88-inch cyclotron. For each target 

and angle, the beam current was adjusted to maintain a singles count rate 

4 
in the ~E counters of about 2 x 10 /s. Beam intensities on target ranged 

from 30 nA at forward angles to 160 nA at backward angles. Self supporting 

targets of 6Li (99% enriched, 300 )..Ig/cm
2
), lOB (98% enriched, 155 l1g/cm

2
) and 

12 . 2 
C (natural, 310 l1g/em ) were mounted on a target ladder in the center of 

a 51 em diameter scattering chamber whose pressure was kept at 2 x 10-5 

Torr. Unscattered beam was collected in a Faraday cup which was connected 

to a current integrator to measure the total charge of beam particles 

which passed through the target. 
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III. EXPERIMENTAL RESULTS 

A. Energy spectra 

Figure 3 shows a two-dimensional spectrum of the total laboratory 

energies E . vs. E of two protons which arrived at the t.E counters within 
PI P2 

d d · dm f 12 . h 55 d 1.5 ns, pro uce ~n the bombar ent 0 a C target w~t MeV euterons. 

2 
The He detector system was set at 0

iab 
= 15° for which the spherical polar 

angles of the center of each telescope are 01 = 02 = 30.4° and t.¢ = 19.8°. 

The solid lines represent the kinematic loci for the (d,pp) reaction leaving 

12 
B in its ground state (g.s.) or in one of its excited states. They were 

5 
calculated with the three-body kinematics formalism given by Ohlsen. 

The dashed lines represent all the points of E 
Pl 

for which £ has a 

constant value. They were evaluated for £ = 0.2, 0.4 and 1.0 MeV and are 

shown only on one side of the E = E line since the spectrum is symm~tric 
PI P2 

about this line. . The. experimental data clearly show the FSI enhancement 

of the cross section at small relative pp energies. 

In analyzing such data it is convenient to project each kinematic 

locus onto the E.-axis. 
PI 

3 . 
A proton energy spectrum d cr/dn

l
dn

2
dE created 

PI 

in this way is presented in Fig. 4 for the (d,pp) reaction leading to the 

l2B g.s. It should be noted that the £-scale inserted in this figure is 

nonlinear as a function of E Drawn as a solid line is the result of a 
PI 

Watson-Migdal FSI calculation6 ,7 using a scattering length ~ = -7.82fm and 

an effective range reff = 2.81 fm, which are standard values deduced from low 

energy pp scattering and FSI analyses.
8 

The calculation reproduces quite 

well the shape of the spectrum and clearly exhibits the FSI enhancement over 

the almost flat phase space distribution. In order to emphasize the fact that 

the detection system employed selects.the region of phase space in which the 
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f 
. I 2 

effects of the pp FSI arising rom the vlrtual So g.s. of He are important, 

the 
2 

(d,pp) reactions will henceforth be denoted as the (d, He) reaction. 

2 
A He energy spectrum can be created by projecting a two-dimensional 

spectrum (Fig. 3) onto the diagonal line E 
PI 

since in the present 

reactions the kinematic loci are almost straight lines perpendicular to 

the diagonal line (and do not posse~s a lower branch of the kinematical 

solution). Thus for a given state in the recoil nucleus the sum of 

E + E = E has a nearly constant value. 
PI P2 2He 

2 
He energy spectra obtained 

this way are shown in Figs. 5-7. The contribution of the curvature of the 

kinematic loci to the peak widths observed in these spectra is quite small; 

the widths of the peaks are primarily determined by the variation of E2 
He 

over the horizontal acceptance angle of 4? 

B. 
2 

Absolute He cross sections 

2 
In order to determine experimental He cross sections, the projected 

spectra d
3
a/dn

l
dn

2
dE

I 
must be converted to the (n3~12,nI2,E) coordinate 

5 
system, where the subscripts 1,2 and 3 denote the two detected particles 

and the recoil nucleus, respectively. This can be performed by using the 

Jacobian coordinate transformation 

where the Jacobian J is given by 9,5 

J = 
a W3- 12 ,nI2 , E) 

aw
l
,n

2
, E

I
) 

1 

-+ 
where P is the laboratory momentum of the projectile. 

(2) 

(3) 
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2 
In the case of the (d, He) reaction, dn

3
_l2 can be identified as dn2 ' 

He 
the 2He solid angle in the 2He-recoil nucleus center:"of-mass system, and 

2 
after integrating Eq. (2) over dn

12 
one obtains for the experimental He 

cross section for relative energies between E~ and Eu 

do 4'JT expo = 
dn

2 
2 

He 

(4) 

The integration over dn
12 

can be performed since the two protons, being 

in a relative Is state, are emitted isotropically in their c.m. system. o 
The factor of two in the denominator of the right hand side of Eq. (4) 

corrects for a double counting of pp coincidence events,which arises from 

the indistinguishability of the two detected particles. The lower and 

upper integration limits in Eq. (4) must be chosen according to the 

observable range of E, which is a function of the detection system geometry, 

Le.,the angular separation between the two counters; the lower and upper 
2 " 

energy cut-offs of the detectors and the He energy. For all the differ-

ential cross sections quoted in, this work, integration limits of E~ =0.4 

MeV and E = 1.0 MeV were set since for all 2He energies between '25 and 
u 

50 MeV the observable ranges of E lie within these limits. 

c. 2 
Discussion of the He energy spectra 

2 
Figures 5-7 show representative spectra from the (d, He) reaction 

6, 10 12 
at Ed = 55 MeV on targets of L1, Band C. They will be discussed and 

compared with existing data from other charge-exchange reactions such as 

3 
(n,p) and (t, He). In addition, since these are T = 0 targets, 

z 
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spectra of the (p,n) and (3He ,t) reactions populating the mirror nuclei 

2 
can also be compared to these (d, He) results. 

1 6, (d 2 ) 6 ( . L1 , He He Q 
·0 

-4.95 MeV) 

Although the 6He nucleus
lO 

has been studied with particle-transfer 

as well as charge-exchange reactions (examples of the latter are the 

6 ,()6, 11 6 '( 3 )6 L1 n,p He react10n at E = 14 MeV and the L1 t, He He reaction at 
n 

12 
E

t 
= 22 MeV ), only two states have clearly been observed so far, namely 

the g.s., O~ and an excited state at 1.80 MeV with JTI = (2)+. Weak evidence 

for possible broad states at 13.4, 15.3 and 23.2 MeV has been reported in 

, 10 h ' h h some react10ns, but t ese states have not been seen 1n any c arge-exc ange 

reaction. 

At 55 HeV bombarding energy, the 6Li(d,2He)6He reaction enables one 

to observe an excitation range in 6He up to 25 MeV, thereby permitting a 

broad search for highly excited levels in the 6He nucleus. Data from this 

reaction have been taken at 5 laboratory angles between 17-40°. Figure 5 

2 
shows a representative He energy spectrum measured at G

lab
= 17°. Only 

the g.s. transition and a fairly weak transition to the 1.80 MeV state were 

1 ( 2) , observed. Although the large peak from the H d, He n react10n .obscures 

the 6He excitation range from 4 to 8 MeV at this angle, at the other 

6 
observed angles there is no evidence for He levels in this excitation 

range. The arrows in Fig. 5 indicate the positions of possible transitions 

6 10 
to He levels which have been previously observed at 13.4, 15.3 and 23.2 MeV. 

No evidence was obtained for transitions to these states at this or other 
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angles. Similarly to the above (d,2He ) reaction, the (p,n)13 and (3He ,t)14 

mirror reactions on,6Li only produce the g.s. and, more weakly, the 1.67-MeV, 

(2)+ state of 6Be with no evidence for any higher excited states. 

2. 
10 ,2 10 

The B(d, He) Be Reaction (Q = - 2.00 MeV) 
o 

10 
The level structure of Be has been investigated with a variety 

of reactions, but no detailed ~tudy of this nuclide with a charge-exchange 

reaction has yet been reported. 
10 2 10 

Data from the B(d, He) Be reaction 

were obtained over a laboratory angular range from 17 to 50°. Figure 6 

presents a spectrum from this reaction at 40°. Strong transitions to the 

+ 10 + 
g.s., 0 , and to the known 2 state at 3.37 MeV were observed. In 

addition, a strong peak was observed. at E =5.96 which could be composed 
x 

of a mixture of two known states,10 a 2+ state at 5.9583 MeV and a 1 state 

5 9599 d 1 f ·· . 15 f 'h 9 (d ) 10 at . MeV. Base, on resuts rom J.nvestJ.gatJ.ons ot e Be ,p Be 

reaction, the 2+ state is likely to be the dominant component. Furthermore, 

there is some evidehce for weak (and normally unresolved) transitions to the 

7.37-MeV, 3 + and 7. 54-MeV, 2 states. 
10 

The highest excitation energy in Be 

at which a transition was observed was found at 9.34 ± 0.10 MeV. This peak 

is likely to be an unresolved doUblet consisting of the 9~27-MeV, (4 ) and 

+ 10 the 9.4-MeV, (2) states .• 

Due to the lack of data from other charge-exchange reactions 

producing lOBe, the present spectra can only be compared with those from 

reactions populating the mirror nucleus lOCi the latter results were 

obtained via the (p,n) reaction, which was investigated at E = 30 and 50 Mev
16 

, p 

and the (3He ,t) reaction, studied at E3 
He 

17 
= 30 MeV. In all these reactions, 
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+ + + 
only the g.s., 0 , 3. 35-MeV, 2 state as well as a presumably 2 state 

10 
at 5.2 MeV in C have been observed, which are the analogs of the g.s., 

0+ 3 37 2+ d 5 2+ ,10 '( 2 , .. -MeV, an .. 96-MeV, states J.n Be as observed J.n the d, He) 

reaction. Although a state at 9. 34-r-ieV was populated with significant 

strength in the (d,2He ) reaction, its analog in 10c has not yet been 

identified. 

3. 12 (d 2' )12 C , He B - 14.81 MeV) 

2 12 2 12 , 
Figure 7 shows a He energy spectrum from the C(d, He) B reactJ.on 

at 0
lab 

= 30°. At, forward angles strong transitions were found to the g.s., 

+ 12 
1 , of B. Furthermore a strong peak was observed at E = 4.50 ± 0.07 MeV, . x 

h ' h ' f 1 d ' ., k 18 4 52 d 4 37 w J.c consJ.sts 0 unreso ve tranSJ.tJ.ons to nown states at . an . MeV 

with J7T = 4 and 2 , respectively. In addition, population of the 0.95-MeV, 

2+ state was observed with moderate strength. The known states at 1.67-MeV, 

2 and 3.39 MeV, 3 + as well as two unresolved states at 5.6l-MeV, 3 and 

5.73-MeV, 3 were only very weakly populated. Finall~ in the, spectra 

obtained at larger angles (8iab > 35°), evidence was found for a broad state 

at E 
x 

state. 

8.3 ± 0.1 MeV, which cannot be identified with any previously known 

"1 12 ,,19 12 ( ) 12 SJ.mJ. arB spectra have been obtaJ.ned J.n a study . of the C n,p B 

reaction at E = 56 MeV. In addition to the transitions to the g.s., the 
n 

0.95-MeV state and the doublet at 4.4 Me~ a somewhat broad peak was 

observed at Ex = 7.7 ± 0.1 MeV, particularly in the spectra taken at forward 

angles, with a strength comparable to that of the g.s. transition. Based on 
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its observed energy and width, this state at 7.7 MeV is believed to be the 

12 . 
analog .of the giant dipole resonance in C, which has also been observed 

, 12 (- )12 ,20 8 19 + a 5 ~n the C ~ ,Y . B react~on at Ex = • - • MeV. It is interesting 

2 
to note that this state does not significantly appear in the (d, He) spectra 

at any angle, which seems to confirm that it is a pure L = 1, S = a (Goldhaber-

21 
Teller) state. (The (n,p) reaction showed no evidence for transitions to the 

state observed at 8.3 MeV in the (d,2He ) reaction.) 

No (t,3He ) reaction on 12C has been reported so far. The only other' 

12 1 d' 12 f charge-exchange reaction on C ea ~ng to B was per ormed with the heavy-

ion reaction 

reaction are 

(7 ,7 ) 
L~, Be at E7 

22 = 52 MeV. Energy spectra obtained in this 
Li 

similar to those from the (d,2He ) . reaction, however, no states 

above E = 6 MeV could be observed. x : 

The mirror nucleus 12N has been the subject of several investigations 

12 12 
with charge-exchange reactions such as the C(p,n) N reaction at E = 30 and 50 

p 

16 12 3 . 12, 23 
MeV and the C( He,t) N react~on at E3 = 49.3 MeV. The latter study could 

He 
correlate most states in 12N below 4 MeV with an analog state in 12B with 

reasonable confidence. For the higher excited states, however, no such 

assignments could be made; this region does contain several candidates for 

. . 12 2 
states analogous to those observed ,in .' B in the (d, He) and (n,p) reactions, 

but additional experimentation is clearly necessary to make any such 

correlation. 
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IV. MICROSCOPIC DWBA ANALYSIS 

since detailed structure calculations for thep-shell nuclei 

24 
investigated herein have been done by Cohen and Kurath, it is possible 

to perform microscopic DWBA calculations for the (d,2He ) reaction using 

these wave functions. For the angular distributions leading to the 

positive parity states of lOBe and 12B shown in Figs. 8 and 9, respectively, 

the DWBAcalculationswere. carried out utilizing the Oregon State Coupled-

25 
Channel Code, whose underlying formalism has been extensively discussed 

26 
by Madsen. 

2 
A characteristic feature of the (d, He) reaction is that only the 

spin-isospin dependent paxt of the nucleon-nucleon interaction 

-+ -+ 
(T.T) g(r) contributes to the transition. For the radial dependence g(r) 

-1 
of the potential, a Yukawa form with an inverse range of 1 fm was used. 

The differential cross section is then an incoherent sum over all allowed 

values of the orbital and total angular momentum transfer Land J and is 

given by 

(5) 

where VIlis the interaction strength, here taken to be 12 MeV, a typical 

value
26 

inferred from other reaction studies, and N is a normalization 

constant which contains all information on the projectile system such as 

the projectile spectroscopicarnplitude and the effects of the spatial 

extent of the projectile on the interaction strength.
27 

Furthermore, the 

normalization constant .takes into account the fact that the experimental 
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2 -
cross section does not comprise-the entire He g.s.; but is limited to 

0.4 < e: < 1.0 MeV. Since intermediate-coupling wave functions were used 

LJ 
for the target and resid~al nuclei, each term a

DWBA 
in Eq. (5) is a coherent 

sum over all possible values of the single-particle total angular-momentum 

quantum nUmbers jl and j2 of the initial and final nucleus, respectively, 

with orbital-angular-momentum quantum numbers .\!.l :::: .\!.2 = 1. These contribu

tions were weighted by the spectroscopic amplitudes S which are defined
26 

as 

.. 

1 

(2J+l) 1/2 (2T+l) 1/2-

h 1 d- - h 28 f- hI' 10 d 12 d -T ey were- eva uate by Kurat - or t e target nuc e~ B an C an are 

listed in Table_ I. 

The single-particle energies of the P3/2 and Pl/2 neutrons and 

10 10 12 12 
protons were assumed to be the same for the B, Be, C and B nuclei. 

In order to obtain values that are independent of the residual interaction, 

the Pl/2 single~particle energies for a neutron E(VP l / 2 ) and a proton 

E(1TP l
/ 2) were determined from the binding-energy differences between 

12 + 13 . - - - 12 - + 13 
C(g.s. ,0 ) and - C(g.s. ,1/2 ) and between C(g.s., 0 ) and N(g.s., 1/2 ), 

respectively. The values for E(VP3/2) andE(1TP 3
/

2
) were then obtained from 

the difference between the P3/2 and Pl/2 single-particle energies as 

24 
used by Cohen and Kurath. The bound-state wave functions were calculated 
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in the usual way with a real Woods-Saxon well with radius R = 2.86 fm, 

diffuseness a = 0.65 fro and spin-orbit potential V = 6 MeV. The well 
s.o. 

depth was adjusted to give the single-particle energies. 

The optical model potential parameters to generate the distorted 

29 12 
waves were taken from a study of elastic deuteron scattering from C 

at 52 MeV. For the real part a volume Woods-Saxon potential with a well 

depth V = 71.8 MeV, radius parameter r =1.25 fm and diffuseness a = 0.7 
v v 

fm was used, whereas the absorptive imaginary part consisted of a surface 

Woods-Saxon potential with W = 11.0 MeV, r 
w 

1. 25 fm and a = O. 7 fm. 
w 

The same parameter set was used for the entrance and exit channels. 

Results from these DWBA calculations of the (d,2He ) reaction on 

lOB and 12c are shown as solid curves in Figs. 8 and 9 .-Each distribution 

has been individually normalized to the data with the value of the normali-

zation constant N listed in Table II along with the allowed Land J transfer 

quantum numbers and the label of the spectroscopic amplitudes (Table I) used 

in the calculations. 

. 10 2 10 
For the B(d, He) Be reaction, the shapes of the theoretical angular 

distributions are in reasonable agreement with the data. The calculated 

distributions to the 3.37, 5.96 and 9.4 MeV states, which were all assumed 

TI + . . + 
to have J = 2 and were obtained with the spectroscopic amplitudes 2 a, band d, 

respectively, JTable I), are similar in Shape except for that to the 5.96 MeV 

state at forward angles; this variation is probably due to different relative con

tributions from L=O and 2 transitions. t"lith regard to the .extracted value of the 

normalization constant N~ only that for the 9.4 MeV state differs significantly 

from the others. Its large value could be a result of a substantial unknown 
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contribution to the data from the unresolved 4 state at 9.27 MeV. This 

is consistent with the results from studies
lS 

of the 9Be (d,p)10Be reaction 

which populates the 9.27-MeV and 9.4-MeV states with comparable strength. 

+ - -Since the value of N for the S.96-MeV, 2 state does not deviate significantly 

from t~at of the g.s. and first excited state, the contribution to the 

experimental cross section from the 1 state, which lies only 16 keV higher, 

9 10 seems to be quite small, again in agreement with the findings of Be(d,p) Be 

, - d' IS reactlon stu leSe Calculations were also carried out using the spectro-

scopic amplitudes 2+c. They yielded a distribution similar to that of the 

2+a set but with a magnitude smaller by a factor of 'V IS. Since a known 

2+ state is observed with weak strength at 7.S4 MeV, it is likely that the 

spectroscopic amplitudes 2+c correspond to this state. 

Figure 9 shows the results of the microscopic DWBA analysis for 

12 2 12 . . + + 
the C(d, He) B reactlon leading to the g.s., 1 and the 0.9S-MeV, 2 

state. Due to the lack of spectroscopic amplitudes, no calculations were 

performed for the transitions to the negative parity states, which contain 

s-d shell configurations. For the g.s. transition, the shape. of the 

calculated angular distribution is in acceptable agreement with-the data. 

The experimental cross section is about five times larger than that of 

the 10B(d,2He )10Be (g.s.) transition. Although the theory predicts correctly 

a larger value, it is by only a factor of about three. Agreement between 

the experimental and the calculated distributions is poorer for the pure 

+12 
L = 2 transition to the 0.9S-MeV, 2 state of B. Whereas the experimental 

distribution falls off rapidly at backward angles, the DWBA calculations 

predict a distribution that is quite flat between e = 30° and 70°. 
c.m. 
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This successful description of the angular distributions of 

( 2). 10 d 12 . d' . h d the d, He react10n on targets of B an C 1n 1cates that t e assume 

direct one-step charge-exchange reaction mechanism is consistent with the 

data and indicates the potential usefulness of this reaction as a spectro-
.. 

scopic tool. However, preliminary calculations have indicated that 

the tensor force could be of some importance. Furthermore, exchange effects 

3 2 
and multi-step processes such as d- He- He may have to be considered as well, 

2 
before a complete understanding of the mechanism of the (d, He) reaction 

can be obtained. 
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V. SUMMARY AND CONCLUSION 

The (d,2He) reaction has been investigat~d on targets of 6Li , IdB, 

12 
and C at E = 55 MeV. A detector arrangement was employed that permitted 

d 

a kinematically complete coincidence measurement of two protons with small 

relative energies thereby taking advantage of the enhancement of the cross 

. d h f h . 1 1 f 2 . sect~on ue to t e pp FSI 0 t e v~rtua So g.s. 0 He. projected proton 

" energy spectra d3cr/d&11d&12dEp clearly exhibit this enhancement which is well 

reproduced by FSI calculations based on the theory of Watson
6 

and Migdal.
7 

. . 2 f' h Where compar~sons were poss~ble, the He energy spectra rom react~ons on t ese 

T = a targets were found to be quite similar to corresponding spectra z 

obtained from either the analogous charge-exchamje reactions (n,p) and 

(t,3He) or the mirror reactions (p,n) and (3He ,t>. 
2 

Further indication for a charge-exchange mechanism of the (d, He) 

reaction was obtained from a microscopic DWBA analysis of the angular 

distributions from the lOB and 12c targets using spectroscopic amplitudes 

derived from intermediate-coupling wave functions. Reasonable agreement 

with the data was obtained both in shape and relative magnitude. Since the 

(d,2He ) re,action always proceeds by spin-flip, it is furthermore an useful 

complement to other comparable charge-exchange reactions, such as the 

(n,p) reaction, which in general can take place by spin-flip and non-spin-

flip transitions. 
12 

As shown for the reaction on C, a comparison of the 

energy spectra from these particular two reactions can help identify 

transitions that proceed by non-spin-flip alone, since they should be 

observed in the (n,p) but not in the (d,2He) . reaction. 
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Table I. Spectroscopic Amplitudes S{JJi J f ;101;j1 j 2) • 
(Ref. 28) . 

j2 j 1 3/2 3/2 1/2 3/2 3/2 1/2 1/2 1/2 

J 3 2 1 2 1 2 1 1 
i 

JTI a i) 10, 
TI 3+ A = J i f 

0+ a .4136 

2+ a -.5364 .4411 -.1351 .2358 .3681 -.0809 -.1390 .0236 

b .3414 -.1098 .2623 -.1966 .6506 .1191 .0083 -.0312 

c .0356 -.3775 .3797 .2308 -.0018 -.1080 .3036 .0386 

d -.2996 -.0581 -.0501 .3889 -.1922 -.0192 -.1513 .1323 

ii) = 12, 
TI = 0+ A J. 
1-

1+ a .0539 .4881 . .2399 .0412 

2+ a -.0429 -.4808 .0800 
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Table II. Sununary of the values for the normalization constant N extracted 
from a DWBA analysis using the spectroscopic amplitudes listed 
in Table I. 

Reaction E 
1T 

J a L J N 
x f 

10B (d, 2 10 O+a 2 He) Be g.s. 3 .90 

3.37 ita 0 1 .69 

2 1,2,3 

5.96 2+b 0 1 .74 

2 1,2,3 

9.4 . 2+d 0 1 3.8 

2 1,2,3 

12 
C(d, 

2 12 + 
1.39 He) B g.s. 1 a 0,2 1 

0.95 2+a 2 2 1.18 
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FIGURE CAPTIONS 

Fig. 1. Schematic diagram of the 2He detection system. 

Fig. 2. Proton-proton time-of-flight difference spectrum from the 

12 .. 12 + . 
C(d,pp)B (g.s.,l ) reactl.on at Ed = 55 MeV. See text. 

12 12 . 
. C(d,pp) B reactl.on at Ed = 55 MeV. 

Two-dimensional proton energy spectrum E 
PI 

vs. from the Fig. 3. 

See text. 

12 12 + 
E energy spectrum from the C(d,pp) B (g.s.,l ) 
PI 

Fig. 4. Projected 

Fig,. 

Fig. 

Fig. 

Fig. 

reaction at Ed = 55 MeV. The solid curve represents the result of a 

Watson-Migdal FSI calculation normalized to the data. 

5. 
2 

from the 
6 
Li(d, 

2 6 
reaction 55 MeV. He energy spectrum He) He at E = 

d 

6. 
2 

He energy spectrum from the 
10 

BCd, 
2 )10 . 55 MeV. He Be reactl.onat Ed = 

7. 
2 

He energy spectrum from the 
12 (d 2 )12 . C , He B reactl.on at Ed = 55 MeV. 

8. Angular distributions from the lOBed, 2 ) 10 . He Be reactl.on at 

E = 55 MeV. Statistical error bars are shown. The solid curves are 
d 

microscopic mVBA calculations normalized to the data. 

Fig. 9. Angular distributions from the 12C (d,2He )12B reaction at Ed 

55 MeV. Statistical error bars are shown. The solid curves are 

microscopic DWBA calculations normalized to the data. 
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