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STUDY OF THE CHARGE-EXCHANGE REACTION (d, He)T 

* R. Jahn , D. P. Stahel, G. J. Wozniak and Jose~h Cerny 

Lawrence Berkeley Laboratory 
and Department of Chemistry 

University of California 
Berkeley, California 94720 

October 1977 

ABSTRACT 

2 
A He detection system has been used to investigate the charge_; 

' 2 6 . 10 12 
exchange reaction (d, He) at 55 MeV on Ll, B, and C targets. The 

LBL-6589 

' . 10 . 12 
experimental angular distributions for reactions on the B and C targets 

are compared with microscopic Dt-ffiA calculations. The shapes of the 

angular distributions are well described by the calculations and the 

deduced strength of the effective nucleon-nucleon interaction, v
11

, is in 

3 
agreement with previous ( He,t) work. 

6 10 12 2 

[

NUCLEAR REACTION
6
s Li, B, C (d, He) ; E = 55 MeV] 

10 12 . . . 
measured 0(8), He, Be, B levels, m1croscop1c 

DWBA analysis, deduced v
11

. 
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I. INTRODUCTION 

2 
Recently, the feasibility of detecting the unbound He system as a 

nuclear reaction product has been demonstrated in a study of the (a,
2

He) 

reaction on several light nuclei.
1 

Utilization of this detection system 

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

LBL-6589 

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

that of charge-exchange via (d,
2

He) is of particular interest because it 

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

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

reactions, many of which have experimental problems associated with their 

general application. For example, neutron beams have poor energy resolution 

and low intensities whereas triton beams are currently only available at 

d . (<" 2 5 . . ( ( 7 . 7 ) ) mo erate energ~es ' MeV). Though heavy-~on react~ons e.g. L~, Be 

are being increasjngly 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 available and there 

are no bound states in 
2

He, the (d,
2

He) reaction was investigated for its 

promise as a charge-exchange reaction. In addition, it should be a useful 

1 f d . . h . h 18 . h 18 (d 2 ) 18 too or stu y~ng neutron-r~c nucle~ sue as N Vla t e 0 , He N 

reaction. 

2 
For this initial exploration of the (d, He) reaction, the T = 0 z 
6 . 10 12 . 

targets L~, Band C were bombarded with 55 MeV deuterons. In Sect~ons 

2 
II and III the He detection system and the experimental procedure are 

discussed. Energy spectra for .each target are presented in Section IV 

and in Section V measured angular distributions for the 
12c and 

10
B targets 

are compared with a microscopic mvBA analysis. 

• 
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2 
II. THE He DETECTION SYSTEM 

Since 
2

He is unbound, it has to be detected by means of a coincidence 

measurement of its two breakup protons. Although this detection principle is 

similar to the one used in detecting the unbound 
8

Be nuclide via its two 

decay a particles,
2 

a difference arises in that the disintegration energy of 

2 
He does not originate from the breakup of a narrow state, as in the case of 

8 
Be, but is rather a distribution which results from the 2p-final state 

interaction. This distribution of the relative energy E of the two protons in 

2 3 
their c.m. system has been observed in reactions such as H( He,t)2p (Ref. 3) 

and is usually described by the theory of Watson and Migdal.
4 

It peaks at 

E >:::; 400 keV and falls off for higher values with a slope of approximately 1/E. 

Therefore the detection geometry was arranged to yield the largest efficiency 

for this peak value. 

2 
The detection of He via its breakup protons with reasonable efficiency 

is facilitated by the fact that the transformation of the isotropic breakup of 

2 
He in its c.m. to the laboratory system results in a focussing of the breakup 

protons into a cone. The maximum opening angle of this cone, Bmax' is defined 

byE and the 
2

He laboratory energy E and is given by Bmax = 2 arctan (E/E)
112

. 

This transformation also leads to a concentration of breakup protons near the 

edge of the cone. Therefore, in order to get optimum detection efficiency, it 

is important that the 2p acceptance angle of the detector be at least as large 

as the maximum breakup angle which, for example, is 11.4° for E = 40 MeV and 

c = 400 keV. On the other hand, energy resolution considerations require a 

2 
small horizontal He angular acceptance, in order to minimize kinematic broadening, 

A good compromise between efficiency and energy resolution was obtained by 
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detecting ~he protons in a pair of vertically arranged detector telescopes, 

thus ~chieving good efficiency as a result of the large vertical acceptance 

angle and reasonable energy resolution by limiting the horizontal acceptance 

angle. 

Figure 1 shows a schematic diagram of the detection system which 

consisted of two large solid-angle counter telescopes collimated by 8 mrn 

wide and 10 rnrn high slits which were separated by a 10 rnrn high central post. 

At 11 ern distance from the target, this system subtended a 15° vertical and 

a 4° horizontal acceptance angle. The ~E counters were phosphorus diffused 

silicon, 380 ~thick, and theE detectors were Si(Li), 5 rnrn thick, all 

2 
having the same area of 1Xl.4 ern In addition, two 5 rnrn thick counters were 

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

~E-E system. 

2 
To characterize He events, asubnanosecond fast coincidence between 

the two ~E counters and particle identification of the protons in each 

telescope was required. An electronic time resolution of ~ 200 ps (FWHM) 

was measured for simulated 
2

He events by utilizing a fast risetirne pulser 

and fast/slow preamplifiers. To minimize the charge collection time in the ~E 

counters, a high bias voltage (2V/~rn) was maintained. The time-of-flight 

difference (~TOF) spectra of the two protons from the (d,
2

He) reaction were 

similar to those observed previously from the (a,
2

He) reaction
1 

at equivalent 

2
He energies. Their half width at half maximum was about 500 ps, which is in 

good agreement with calculated values. Since the width of a single beam burst 

was 6 ns, random coincidences were drastically reduced by setting a 1 ns wide 

2 
window around the He peak in the ~TOF spectrum. Furthermore, a fast pileup 
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rejection system was utilized which permitted a high count rate (32,000 s-
1

) 

in each6E counter, with an associated system dead time of about 20%. 

2 
The overall He detection efficiency is a function of the detector 

\) 
2 

geometry, the relative 2p energy E and the He energy E. For the geometry 

. . f 2 noted above, the efflclency was about l% or 20-50 MeV He events. This 

result was calculated with the program EFFC~5 , which was modified to take 

into account the distribution of E rather than assuming a fixed breakup 

energy of 400 keV. Experimental values of E were taken from a study of the 

2 3 - ' . 3 
H( He,t)2p reactlon. Breakup energies larger than 3 MeV were not 

evaluated because the shape of the distribution is not well known in this 

' 2 ' 
region; however, only a small fraction of the He events is expected to 

possess such large breakup energies. Although this uncertainty may introduce 

a potentially large error in the absolute efficency, the relative efficiencies 

are estimated to be accurate to ± 5% . 

.• 
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III. EXPERIMENTAL PROCEDURE 

Self-supporting targets of 
6

Li(99% enriched, 300 ~g/cm2 ), 10
B(98% 

enriched, 155 ~g/cm2 ) and 
12c (natural, 350 ~g/cm2 ) were bombarded with a 

LBL-6589 

55 MeV deuteron beam from the Lawrence Berkeley Laboratory 88-inch cyclotron. 

For each target and angle, the maximum beam intensity was limited by the 

singles count rates in the 6E counters which determined the dead time of 

the detection system. Beam intensities ranged from 30 nA at forward angles 

to 160 nA at backward angles. Typical acquisition times for the spectra 

shown in Section IV ranged from 2 to 3 hours. The observed energy resolution 

(400-550 keV FWHM) was determined mainly by kinematic broadening due to the 

4° horizontal 
2

He acceptance angle and the large dE/dG for these light 

targets. In contrast to the (a,
2

He) reaction,
1 

the substantial background 

observed in these spectra was caused by random two proton coincidences 

arising from the large proton flux associated with the high energy 

deuteron beam. 

I 
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IV. ENERGY SPECTRA 

h 6 '( 2 6 . ( A. T e L1. d, He) He React1.on 0 ·-o - 4. 95 MeV) 

Among the nuclei which may be studied with the (d,
2

He) reaction, 

6 
investigations of the He nucleus are of particular interest because they 

offer an opportunity to explore further its relatively poorly known level 

structure. 

LBL-6589 

At 55 MeV bombarding energy, the 
6
Li(d,

2
He)

6
He reaction enables one 

to observe an excitation range in 
6

He up to 28 MeV, thereby permitting a 

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

reaction have been taken at laboratory angles between 17°-40°. Figure 2 

shows the 17° spectrum, in which, except for the ground state transition, 

6 + 
no other strong transitions to He states are observed. The (2) level 

at 1.8 MeV is rather weakly excited at this angle, however, at 40° it is 

6 
populated more strongly than the He g.s. Although the large peak from the 

1 2 ) . 6 . . H(d, He n react1.on obscures the He exc1.tat1.on range from 4 MeV to 8 MeV 

at this angle, at the other observed angles 
6 

there is no evidence for He 

levels in this excitation range. The arrows in Fig. 2 indicate the position 

of possible transitions to 
6

He levels which have been previously observed 

6 
at 13.4, 15.3 and 23.2 MeV. No evidence was obtained for transitions to the 

15.3 and 23.2 MeV states at this or other angles; similarly, although possib~e 

. 12 . 
weak populat1.on of the 13.4 MeV state is obscured by a C contam1.nant at 

this angle, no such transitions are observed at other angles. 
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la 2 la . 
The B(d, He) Be React1.on (0 = - 2.aa MeV) ··o 

la 
Although the level structure of Be has been investigated with a 

LBL-6589 

variety of reactions,
6 

no detailed study of this nuclide with a charge-exchange 

reaction has been reported so far. 
la 2 la . 

Data from the B(d, He) Be react1.on 

were obtained over a laboratory angular range from 17° to Sa0
• Figure 3 

presents a spectrum from this reaction at 3a0
• 

la + 
Transitions to the Be a , 

+ 6 
ground state, to the known 2 states at 3.37 and 5.96 MeV and to the 3 state 

at 7.37 MeV can be seen. The 2+ assignment of the state observed at 9.4 MeV 

is tentative in Ref. 6. Although this reaction covers an excitation range 

in 
la 

Be up to 25 MeV, no evidence for transitions to states above the 9.4 MeV 

level was observed above the large continuum. 

c. 12 2 12 
The C(d, He) B Reaction (Q = - 14.81 MeV) 

0 

12 2 12 
Figure 4 shows a typical spectrum from the C(d, He) B reaction 

at the laboratory angle of 5a 0
• 

+ 
Transitions are observed to the known 1 , 

- 7 
g.s. and the 4 , 4.52 MeV state and to a previously unknown state at 8.35±a.l 

MeV. No evidence for transitions to the 2+, a.95 MeV state is seen at this 

angle, although it was observed with moderate strength at forward angles. 

12 
The positions of possible weak transitions to other known states in B are 

indicated. 

2 . 12 . h 1+ d The (d, He) react1.on on C preferentJ..ally populates t e groun 

12 
state of B and the 4 state at 4.52 MeV over the angular range studied 

(17°-6a 0 lab.); at the more backward angles, moderate population of the state 

at 8.35 MeV was observed (see Fig. 4) . These results are similar to those 

12 12 
reaction at 56 

8 
observed in a study of the C(n,p) B MeV, where strong 

transitions to the g.s. and states at 4.4 and 7.8 MeV in 
12 

B have been 

reported. The latter experiment had very poor energy resolution and 

'" 

, 

• 
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therefore we assume that the states reported at4.4 MeV and 7.8 MeV correspond 

to the levels observed at 4.52 MeV and 8.35 MeV in the present experiment. 

This indicates that the (d,
2

He) reaction, at comparable beam energies, 

preferentially populates the same states as does the (n,p) reaction, everi 

though the (d,
2

He) reaction requires a spin-flip (S = 1) transition, whereas 

in the (n,p) reaction both S = 0 and S = 1 transitions are allowed . 
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V. MICROSCOPIC DWBA ANALYSIS 

A. Theory 

In order to understand the mechanism of the (d,
2

He) reaction, simple 

microscopic calculations have been performed. The microscopic interaction 

. 9-11 . 
formalism has been discussed at length prev1ously. In the DWBA formalism 

the transition amplitude (in obvious notation) is given by: 

-+ 
where R' is a vector between the c.m. of the projectile and the c.m. of the 

target nucleus. The effective interaction V can be expressed as a sum of 

nucleon-nucleon interactions: 

a A 
v =2: 2: 

i=l j=l 

-+ -+ 

-+ -+ 
V(r.-r.) 

l J 

where r. and r. are the space coordinates of the projectile and target 
l J 

nucleons and a and A represent the mass number of projectile and target, 

respectively. Since the. (d,
2

He) reaction introduces both a spin and an isospin 

flip (S=T=l), only the spin and isospin dependent part of the nucleon-

nucleon interaction 

following form: 

-+ -+ 
V(r.-r.) 

l J 

(V11 > can contribute. This was assumed to have the 

-+-+ -+-+ 
v

11 
(CJ·CJ) ('T·T ) g(r.-r.) 

i j i j l J 

For the radial dependence g (r), a Yukawa form with a range a of lfm.-l was used. 

If the wave function of the projectile is an s-state, as is assumed 

12 
in the present study, the nucleon-nucleon interaction can be expressed in 

f ff . . . '1 1 . . 10 terms o an e ect1ve proJeCtl e-nuc eon 1nteract1on: 

• 



0 0 

- -+ -+ 
V(R' ,r.) 

J 

8 f)· !.. 

-11-

0 

LBL-6589 

:."' where f (i;) is the internal wavefunction of the projectile. With the Yukawa 

I 

--+ -+ 
interaction utilized in this study, the expression for V(R' ,r.) is very complex. 

J 
. l3 

However, Wesolowski et al. have shown that this complicated expression can 

be approximated by a Yukawa potential with the same range a but normalized 

.strength V given by: 

2 2 
V = v exp (a /18y ) 

where y is the average size parameter for the Gaussian wave functions of the 

projectile and ejectile. 
. 2 

Since y has not been determined for the (d, He) 

reactio~ it was approximated by y = 0.402 fm-l which was calculated for the (d,d') 

reaction.
10 

The effective interaction V was extracted using the code DWUCK4 

(Ref. 14). For a given single particle transition ji-+jf' it calculates <YDW 

which is related to the differential cross section by: 

where d,,.d,'and C,C' represent target and projectile spectroscopic amplitudes 

and isospin Clebsch-Gordan coefficients, respectively. The. single particle 

transitions are restricted by the following selection rules
10

: 

!Jf-Jil ~ J ~ Jf+Ji 

ljf-jil ~J ~ jf+ji 

l~f-~il ~L ~ ~f+~i 

IL- sl ~J ~L + s 

ITf-Til ~ T ~ Tf+Ti 

R, ·+~f 
(-1) L 7Ti·7Tf = (-1) :t = 
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_/ _i• . 12 
The spectroscopic amplitudes ~ and ~ for the react1ons on C 

10 
and B were evaluated using equation A6 in Ref. 10. This equation is 

basically the product of the coefficients of fractional parentage (CFPs) 

of the initial and final nuclei sununed over all common parent states. For p-

shell states the CFPs obtained from the intermediate coupling wave functions 

15 
of Cohen and Kurath were used. For excited states (denoted*) of the final nuclei 

only the (A-1) g.s. parent states were considered in the present calculations, 

* * since the CFPs for ( (A-1) ® p-nucleon) component.s of the wave function are 

not listed in Ref. 15. For sd-shell states,pure jj-coupling wave functions 

were assumed. The Woods-Saxon optical parameters were V = 67.4 MeV, r = 1.25 fm, 
v 

a 
v 0. 75 fm, w = 10.9 MeV, rw = 1.25 fm, aw = 0. 744 fm, and VLS = 6.0 MeV (Hef. 16). 

For the imaginary potential W, surface absorption was used. The same set was 

2 12 10 
used to describe all deuteron and He channels for both the C and B targets. 

Bound state wave functions were calculated using a Woods-Saxon well with a 

radius of 1.25 A
113 

fm, a diffuseness of 0.65 fm and a spin-orbit potential of 

6 MeV. Well depths were adjusted to give the single-particle binding energies. 

Finally, the magnitude of v
11 

was obtained by normalizing the calculations to 

the dat-a. 

B. Results and Discussion 

Figure 5 shows the experimental differential cross sections for the 

. 12 2 12 
react1on C(d, He) B in comparison with the microscopic DWBA calculations. 

As can be seen, the shapes of the calculated angUlar distributions are in 

+ 
good agreement with the experimental data for the transitions to the 1 , g. s. 

- 12 + 
and the 4 , 4. 52 MeV st-ate of B, whereas the transition to the 2 , 0. 95 MeV 

state is only described well in the forward angular region. For the g.s. 

transition, orbital angular momentum transfers of L = 0 and L = 2. are allowed; 

• 
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however, the L = 2 component contributes less than 10% to the cross section. 

+ -
For the transitions to the 2 and 4 states only L = 2 and L = 3 transfer 

are allowed, respectively. The assumed dominant single particle transitions, 

'I the dominant allowed orbital angular momentum transfers and the values obtained 

·( 

for the strength of the S = T = 1 nucleon-nucleon interaction v
11 

are listed 

in Table I. It should be noted that these values of v
11 

are in reasonable 

agreement with v
11 

= 16.5 MeV which was deduced for the average value of v
11 

in an extensive study of the (
3
He,t) reaction on several p-shell nuclei.

11 

Figure 6 shows the experimental and calculated angular distributions 

10 2 10 
for the reaction B(d, He) Be. The shapes of the calculated angular 

distributions are in good agreement with the experimental data for all observed 

transitions. + For the transitions to the 2 states, both L = 0 and L = 2 

transfers were allowed, but as in the 
12

c(d,
2

He)
12

B reaction, the L = 2 

transfer contributes less than 10% to the cross section. It should be noted 

that the good agreement between theory and experiment for the angular distri-

bution of the transitions to the 9.4 MeV state corroborates its tentative 

assignment. The values obtained for v
11 

(see Table I) are 

substantially smaller than those obtained from the 
12

c(d,
2

He)
12

B reaction. 

These results reflect the fact that the intermediate coupling wave functions 

for 
10

B are very complicated and that 
10

B is poorly described as a p
312 

proton 

coupled to a 
9 

Be g.s. core, as was assumed in the present calculations. 
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VI. CONCLUSIONS 

The present study demonstrates the utility of employing the (d,
2

He) re-

action as a tool for charge-exchange studies. The good description of the 

experimental angular distributions by zero-range microscopic DWBA calculations 

indicates that the (d,
2

He) reaction is direct; furthermore, this agreement 

justifies again
1 

the assumption that the correlated two-proton system can be 

2 
described as an unbound He particle. 

• 
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Table r~ Deduced strengths of the S=T=l nucleon-nucleon interaction v
11

. 

Dominant Single- Dominant 
'IT 

Reaction E (MeV) J Particle L-Transfer v
11

(MeV) 
X Transition 

12 2 12 
C(d, He) B 

0.0 1+ 
p3/2 + pl/2 0 7.1 

0.95 2+ 
p3/2 + pl/2 2 17.0 

4.52 4 p3/2 + d5/2 3 6.4 

10 2 10 0+ B(d, He) Be 0.0 p3/2 + p3/2 2 2.3 

3.37 2+ 
p3/2 + pl/2 0 0.7 

5.96 2+ 
p3/2 + pl/2 0 1.3 

9.4 ( 2 +) 
p3/2 + p3/2,Pl/2 0 3.1 

LBL-;-6589 
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FIGURE CAPTIONS 

Fig. 1. 
. . 2 . 

Schemat1c d1agram of the He detect1on system. 

Fig. 2. 
2

He energy spectrum obtained from the reaction 
6
Li(d,

2
He)

6
He at 

a deuteron energy of 55 MeV. 
6 

The arrows indicate the positions of He 

states previously observed at 13.4, 15.3, and 23.2 MeV. 

Fig. 3. 
2 10 2 10 

He energy spectrum from the reaction B(d, He) Be at a 

deuteron energy of 55 MeV. See text. 

Fig. 4. 
2 12 2 12 

He energy spectrum from the reaction C(d, He) B at a 

deuteron energy of 55 MeV. See text. 

Fig. 5. Absolute differential cross sections for the reaction 

12 2 12 
C(d, He) B at 55 MeV. Statistical error bars are shown. The solid 

lines represent microscopic DWBA calculations normalized to the data. 

Fig. 6. Absolute differential cross sections for the reaction 

10 2 10 
B(d, He) Be at 55 MeV. Statistical error bars are shown. The 

LBL-6589 

solid lines represent microscopic DWBA calculations normalized to the data. 

• 
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2 
He detection system 

XBL 766-2941 A 
"'I 

Fig. 1 
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