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; - v ~ ABSTRACT

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

' 6_. 10 12 . : ,
targets of Li, B, and " °C at Ed'= 55 MeV in a kinematically complete
coincidence measurement of two protons with small relative énergies.
Projeéted proton enerqgy spectra'show an enhancement of thé cross section
over phase space due to the final-state interaction between two protons
A o1, - 2 e - '
in a relative So state. He angular distributions were found to be
in reasonable agreement_with'predictions of microscopic DWBA calculations

using spectroscopic amplitﬁdes derived from intermediate—coupling wave

functions.

: 6.. 10. 12 _,.2_ .
NUCLEAR REACTIONS Li, ‘ B, C(d,2He),
Ed==55’MeV; measured O(Ef,@), microscopic

"DWBA analysis.
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I. INTRODUCTION .

. The feasibility of detecting the unbound 2He system'asba nuclear
_;eacfion product has reéentiy been deménstrated in the study of the (d,zﬂe)
‘reaction on séve?al light nuclei.l Utilizationbof this experimental approach
opéné up‘a wide range of new nuclear reactions which can be’used for the
'sfudy of -nuclear structure_gnd reaction mechanisms;v-Amoﬂg:these réactioﬁs,
ﬁhat of charge—exéhange via (d;zHe) is of particular interest. Sﬁch_studies
should be a useful comélement to_other charge-exchange reactions producing
neutron-excess nuclei, such as.the (n,p), (t,BHei and heavy-ion indﬁced
feactions, many of whidh have experimentai problems‘éSSbciated with their
general appliéation. For example, high—enefgy negtron beams havé poor
enérgy resolution and low infensities’yhereas triton“beams are currently. .
only évaiiable at modefate energies (< 25 MeV); Thouéh heavy-ion reactions
(e.ga,(7Li,7Be)) are being increasinély employed, tﬁe.presenqe’of,bound
excited states of the ejectile frequently complicates the interpretatibn
of the spectra. Sincévintense high ehergy deuteron beams are rea&ily
available and there are nb boﬁndvstates in 2He, the (d,2He) reactiqn-was
inveétigated for its promiéé és a charge-exchéhge reaction.

From the theoretical point of view;.the (d,ZHe)vreactidnvdiffers
from'charge-ekchange reactions induced by_spin 1/2 projectiles,'such as
the (n,p) reaction, in that the latter reacﬁion may proceea by both spin-
flip (s = i)-and hon-spin—flip (s = b) transitions whereas the (d,zHé)

. feacfion i§ always restriéted to spin-flip transitions.. Thus, the (d;zHé)

> > ' -
reaction is only governed by the Vll(g-o)(T~T) part of the effective
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nuclear intgraction, whereas in the (n,p) reaction in addition the V01‘¥-¥)-
part can contribﬁte to some transitions. Therefore, every stéte pbpulated
in.the‘(d,ZHe) ieaction should élso be seen in the cdrresponding (n,p).
réaction; on the ofher'hand, if transitioﬂs, which aré observed strbngly
iﬁ the (n,p) reaction,:afe unobser&éd or only'Qeakly’observed in the (d,zHe)
_feéction,.this ﬁay indicate that they are favoredlwith é =0 5ut unfavofea
with S = 1. Thus by coﬁpaﬁing,the'leveis éopulated in thé same finél
nucleus by these'two reactions,-one may learn somethiﬁg about the cha:acter
of these final states.

.,Owing to the scarcity éf high energy (n{p) data.which could be used
" for comparative purposes, the (d,zHe) reaction was initially studied at:
Ed = 55 MeV on the Té =0 targets 6Li, loB andb12C producihg Tz = 1 final
nuclei, since in these cases the energy spéctra.can also be diréctly coﬁpared
~with those frdm reactions.such 59 (p,n) which proauéé'the Té = —'1vmirror
nuclei. |

In Sec. II, the 2He detection éystem ahd the experiﬁental method

are preéented,. A discussion of the meagured,eﬁergyISPeCtra is'given in
Sec. III and_Seé, Iv presénts the resul£s-§f a ﬁicroscopic distorted-wave
'Born-approximatién (ﬁWBA) analysis of the angular_distributionsvffom thé

2 . 1 12
(d, He) reaction on 0B and 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 He as a residual nucleus
.3 2 2 L2 : - '
such as the He(d,t) He and "H(p,n) He reactions . 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 énti—bouhd)

lS ‘state of 2He. This enhancement peaks .at € = 400 keV. For smaller values

0
of € the Coulomb repulsion begins to dominate and counteracts the attractive
'nucieér interaction. qu larger:valueé of é,'fhe effects of the FSI fall
off fairly slowly; they are noticeable up to seVeral’MeV in relative energy.
Detection Of 2He as aﬁ outgoing system requires a'cdincidence

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

enhancement is the greatest. Since the relative'pp energy € is given by

N

€ = (El +E, - 2»/E1E2 cos@lz)‘ ‘ , (1)

where E, and E,

necessary that the angle O,. between the directions of the two protons, and
b4 12 : :

are the laboratory energies of the two protons, it is

thus £he angular separaﬁion*between the fwo cOuhters, be of the order of
only a few degrees.

Figure 1 shows a schematic diagram of the'zHe detection system.
It consisted_of two large'solid angle AE-E counter telescopes collimated
by 8 mm wide and 10 ﬁm_high slits whicﬁ‘were séparated vertically by 10 mm.

At 11 cm distance from the target, this system permitted the detection of
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pb events with 012 ; 5° - 15°. ThevAE counters were phosphorus diffused
silicon, 380 .um thick, and thé E detectorS'wére Si(ri), 5 mm thick, all
having tﬁe same area.of l‘x l.é-cmz. In addition, 5 mm thick counters

were mounted behind the E detectors in ordér to reject events that traversed’
the AE-E system. | | |

Eéch counﬁer Was connécted to a chargé—éeﬁsiﬁive-preamplifier whose
slow output was fed intq a high-rate linear'amplifierﬁ Both AE—preamplifiers
additiénally produced fast pick—off signals which were run into constant-

. fraction discrimiﬂators (CFD)Whose fast outputs were used.as "start"vand

"stop" signals fqrva tiﬁe-toéamplitude converter  (TAC). The output signal

_of the TAC is préportional‘to the time-of-flight difference (ATOF) between

the particles being detécted in the separate telescopes. By applying a high
‘bias voltage (2 V/um) oﬁ the AE detectors. to minimize_#he charge.collection time
and by using low capacity cébigs, a timeiresolutionlof about 200 ps (FWHM)

was obtained as measured with aAfast risthime pulser. The fést CFD output
signals were also run into féét pile-up rejectors which permitted .

a high count rate (V3 ><‘104/s) in ea¢ﬁ AE couﬁter with an associated. system
deadtime of about QQ%.

The two AE and two E signais werevgated 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. Tﬁese fqur signals
togéther with the TAC signél were transmitted to a ModComp IV computer and

subsequently written on magnetic tape event—by—eventlfor later analysis.
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Although events corresponding to any two particles arriving at the
two AE counters within 200 ns were stored on tape, during both the data
acquisition process and the off-line ‘analysis, particle identification (?I)

' U 1.73 - _1.73
spectra were generated using the algorithm PI « (E+AE) ~-E

in order
.to éelect twé proton events only. Furthermore a narrow gate was set in

£he fAé speétrum such that bnly eventé Qith'|ATOF[*<-1-5 ﬁshﬁeré.acéeptea,
as indicated with vertical arrows -in the ATOF.spectruﬁ from the 12C(d;2He)l?B '
(g.s.) reaction showﬁ in Fig. 2. 'The contribution from randém'coiﬁcidences
within this gate}was_determined by setting an equaily wi&e_gate.afound the
peak arisiﬂg from.pprely~rand6m coincidencé events bet&een one'protdn ana a
second éne from the following beam burst. In order to correct for these
ranaomAcoinéidence events, ﬁll:energy spectra were generated first with
thevreal,_then with the random TAC gates; finally the latter was subtracted
from the fqrmer,"Since there is a large proton flux associated with the

- high energy deuteron beam,‘theirandom'coincidence contfibution was reduCed-
.by limiting.the singles count rate in each AE detector to about 2 X 104/5.

The deadtimg 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 térget
and angle, the beam current was adjusted to maintain a singles count rate
. ‘ 4 o . - '
in the AE 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

6_, . o 2 10 . ' 2

targets of 'Li(99% enriched, 300 ug/em ), =~ B (98% enriched, 155 ug/cm ) and

12 ' . 4
C (natural, 310 ug/cmz) were mounted on a target ladder in the center of

a Sl om diameter_scattering chamber whose pressute was kept at 2 X 10-5

Torr. Unscattered beam was collected in a Faraday cup which was conhected
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. Ep of two protons which arrived at the AE counters withih
1 2 B ’
12
1.5 ns, produced in the bombardment of a C target with 55 MeV deuterons.
The 2He detector system was set at O, = 15° for which the spherical polar

- “lab

angles of the center of each telescope are Ql = 92 = 30.4° and A = 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
calculated with the three-body kinematics formalism given by Ohlsen.

The dashed lines represent all the points of’Ep and Ep for which € has a

‘ ‘ ‘ 1 2
. 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 symmetric

P, P
-1 2
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

v : 3 . : . v
" locus onto the Ep,-axis. A proton energy spectrum d G/dQldQZdEP created
1S 1 _ 1
in this way is presented in Fig. 4 for the (d,pp) reaction leading to the

12 ' o S
' B 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 _

P 4
Watson-Migdal FSI calculation®s”/ using a scattering length a = -7.82 fm and'
~an effective range reff = 2.81 fm, which are standard values deduced from low

. 8 » ,
energy pp scattering and FSI analyses. ._The_calculation_reproduces quite

well the shape of the épectrum and clearly exhibits the FSI enhancement over
the almost flat phase space distribution. In order to emphasize the fact that

the detection system employed selecﬁs:theAregion of phase space in which the



-8— | ‘ LBL-8636 -

effects of the pp FSI arising frOm the virtual lSO g.s. of 2He are important,
.the (d,pp) reactions will henceforth be denoted as the (d;zHe) feaction. “
A 2He energy spectrum can bé created by projecting a twq—dimeﬁsional
spectrumi(Fig. 3) onto the diagonal line E - Ep2 , Ssince in the présent
reactions thé kinematic loci are almost striight lines perpendicular to
the diagoﬁalline (and do‘not possess a lower branch of the kinematical
"solution). Thus for a given.stéte in the recoil nﬁcléuS'the sum of -
Epl + Ep2 = EzHé has a nearlyvconsiant value. 2He energy spectra obtained.
this way are shown in Figs. 5-7. The.coh?ribution of thg curvature of the
kinematic loci to'the peak widths observed ih these spectra is quite small;
the widths of the peaks are primarily détermined by the vériation of.E2

. He
over the horizontal acceptance angle of 4°.

2. o
B. Absolute He cross- sections

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

‘must be converted to the ( Q. _,e) coordinate

3 .
spectra d O/dQldﬂszl REEPRLY

5 ' -
system, where the subscripts 1,2 and 3 denote the two detected particles
and the recoil nucleus, respectively. This can be»pérformed by using the

Jacobian coordinate transformation

&g . &g - (2)
dQldQZdEl A d93—12d912d€'
' . . . 9,5
where the Jacobian J is given by
S0y 158, ) 1 MMoM3P Py
J = 32,8 E.) - T U, P D, . ' > > > |’ (3)
172" "1 F3-12712"3-12712 m_(p,-P)p,
(m2+m3) + 3
Py

where P is the laboratory momentum of the projectile.




®

., - . ’He
the He so0lid angle in the "He-recoil nucleus center-of-mass_system, and

’

R | 2. - L
In the case of the (d, He) reaction, dQ3_12 can be ideritified as 4Q

B - . . L ' g
"after integrating Eq. (2) over dle one obtains for the experimental He

cross section for relative energies between El and eu

ac o s a3 AR o
_exp. _4r - 1 exp. 1} 4o | @
sz 2 . J dQldQZdE : C :

He 82 151

The integratioﬁ over dle can be perfbrmed since thé two protons, being
in a relative lSo state, are emitted isotropically»in their‘c.m. system.
The factor of two infthe denoﬁinatér of the right'hand;side of Eq. (4)
corrects for a double counting of pp coincidence eVénEs,whiéh arises from
the indistinguishability of the‘two-detecﬁed particles. ‘The lower and‘.?
uppér integraﬁioh limits in Eq. (4) must be chosen‘;ccordinglto the
ébservable range 6f €, which is a funétion of the detection system geometry,
i.e., the angular sepéfation bétweén the ‘two counters, thevlower and upper
energy cut—offs of the deteqtors and the 2Helenergy. For all thé differ-
ential'c;oss_sections.quoted'in.this Work; integfation.limits_of EQ ='0.4
Mevfand €, = 1.0 MeV were set since for allf?He energies betWeen 25 and

50 MeV the observable ranges of € lie within.these lihits.

. . . 2 '
C. Discussion of the He energy spectra

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

at Ed = 55 MeV on targets of 6Li,-loB and 12C. They will be discussed and

compared_with'existihg'data from other charge-exchange reactions such as

i 3 Cy . '
(n,p) and (t, He). In addition, since these are Tz = 0 targets,
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' 3 ' . . o,
spectra of the (p,n) and ( He,t) reactions populating the mirror nuclei
| o 2 . | |
can also be compared to these (d, He) results.

1. ®wi(a,%me) ®he (Q; = ~4.95 Mev)

Althpugﬁ the 6He nucleuslo has been studied with paftidlé—txansfer
as well as éharge—éxchange reactions (examplés of the latter are £he'
6Li(n,p)6He_ reaction at En = 14 MeVll'and_the 6Li(t,3He)6He reacfion at
Et = 22 MeVlz), oﬁly two states have clearly béen observed so far, namély

the'g.s., Ot‘and an excited stafé at 1.80 MeV with Jn = (2)+. Weak evidence
for possible broad'Sﬁates at 13.4, 15.3 and 23.2 MeV has beeh repdrted}in
some'reactions,lo but these states havé not been seen in any charge—exchénge
reaction. |

- At 55 MeV bombarding enérgy; the 6Li(d,2Hé)6He reaction énables oﬁe
to obserQe an excitation range in'6He up to 25 MeV, thereby permitting a E
broad search for‘highly excited levels in the 6He nucléus. Daté.from‘this
reacﬁion have been taken at 5 laboratéry angles between 174406,' Figure 5
IshoWs a rep:esentative 2He‘en_ergy spectrum méasured-afAOlab'= 179. Only
the g.s. transition and a fair;y weak transition to the 1.80 MeV state were
observed. Although the lafge peak from the lH(d;zHe)n reaction.obscures
the_6He excitation range from 4 to 8 MeVv at.this angle, at the otherv
observed ahgies there is no evidence for 6He levels in this'exéitation
range. The arrows in Fig. 5 indicate'the‘positions of possible .transitions

6. : : - 1 : '
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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| : 2 - 1 3
-angles. Similarly_to the above (d,_He) reaction, the (p,n) 3 and (3He,t)14
mirror reactions on. Li only produce the g.s. and, more weakly, the 1.67-MeV,

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

10 .. 2 ' ,.
2. The 0B(d, He)loBe Reaction (Qo = - 2.00 MeV)

1 ' e, . . : s
The level structure of OBe'has been investigated with a variety
'of reactions, but no detailed study of this nuclide with a charge-exchange

10 2 .
_B{(4, He)que reaction

reaction has‘yet been reported. Data from the
were obtained over a laboratory angular rahge from 17 to SQ°. Figure 6
presents a spectrum from this reaction at 40°. Strong transitions to the
o+ ' : 10 _+ o S : :

g.s., 0 , . and to the known 2 state at 3.37 MeV were observed. In
addition, a strong.peak was: observed. at Ex =, 5.96 which could be composed

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

e , 15 .9 10
at 5.9599 MeV.. Based on results from investigations of the "Be(d,p) Be

‘ + : _ :
reaction, the 2 state is likely to be the dominant component. Furthermore,
there is some evidence for weak (and normally unresolved) transitions to the
' - . o+ . ~ il .10
7.375Mev, 3 and 7.54-MeV, 2 states. 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
the 9.4-Mev, (2) states.10

Due to the lack of data from other charge—exchange'reactioné

. 10 . ‘ . - o
producing = Be, 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'Eb= 30 and 50 MéV16
and the ( He,t) reaction, studied at E. = 30 MeV.l7 In all these reactions,

3He
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+ L+ : +
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.,

+ » + . + .10 . 2
0, 3.37-MeV, 2 and 5.96-MeV, 2 states in ~ Be as observed in the (4, He)
reaction. Although a state at 9,344kﬂ7waspopulated with significant
strength in the (d, He) reaction, its analog in lQC has not yet been
identified.-

1

- 12 2 12 '
3. c(d, He)lzB (Q, = - 14.81 Mev)

. 2 v S 2 1 .
Figure 7 shows a He energy spectrum from the l2C(d, He) 2B reaction

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

+ 12 . S
1, o0f B. Furthermore a strong peak was observed at EX = 4.50 + 0.07 Mev,

which consists of unresol&ed transitions to known states18 at 4.52 and 4.37 MeV
with J7r = 4 and Zj respectively. 1In addition, pepulation of the .0.95-MevV,

2+ state was observed with moderate strength. The known stafes at 1.67-Mev,

2 and 3.39 Mev, 37 as well as two unresolved states at 5.61-MeV, 3+ and
5.73-MeV, 3 were only very weakly populéted. Finally,ih the spectra

obtained at larger angles'(Oi >'359), evidence was found for a broad state

ab
at Ex'= 8.3 + 0.1 Mev, which'cannot be identified with any previously kpown
state.

Similar 12.B spectra:have been obtaihed in a studylg”of the 12C(n,p)lzB
reaction.at Eh = 56 MeV. . In addition to the transitions te’the g.s.{ the
0.95-MeV state and the ddublet a£ 4.4 MeV, a somewhatebroad 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
analog of the giant dipole resonance in C, which has also been observed
, 12 - 12 .20 ' .. .
in the C(m ,Y)" B reaction at Ex = 8.19 * 0.5 MeV. It is-interesting
to note that this state does not significantly'appear in the'(d,2He) spectra
at any aﬁgle,which seems to confirm that it is .a pure L = 1, S = 0 (Goldhaber-
Teller) state. 1 (The (n,p) reaction showed no evidence for transitions to the
state observed at 8.3 MeV in the (d,?He) reaction.)
' 3.0 12 , _
No (t, He) reaction on C has been reported so far. The only other
: . » 12. : .
charge-exchange reaction on 12C leading to 2B was performed with the. heavy-
. o 2 K ) ,. '
= 52 MeV. 2 Energy spectra obtained in this

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

. . 7.7
ion reaction ('Li, Be) at E,
© above E_ = 6 MeV could be observed.
12 e N
- The mirror nucleus N has been the subject of,several investigations
. ' ’ . 12 12 . .
with charge-exchange reactions such as the C(p,n) N reaction at EP=‘3O and- 50

Mev® and the 12C(3He,t)l-2N reaction at Eﬁ' = 49.3 Mev.?? The latter study could

He .
12 . N
correlate most states in N below 4 MeV with an analog state in B with
reasbnable confidence. For the higher excited states, however, no such
assignments could be made; this region does contain several candidates for
' stat 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- the p-shell nuclei
investigated herein have been done by Cohen and Kurath, it is possible
. - . 2 : . .
to perform microscopic DWBA calculations for the (d, He) reaction using

these wave functions. For the angular distributions leading to the

I . ‘ 1 s s .
positive parity states of OBe and 12B shown in Figs. 8 and 9, respectively,

the DWBA calculations were carried out utilizing the Orégon-State Coupled-
Chénnel Code,25 whose underlying forﬁalism has‘beeﬁ éxtensivély discusséd‘
by Madsen.26 |

A charac£eristic feature of the (d,zﬁe) reacticn is that only the
spin-isospin dependent part of‘the nuéleon—nucleon interactiqﬁ V11 (3-3)
(?-?) g{r) contributes to the transitioh; for the radial dependence g(r)

v : . v y

of the potential, a Yukawa.form with_an inverse range of 1 fm—l was usgd.
The differential crosé section is then an inqoherent sum over all allqwed-
values of the orbital and tdtal‘angulérvmomentum transfer L and J and is

given by

2 _ '
4o =NV 2 op, | | (3)
aq Ly DWB '

where Vii‘is the interaction strength, here_takep to be 12 MevV, é tyéical
value26 inferred from other reaction studies,jqnd N is a ndrmalization
constanﬁ which contains all infdrmatiqn on the projectile system such as
the projectile'spectroscopic_amplitude,and the effects ofvthe spatial

: 27 .
extent of the projectile on the interaction strength. Furthermore, the

normalization constant takes into account the fact that the experimental

4
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' : ' . : . 2. . o
cross section does not comprise the entire He g.s.; but is limited to
0.4 <e<1.0 MeV. Since intermédiate—coupling‘wave functions were used

for the target and residual nuclei, each term ODWBA in Eq. (5) is a coherent

sum over all possible values of the singlefparticle’tdtal angular-momentum
gquantum numbers jl and j2 of the initial and final nucleus, respectively,

with orbital- angular-momentum quantum numbers 21 = 22 = 1. These contribu-

L . ) L . . e . 2
tions were weighted by the spectroscopic amplitudes S which are defined 6

as

S~(JJiJf;TTiTIf731]2)

v

1 N |
o <o la_le. . >,
PO VZ NS VR R R

They were evaluated by Kurathzs"for‘the target‘nuclei loB and 12'C.émd are
listed in Table I.

The siﬁgle—patticle energies of th.e.p3/2 and pl/z_neutrons and
protons. were assumed to be the same for the lOB, lOBé, 12C and 2B nuclei.
In order'tovobtaiﬁ values that are independeﬁt ofithe residual iﬁtéraction,
thefpl/zbsingle;particle energiés for.a'neutron E(Vpl/z).and a proton
E(Wp1/2) were determiné@ £rom thé binding-energy differences between
12C(g.s.,0+) and l3C(g.s.,]:/z—) aﬁd'beﬁween 12C(g.s., O+) and 13N(g.s., 1/27),
-respectively.j The values for E(vp3/é) and-E(ﬂﬁé/z)-Were then obtainéd from:

the difference between the pB/é and pl/2 single~-particle energies as

used by Cohen and Kurath-.24 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 fm and spin-orbit potential VS 0. = 6 MeV. The well
depth was adjusted to give the single-particle energies.

The optical model potential parameters to generate the distorted

) 29 L ' s 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 rV-=nl.25 fm and diffuseness av = 0.7
fm was used, whereas the 'absorptive imaginary part consisted of a surface
Woods-Saxon potential with W= 11.0 Mev, fw = 1.25 fm and a, = 0.7 fm.
The same parameter set was used for the entrance and exit channels..

| ' 2 .

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

10 12 ’ . . . . . .
B.and = C 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 L and J transfer
quantum numbers and the label of the spectroscopic amplitudes (Table I) used

in the calculations.
‘ 10 210 . ' -

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

T : . R
to have J = 2 and were obtained with the spectroscopic amplitudes 2 a, b and 4,
respectively, (Table I), are similar in shape except for that to the 5.96 MeV
state at forward angles; this variation is probably due to different ;elative con-
tributions from L=0 and 2 transitions. With 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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cdntribution to the daté from thé unresolved 4 state at 9.27 MeV. This
is consistent with'thé results from studie_s]f5 of the 9Be(d,p)lOBe reactién
Which'populatgé the 9.274Mev and §.4fMeV states with comparable strength.
Since the value.of N for the 5.96-MeV, 2+fstate does not deviate significantly
.from that of the g.é. and first excited state, the cdntribution to the.
exberimental Ccross secfion from the 1. statef which‘lies only 16‘keVIhiéher,
Seeﬁs to be quite small, égain_in agreement with the.findings of ?Be(d,p)lOBe .
reaction studies‘.l5 _ Cglculations were also carried out ﬁsing ﬁhe spectro-
SCopic amplitudéé 2+§, They yielded a distribﬁtion similar to that of the
'2+a sét but with a magnitude smaller by a f;ctor of v 15. Since a knbwn
2+ state is observed with weék strength‘at 7.54.Mev; it.is likely that the
épectroscopic amplitudes 2+c correspond té this state. |
Figure 9 shows the‘resulté of thg microscopic'DWBA analysis for
' ﬁhe 12C(d,2Hé)12B'reactioﬁ.1eading to the g.sf; l+ﬂand the Q.95—Me§, 2+
state. Duérto the lack of spectroscopic amplitudés, no calculations wérev
.performed forrthe transitions to the negative parity states, which contain
s-d shell configurations.i For the g;s. tranéition, the shape. of the
calculated'anéularvdistributiOn is in acceptablé agreement with the data.
The experimental cross section is about five times laiger thaﬁ that of
the 10B(d,zHe)loBe (g.s_.) transition._‘Althoth thé theéty predicts. correctly
a larger valﬁe, it is by only a factor of about fhree. Agreemént between
the experiﬁental and tﬁe calculatedfdistribqtions is‘poorer for the pure
L=2 tran%ition to the O.95fMeV, 2+ state-of'lzB. Whereas the experimental
distribution falls off'rapidly at backwa£d angles, the DWBA éalculations

predict a distribution that is quite flat between @C m ='309 and 70°.



-18- , . LBL-8636

This successful description of the aﬁgular distributions of
‘the (d,2He):r¢a§tion on targets of lOB and 12C indicates that the assumed
direct one-step chargé—exchange ieaction mechanisﬁ is consistent with the
data andvindicates the potential usefulneSs_of this reactioh as a spectro-
scopic tool. However, preliminary calculations have indicated that
the tensor force could be of some importance. Furthermore, exchange effects
and multi-step processes such as d-3He;2He may have to be considered as>well;
befofe a complete understanding of - the mechéﬁism of the (d,2He)'reaction.

can be obtained.
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V. SUMMARY AND CONCLUSION

2 : . ' . . = . o]
.The (d, He) reaction has been investigated on targets of 6L1, 10B,

12 - 55 Mev. A détecior arrangement was employed that permitted
a kinematically complete coincidéhce measuiement of two protons with sﬁall
reiative eﬁergies théreby taking advéntage of-ﬁhe enhapcement of the cross
section due tb_the pp FSI of the virtuai.lso g.s. of 2He.  Projected protoh
ehergy spectfa d30/ddld92d3§.clearly exhibit this enhéncement which is well )
reprodﬁced by FsI calcuiations based én:the theory of Watson6 and Migdél.j
Wheré comparisons were.possible, the 2He energy spectrabfrém feactions'on these
Tz = 0 targets were found to be quite siﬁilar fo.corresponding spectra
obtained‘from either the analogous:charge—exchangevreéctions (n(p) and
(t/BHe) or the mirror reactions (é,n)-and (3He¢t). - |

Further indication fpr a charge~exchange mechanism of the (d,zHe)
‘ reactidﬁ was obtained from a microscopic DWBA analysis of the angﬁlar
distributions_frém the loB and'lzc targets usiﬁg épécfroséoéié amplitudes
derived from intermediatefqouéling wave functions.‘ Reasonable agreement.
with the data was obtainéd_both_in shape and fglative magnitﬁdej " Since the
(d,zHe) fegction aiways proceéds by spin—flip,it is furthermore an useful
complement to other comparable*chérge—exchangé reactions, such as the
(n,p) reaction, which in general can take pléce by spin-fiip and.nqn—SPin—'
flip fransifions. _Asvshown for the rgaction on 12C, a comparison of the
‘energy spectra frqm these particular.ﬁwo.réactibns can help identify

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

. S, 2 o
-observed in the (n,p) but not in the (4, He) reaction.
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‘Table I. Spectroscopic Ampiitudes $(3J3.3,;101;3.3.).
) ; i ¢ 1-2 .
(Ref. 28). ‘ S
szi 3/2 3/2 1/2 3/2 3/2 1/2 1/2 172
J 3 2 1 2 1 2 1 1
m oy o T+
Jf a ;) A = 10, Ji = 3
ot 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) a =12, g% =o'
lv -
+ ' ' :
1" a .0539 - .4881" .2399 .0412
2" a -.0429 ~-.4808 .0800
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Table TII. Summary of the values for the normalization constant N extracted
' . from a DWBA analysis using the. spectroscopic amplitudes listed

in Table I. S
Reaction . E o J_a ' Lo J - - N
' 2 .10 o : + - L
lOB(d, He) Be " g.S. o 0 a ‘ 2 - : 3 _ .90
3.3 2%a 0 1 .69
2 1,2,3
+
5.96 2b 0 1 .74
2 i,2,3
9.4 2%a 0 1 3.8
2 ‘1,2,3
2 2 12_. ) + _ - :
lvc(d, He) B g.s. - la ‘ 0,2 1 - 1.39

0.95 A S 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"

1

a = 55 MeV. See text.

2 1 o S
Cc(4d,pp) ZB (g.s.,1 ) reaction at E
Fig. 3. Two-dimensional proton energy spectrum E vs. E from fhe.'
1 2
1

2 12_ - .
C(d,pp) B reaction at E, = 55 MeV. ‘See text.

a
. . 12 ' 12 +, -
Fig. 4. Projected Ep energy spectrum from the c(d,pp) B (g.s.,1)

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

a

Watson-Migdal FSI calculation normalized to the data.

. 2 . : . 2 .
Fig. 5. He energy spectrum from the 6Ll(d, He)6He reaction at Ed = 55 MeV.

. 2 . 10, 2 1 . '
Fig. 6. He energy spectrum from the =~ B(d, He)_oBe reaction at Ed = 55 MeV.

5 . ‘
Fig. 7. He energy spectrum from the l2C(d,2He)12B reaction at E_. = 55 MeV.

a
. ' . , . 10 2 .10 .
Fig. 8. Angular distributions from the B(d, He) Be reaction at
Ed = 55 MeV. Statistical error bars are shown. The solid curves are

microscopic DWBA calculations normalized to the data.

. e , 12 2. 12 ' .

Fig. 9. BAngular distributions from the c(d, He) "B reaction at Ed
55 Mev. Statistical errqr bars are shown. The solid curves are -

microscopic DWBA calculations normalized to the data.

wy
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