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NUCLEAR REACTIONS PRODUCING 2He AND EXCITED STATES
OF %He AS UNBOUND OUTGOING SYSTEMS

Dieter Paul Stahel

Lawrence Berkeley Léboratory
University of Califormia
Berkeley, CA 94720

ABSTRACT

A system has been developed to detect the unbound outgoing reac-—
tion products %He (180 state of the pp system) and d* (excit~-
ed states of 4Helbelow Ex = 25 MeV) by way of a kinematically
complete coincidence measurement of the breakup particles p + p and
p + t, respectively.

Projected proton energy spectra from three different reactioﬁs
producing 2He showed the characteristic enhancement of the cross
section over the phase space distribution, which is caused by the .
final—statelinteraction between the two protons in the 150 state
of 2He and is well accounted for by the theory of Watson and

Migdal. Energy spectra from the (3He,2He) reaction were taken at

E = 60 MeV on targets of 6Li, 7Li, 9Be, 120, and 13C.

g
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Angular distributions were measured for the C and C targets at

E3 = 50 MeV and were found to be in excellent agreement with
He

exact finite-range (EFR) and zero-range distorted-wave Born—approxima-

2

tion (DWBA) calculations. Energy spectra from the (0,"He) reaction

were collected on targets df 120, 130, 14N, ISN, 160, 180’ 20Ne,

22 26 28.. 29

Ne, Mg, 51, Si,'328, 36Ar, and 38Ar at Ea = 65 MeV and

on 24Mg and 40Ca at Ea = 55 MeV. One observed preferential population of

4 2
2n states with dominant configurations (dg/p/4%> (d3/2f7/2)5- and
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(f7/2)§+, many of which were previously unknown. A linear A dependence
of the binding energies of the 5 and 6  states was obtained in
agreement with the theory of Bansal and French. The (d,ZHe)

reaction was investigated at E, = 55 MeV. Energy spectra were

12

d
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collected on targets of 6Li, B, and C and compared with

similar charge-exchange reactions. Angular distributions were

10 12

measured for the B and C targets and were found to be in

reasonable agreement with microscopic DWBA calculations.
Energy spectra and angular distributions were measured for the

(a,a") reaction on a target o 12

Cat E = 65 MeV. Projected

proton energy spectra showed that only the natural parity, 0+, state
at 20.1 MeV in o was populated indicating a direct inelastic scat-
tering process. This was corroborated by the fact that the angular
distribution for the transition that left the target nucleus undis-
turbed was well reproduced by predictions of microscopic DWBA calcula-
tions. Energy spectra from the (3He,a*) reaction were collected

at E = 60 MeV on targets of 9Be, 120, and 13C.

3He

energy spectra indicated that the reaction proceeded through all known

Projected proton

k3

O states. The energy spectra were compared with those from the
(SHe,a) reaction which was measured concurrently. Both reactions

were found to populate the same states in the residual nuclei but wigh
different relative strengths owing to the Q-value dependence of the

: ; : . ‘ 3
cross section. Angular distributions from the (“He,a) and

(3He,af(20.1,0+)) reactions on 130 at E3 = 50 MeV were
He

analyzed with EFR DWBA to extract spectroscopic information on the

* +
o (20.1,0 ) state.



I. Introduction

Studies of reactions that produce outgoing particles in unbound
states have in the past primarily been focused on processes that forn
8pe in its ground state, whicn 1s unstable with respect to breakup
into two a particles. Although such experiments are somewhat compli-
cated, because rhey require a coincidence measurement of the two
breakup particles, they offer a unique opportunity to investigate pro-
cesses that cannot easily be studied with reactions that produce
stable outgoing particles. For instance, owing to the simple struc-
ture and the large a-spectroscopic amplitude of the "Be g.s., the
(a,BBe) reactions has been shown (Wo76) to be an attractive means to
study a-pickup processes which are important for the understanding of

a «clustering in nuclei. Furthermore, it has been demonstrated

(5t77) that the (9Be,BBe) reaction allows one to investigate a
heavy-ion induced neutron transfer reaction with a projectile in which
the transferred neutron is very loosely bound since 9Be possesses

the smallest single-neutron separation energy of all known possible
projectiles.

The experimental method used in the detection of ‘BBe can be
extended to the measurement of other unbound particles in states that
do not lie too far above the breakup threshold. Two of these candi-
dates have been studied here in detail: 2He and Q* (excited states
of AHe below Ex = 25 MeV).

Detection of ZHE as an outgoing system via a p-p coincidence

measurement has been prompted by the fact that the (0,2He) reaction



might be a potential spectroscopic tool to investigate hign-spin 2n
states in nuclei, similar to the (n,d) reaction which has long been
known to populate prefereatially high-spin np-st=ces in the residual
nuclei. BSuch studies are necessary because only a few high-spin 2n-
states are known in light nuclei. The reason for this is that the
only other light-ion induced 2n-transfer reaction, the (t,p) reaction,
mainly populates the .ow-spin states due to the fact that triton beams
are currently iimited to energies below about 25 MeV and the Q values
are quite positive. Other rez:tion processes can also be investigated
if one succeeds in detecting ZHe. Of particuiar interest is the

ie) which should compiement the (n,p)

R . 2
charge exchange reaction (d,
ana (L,zﬁo) reactions. Whernas the latter two reactions are limited
in thelr genera. application because of difficulties assaciated with
the production of (neutral) neutron and (radioactive) triton beams, no
- . . . 2,y : : .

such limitation exists for the (d,"He) reaction since there are no
major problems in the acceleration of deuterons to high energies.

Ddetection of (« particles in excited states, all of which are
unbound, 1s possible Dy way of a coincidence measurement of two of the
breakup products p and t, which can be done with the same detection
system that is used to observe 2He. Although many reactiouns produc-
: * : : . . . *
ing « states can be investigated with this technique, the (u,: )

3 * . . . . .
and «’lie,: ) reactions are particularly interesting from the point

of view of their reaction mechanism as well as their spectroscopic

application.



Section II presents some aspects of the three-body kinematics and
the wirect-reaction theory that are most relevant in the analysis and
interpretation of the experimental data. In Sec. III the experimental
technique is described and Sec. IV presents the results and discussion

3 2. 2 2
of the measurements of the (“He,“Ke), (g, He),(d,"He),

X *
(a, o) and (3He,a) reactions,



II. Theory

A. Three-Body Kinematics

1. Definitions

A nuclear reaction induced by a projectile P on a stationary
target T producing three final particles 1, 2, and 3 is most conven=-
iently treated with three-body kinematics. If energies and emission
angles of particies 1 and 2 are measured in coincidence, s in the
experiments discussed here, then sufficient information is obtained to
define ali the kinematic variables of the reaction. Such experiments
are therefore referred to as kinematically complete.

There are several ways in which such a three-body reaction can

proceed. The three final particles may be produced simultaneously

P+T 1 +2+3 (11-1)

or tue reaction can go through am intermediate unbound state (denoted

with an asterisk) which subsequently decays into two particles

G+ +a (11-2)
P+T o 1+ @+3° ) +14+2 3 (11-3)
a+3nF 2 (11-4)

All these mechanisms must be considered and in general it is
impossible to isolate completely the different contributions to the

duta. However, it is just an advantage of kinematically complete



experiments that they allow one to select a region of phase space in
which one of the above mechanisms dominates. As will be shown below,
all experiments discussed here have been designed such that (II-2)
accounts for the major part of the cross section. All other reaction
paths are then neglected in the following discussion which simplifies
considerably the analysis and interpretation of the data.

In order to compare the experimental data, which are measured in
the laboratory frame, with theoretical calculations, which are always
performed in the center-of-mass (c.m.) system, it is necessary to
specify a suitablr c.m. system (Oh65). For the case (II-1), the total
c.m. system ¢ is appropriate whereas in dealing with mechanisms (1I-2)
to (iI-4) the most suitable c.m. systems are the sequential decay
relative coordinate systems c¢‘'(i) where i is the first emitted
particle (Oh65). Since this work focusses on processes of the type
(I1-2), the c¢'(3) is the primary reference system used here.

2. Kinematic relations

From energy and momentum conservation, the following equation

relating the lab energies E, and E, can be derived (0Oh65)
1 (m,+m,) + E (m +m,) ~ 2{m m E_E )l/zcosﬁ
O R R B 2470 Tpt) Epty 1

} 1/2 1/2
2mym,ELE,)  Peost, + 2(mmE E,) cosslz] (11-5)

=Q + EP (l-mP/m3)



where m, EP, and Q denote the nuciear mass, projectile lab energy

and reaction Q-value, respectively, and

cosc'12 = cosﬁlcosf’2 + .',in':ilsin‘l'zcos( 31-92) (11-6)

where 6 is the angle between the directions of particles 1 and 2,

12
and Gl' ¢], 52, and 02 are spherical polar angles, all defined
in the lab system.

It is apparent that an infinite number of combinations of El and

E, satisfy (1I-5), keeping all other variables constanc. This is a

result of the fact that the recoiling nucleus 3 is unobserved. Each

combination of El and E2 corresponds to a d fferent energy E3

ard emission angle vye Furthermore, the solution of (I1-5) is in

general double-valued giving rise to two values of E, for a given

value of E, (upper and lower branch). Thus, in the E. E

space, (1I-5) describes a closed curve. (In the E}/Z, E;/Z

space it is an ellipse). Such a curve is called a winematic lecus.
As an example which is typical for the reactions discussed here,

Fig. 11-1 shows a two-dimensional spectrum of Ep] vs. EPZ from

the teaction 65 MeV u + 12C +p+p+ th in which the two protons

were measured at 81 =9, = 15.8% and A¢ = 4~y = 37.4° (512 = 109

(Sec. ILI will give the experimental details of such measurements.)

The solid curves represent the kinematic loci for the reactions leav-

ing the unobserved ll’c nucleus in its ground state (g.s.), 6.73-MeV

aud 16.72-+eV states and were calculated with the three-body kinema-

tics program of Ohlsen (Oh65).



Fig. II-1. Two-dimensional proton energy spectruz from the
17,

4 -
(;,pp)1 ¢ veaction at Eg = 65 He\'. See :exr.



As can be seen, for this reaction (11-5) is single valued except
near the mazimum values of E1 and E2 because my tmy <7 my and
the iacident energy is high, as is true for all other reactioas inves-
Ligated here. Within the experimentally observable region, however,
the lower branch of the kinematicai solution does not exist and wili
therefore not be considered here.

Any structure on these kinematic loci can be associated with
intermediate states formed in the reactioa. In order to identify
these states, it is uscful to calculate for each point of a kinematic
locus the relative cuergies El—2‘ E2—3’ and El‘]’ which: can be
related to the excitation energies of the iatermediate states
(1+2), (243", and (1+3)™ abov. the threshold for breakup inte
the particles 1 and 2, ? and 3, and 1 and 3, respectively. The
relat ive energy E) s which will :u.bsequently be denoted by €, can

readily be derived [rom a velocity vector diagram ané is given by

_ 1 ] _ /2. .
[3 —_m1+“‘2 (mzhl + mlE2 Z(mlmZEIEZ) c05112) . (11-7)

According to this cquation, a small value of € 15 associatid with a
saall angle 012' Since the present experiments deal with reactions
that form an intermediate system (1+2)* in a resonance ar resonance-
like state near threshold and therefore require the detection of par-
ticles 1 and 2 with small relative energies. the angle tigs which

corresponds to the angular scparation between the two counters, was

closen to be small. Under these conditious, the relative energies



ey G i El 3 and¢ thus the excitation energies of the respective

c.m. system in the opposite direction from particles 1 ané 2.
on.y rarely are there strong resonances at these high excitation
energies, the cross section for the productien of such intermediate
states is normaliy negligibly small. Therefore, the structure on the

tic luci observed in these reactions can eatirely be associated

. * . .
with iuterwediate states of the (1+2) system. The dashed lines in

Fig. 1l=-1 represent all points of E and E for which -~

1 2
a4 constant value. They were calculated for - = 0.5, 1.0,
and are shown only on one side of the diagonal line E. = E_ |
P Py
since for the special case of @ o= m, and e 7, the spectrun.
2

is sywmetrical about this line. This means that on a givea locu-
there are two points for a given value of | one with
r < E_ and another one with E_ > E . It is
LSRN &7 Py P
important to note that these two cases correspond to two different
typirt ol events. For this particular reaction aid detecter serup
N . . LF - - P . 3 P
thuy represcal eveats in which (1+2) is emitted beiow ané above tle
horizontal reaction plsne, respectively, with the same energy.
Loasver, in the more general case of 41 # ﬁz and/or moF m,,

N N N .- * s
poth energy and angle at which (1+2) emerges differ for the two
cases. In the present experiments, these differences are quite

small and, therefcre, neglected.
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Whercas for a given locus the lower limit to 7 is a function of

the upper one is determined ia these experiments by the energy
14
c

EVE

cul-offs of the counters. As can be seen in Fig. 1I-1, for the
g.s. and 6.73~MeV state it is the upper cut-off, whereas for the
10.72-McV state it is the lower cat-off that determines the maximum
observable value of ¢,

3. Projected energy spectra

In analyzing data obtained from a kinemati ally complete measure-
ment of a three-bodv rcaction and shown in the most general form as a
two-dimensional spectrum {(Fig. II=l), it is convenient to generate
one~dimensional spectra by projecting i) a given kinematic locus onto
the El axis and ii) the entire two-dimensional spectrum onto the

line k, =

A projucted encrgy spectrum djv)/ditl Q.zdﬁl of a given
kinematic locus onto the El axis i1s useful in determining wiat
intermediate stated a reaction goes through because it exhibits the
structure of the kinematic locus more clearly than the two-dimensional
spuctrom. Figure II-2a shows such a projection of the locus corres-
ponding to the ¢, 10.72-MeV state in Fig. 1I-1. Note that the
insertud .-scale is non-linear as a function of Epl. As will be
shown in Sec. IV.A.2, the structure of this spectrum can be associated
with a definite state in the intermediate (1+2)* system, namely th.:
lS0 state of 2He.

In order to compare such projected spectra with theoretical calcu-

lations it 1s necessary to convert the lab cross sections to the c.m.



11

system in which the calculations are performed, or alternatively to
convert the theoretical cross sections to the lab system, as is

sometimes done. Since in the present experiments one assumes thar the

*
reactions proceed through some intermediate state (1+2) , the appro-

priate c.m. system is the sequential decay system c'(3). The relation

betwecn the lab and the ¢'(3) coordinate system can be found from the

theory of Jacobian coordinate transformatiens and is given by

3 3
d”- d7-
=J > : (11-8)
diyd,dE, 12 diy_ |90, 9

where the Jacobian le is given by (Bu72, Ja76c, Oh65)

g g ] mMyWp Py

12 A0y, ag,Eyp) P3-12-3-121-2P) -2 my (5, -5)5, !
m2+m3+————-i

. (11-9)

J

[}

P

These projected energy spectra not only help identify intermediate
states, but also allow one to vxtract the c.m. cross section

*
dt/d..3_12 for the production of (i+2) . If particles | and 2 are

in a relative S-state, then the distribution of the breakup products

is isotropic in their own c.m. system and (II-8) can be integrated

over d'ﬂ—z and one obtains
2 3
dc T d7o
da- e _JA T I _dE - (11-10)
3-12 12 Th172%M
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Integration over di. then yields the c.m. differential cros< section

for relative enegies between s and y

d3»
(—i ) dr (11-11)
dJldJZdEl

An appropriate choice of .. and £, must be made. If the intermedi-
ate state Is a narrow Breit-Wigner type resonance state (e.z., F(Be
g£.5.), the integration limits should contain the entire peak. If,
huwever, the state is so broad that only part of it is included 1n the
data, given the experimental limits to the observable relative
energies, then - and b, must be chosen accordingly and specified
explicitly., Irtegration of a projected energy spectrum, as the one
shown in Fig. 1I-Za, should extend over only half of it since the two
parts of the spectrum correspond to two different types o events as
discussed in the previous section. Furthermore, tine resulting cross
svction d‘#dli_lz must be divided by 2 if particies 1 and 2 are
identical in order to correct for double counting of coincidence
events which results from the indistinguishability of the two
particles.

Whereas spectra projected onto the El axis can indicate what
intermediate state a given reaction goes through, spectra generated by
projecting the entire two-dimensional spectrum onto the line
Ei = E, allow one to determine what states are populated in the

residual nucleus. (It is assumed here that neither particle 1 nor

particle 2 possess exci_.¢ states). Figure II-2b displays such a
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(a)

2c (a,pp) "C(10.72, 4"

03r Eq= 65 MeV
8= 8,-15.8°, A¢=37.4°
— T T T T T T v T 7 T 1
2. 10 05 026 05 10 20 €(Mev)

A

%6
Ep (MeV)
P,
T 1 T . T T T R
40F (p) 10.72 K
q° }
7] 2 14
Cla,"He) C
» | Eq=65 MeV
= T 673
S G1ap =15 i
(o] —
©2or 149
(4%
| os
04
o i
20 30 40 50
Energy (MeV)
XBL 766 29460:-
. R .12 14 .
Fig. T1I-2. Energyv spectra irom the C(a,pp)” C reaction at

E = 65 MeV obtained bv a) projecting the kinematic

L

pl-axis
and b) projecting the entire two-dimensional spectrum

: +
locus of the 10.72-MeV,4 state in lI‘C onto the E

(Tig. II-]) onto the line E =E_ .
p[ Py
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projected spectrum dJI/dhldﬂzd(E1+Ez) obtained from the data

shown in Fig. II-1. Since the reactions investigated here proceed
through a detinite intermediate state in the (l+2)* system, such
projected energy spectra will be referred to in a way cosmon for two-

- . . . 2
body reactions, in this particular case as " “He energy spectrum from

2 3

He) 5 reaction". The width of the peaks observed in

2
the ! Cl .,
these spectra is hardly affected by the curvature of the kinematic
loci, since the latter are almost straight lines in these reactions;

(the widih is primarily a result of the kinematic broadening intro-

duced by the finite size of th> counter solid angles, as uoted below).

.

B. Direct-Reaction Theory

1. Definition of cross section

Every nuclear reaction represents a transition of a given system
from an initial to a [inal state. According to Fermi's Golden Rule
No. 2, the quantum mechanical expression for the transition

probability per unit time for soch a change of a system is given by

- 20 12
Wep = 7iTgge @ (11-12)

where T.. = <f|V!i> is the matrix element of the perturbation
operator V that causes the transition and p is the (momentum) phase
space factor which represents the uumber of final states per energy
interval.

In reaction theory it is more customary instead of dealing with

transition probabilities W to deiine the concept of the reaction

Ei
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cross section as a ratio of the transition probability to the incident

particle current density

3;

TR LIVATIE RS . (11~

d; =W_./v. . (I1-14)
fi’ "1

Substitution of (11-12) into (II-14) yields then the central formula

for the differentiai cross section

ip 2, (11-15)

!7 a reaction produces only two final particles (P+T » 1+z), the

phase space factor ; in the c.m. system is given by

dp_

f 3 s
o= —te— = p_, dg J(2uh) (I1-16J
dEf(ZHh)3 B
ard one obtains for the differential cross section
. b, 3 k
dr At Lyrt»z (11-17)

(LL[ (2“!2)2 kl fit

The superscript in the transition matrix element denotes the fact that

T.. Is caiculated for only two final particles.
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For reactions in which three final particles are produced by way
*
of an intermediate state (P+I + (1+2) +3 - 1+2+3) the phase space

factor in the ¢'(3) system is given by

- >
_ 9P3_129P;

Y
dE3_12(2...|)
- 6 -
= (p3_12u3_]2p]_2111_2d93_12d91_2d5)/(Z'Hfl) . (11-18)
By substituting (II-18} in (II-15) one obtains for the triole differ-

ential cross section

o Mo Mo 7322 P1-2P1-2 (11-19)
diL_ A0 dE ) 2)2 fi! 3
- - ) kg (2nh)

where TE,::) is computed for three final particles.

If particles 1 and 2 possess no relative angular momentum then

(I1-19) can be integrated over dﬂl_z:

afo . Mi¥3-12 Fane 232 212812 (11-20)
FIPNT: 72 £l T3 -
3-12 @nh) ki (2nw)

Furthermore, integration over de yields

€
u U, k M P
3- - —2Pj-
4 =/ A3 512 Tg)l 2 M1-2 13215 (11-21)
3-12 (2mh®) L5 (2mh)
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where the integration iimits should be chosen consistent with those
used in calculating the experimental ci~ee =sction (II-11)

Evaluation of (II-20) and (II-21) requires a computation of the
matrix element ng). Since such calculations are quite compli-
cated and cannot be handled by standard reaction models, onme is forced
to resort to some approximations. In the simplest approximatiom,
do/d,_,, is set equal to the two-body cross section (II-17) under
the assunption that (1+2)* is bound or at least much longer lived
than the typical reaction time for a two-body reaction, which is of
the order of 10_21 s. It is then possible to employ standard two-
bedy reaction models, such as the distorted-wave method which will be
discussed in Sec. 2 The approximations used to interpret the rela-
tive energy spectra dzo/dﬂ3_lzd£ are the subject of the final-

state interaction theory and will be przseated in Sec. 3.

2. Distorted-wave theory

The standard method of calculating the differential cross sectien
dofaf (I1-17) of a direct two-body reaction is the distorted-wave
Born-approximation (DWBA). Since this theory has been discussed
extensively by Austern (Au70) and Jackson (Ja70), only the most
relevant formulas and aspects will be presented here.

In the DWBA theory the transition amplitude for the reaction

A(a,b)B with spins Jps Jgs s, and s is given by

B’ b

) > > (=)*, > o . (+),> o
Tg a/drifdrfxf (I.zf,y:f)<B,bi V]A,a>)(i (ki,ri) . (I1-22)
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Xg—) describe the relative

The wave functions X§+) and
motion of the pairs A,s and B,b, respectively, in the presence of
distorting effects arising from the Coulomb and nuclear interactions.
These distorted waves are in practice generated from an optical model
potential {(vsually of Woods-Saxon form) that describes the elastic
scattering in the appropriate channel.

The matrix element <B,bjVijA,a> is called the form factor and
represents an integral over all coordinates that do not depend on the
reaction coordinates ii and ?f. It plays the role of an effective
intcraction responsible for the transition between the scattering

() (-)
f

stales ‘i and X and contains all the nuclear structure

information,

Since the calculation of the form facL>r, and hence the DWBA cross
section depends on the type of reaction, the transfer and inelastic
scattering reactions investigated in this work will be discussed
scparately.

a. Transfer reactions

For a stripping reaction A(a,b)B with B=A+x and a=b+x, where x is
the transferred nuclecon (or cluster of nucleons) the form factor is

given by

<B,bjViA,a> = <ifpd {V_[¥,0 > (11-23)

where V,  represents the effective interaction, here in the "post"

approximation (Au70) taken to be the interaction berw...:.. b and x. In


http://doscri.be
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order to evaluate (1I-23) it is convenient to use the fractional-

parehitage expansion {Ma 60)

% (JgTg) = AZ <J TB{[JA Tpnd ™ ¥pa(dgeT, e dpp(3) (11-24)
and
ua(sata) = }5 <s k. (]sb,tb,,s> ¢b.(sb,tb.)ya(s) (I1-25)
b -

where the expression in brackets represents a coefficient of frac-
tional parentage (c.f.p.). Integration of (II~23) over all target and

projectile core coordinates then yields

<B,blviaa> = Cgsh/2c st/ 2y G, v, By 0, G - (11-26)

The (normalized) wave functions wB and wa are called bound state

wave functions and deséribe the motion of the transferred nucleon x in
B and a, respectively. They are usually approximated by shell-model
eigenfunctions of a Woods-Saxon well with an eigenvalue equal to tiw
nucleon separation energy. S denote the spectroscopic factors which

are defined as (Fr60, Ma60)

s, = ng < T, {{JATA,J‘>Z (11-27)
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- 2 -
s, =m, <sata{|sbtb,s> (11-28)

where n is the number of equivalent active nucleons. The factors C in
(11-26) are isospin coupling Clebsch-Gordan coefficients.
Using (I1-22) and (II1-26) one finds for the transition matrix

element

« 1/2 1/2 (=)* - TR
Tey fdr fdrfx (kf,rf)u-;(rAx‘

- e (+ _
# Va(rbx)ba(rbx)xl (k,,r.) . (11-29)

Computations that carry out this six-dimensional integration are

referred to as exact finite-range (EFR) calculations (Aub4, De73).

Since such caleculations require a great deal of computer time, it is

oiten desirable to introduce the zero-range (ZR) approximation by
repiacing the radial dependence of the interaction poteantial Va by a

p~function

Va(rhx)uh(rbx) = Doﬁ(rbx) (11-30)
where
- -> -
DO - J/—drbx va(rbx)¢a(rbx) (11-31)

which reduces the six-dimensional integral (II-29) to a three-dimen-

sional one
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L X fdr’x:')*(%?w;(?)xg')(?) (11-32)
and facilitates the computations considerably. The 2R appruximation
is most appropriate for light-ion (a<4) induced reactions. However,
in these cases, the projectile wave function is sometimes treated
slightly differently from that of the target. Instead of using the
general c.f.p. epansion (II-25), the wave functions of a2 and b are
factored into a spin and space part and only the s,.in part is expanded
in terms of c.f.p."'s. Integration over the internal space coordinates
3 is then explicitly carried cut using realistic wave functionms.

Thus, in (I1-26), wa(;bx) is replaced by

- ok -+ - P
:a(rbx) = fd;,'::b(p)oa(rbx,p) (I1-33)

which is an (unnormalized) single-particle radial wave function, and
S, is calculat.d with a spin c.f.p. (Fr60).

In evaluating the transition matrix element the interaction is
expanded into a series of multipoles, each of which corresponds to the
transfer of a definite total angular momentum j, which is composea of
a orbital part § and a spin part s and is restricted by the selection

rules

i= J’B —IA, s = s:; - ;b, F=T+s . (11-34;

In ZR, but not EFR calculations, the parity change v = sta)v(A)-(b)-(R)
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winzre (i) denotes Lhe iniLernal parity of particle {, restricts the
possibie » values according to L7=(-1);. Contriburions from differen:
multipnive are added up incoherently if no spin-orbit inicraction is
inciuded in the calculation of the disiorted waves. Otherwise, only
the wiia over the different j values is incoherent.

Aly the DWbA onalyses of transfer reactions were performed in this
work using the EFR DWiA program LOLA (De73) and the ZR DWBA program
DWHCKA (Ku74). The following gives a summary of the relaticnships
betwern the experimental ¢ross section and the cross section calcula-
ted by these two proprams for stripring as well as for pickup

reactions.

R oaropram LOLA

—stripping reastion A{a,b)B

d i 23, +1 2 9 7 :
n . =’
—— R e— § N S N P - .
o T I CaSpCaS, (2 W% g 0 (11-35}
~pickup reaction B(b,alA
2s _+l1
a 2 2. ., 29
= e N 5 (2 C PR
Top o1 CpSpCaa PN 518 (11-36)
ZR program DWUCK4
~stripping rcaction Afa,b)B
> . 2 £
gt gl Ps ol S0 Towucks
24,+1 "B a"a | &4 23+l (11-37)

10
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X 2ig*l g bwucks
YITET BT T 234
2. %%
§=Cs =, (11-35)
210

-pickup reaction B(b,a)A

2 i
2s_+1 D, T e
%7 2o 2. "0 TDWucRs .
e T C;S5C5, T (11-39)

o

[A
2. “DWUCRG

= N CBDB -—:?-]—.]—
2s_+1 Dg
N e (U5 — (11-407

. 5
st+1 a a 10&

b. Inelastic scattering

Since in inelastic scattering, which includes charge-exchange
scattering, there is no change in the mass number of the projectile,
. I3 - . . > - Iy
the channel displacement variables become identical (ri=r£=r, and

the transition matrix element reduces to the ZR form

T..
fi

> (=% e N . (+) 7 7 _
u[drxf (Kf’r’(‘:’B“b:v‘lvA':’a)Xi ('ki,r) (I1-41)

whore the effective interaction V in th microscopic description of

inelastic scatrering is given by (Ma66, Au70, Ma75)

A
v = Z VoiFoirCor Ty Tgr p) (11-42)

i=1



Tne two-body interaction Yoi between a projectile nucleon and a

target npcleon i is usually taken to be a product of a shape function

glr i) and a linear combination of exchange operators:

]

Voi T '["oo * Vi lig T VU "u("o':i’("o*i)]g(rm) (11-43,

It is most convenient to express the spectroscopic amplitudes
§(J3.3,;
¢ itf?

of the operator A . for the destruction of a nucleon with spin j1

TTin;jljz) in terms of a reduced matrix element

and a creation of a nucleon with spin j2 by

i

S(JI.J 31T, T 53, 5,) = —g 17T’ (DT MA 2, (J.T,) (11-4%)
1°f i fr172 (2J+])l 2(2T+l)1 2 'BUEf JT" AL

.n the calculation of the DWBA cross section, the contributions from
the dilferent interactions in (II-42) along with all the possible
spectroscopic amplitudes are added up. If the projectile is a compos-
ite nuoicus, the interaction strength must be modified to account for
the finite size of the projectile (Ma66). The calculated cross
section can then directly be compared with the experimental data.

3. Final-state interaction theory

Theoretical prediction of the shapes of the projected energy
3-12
final-state interaction (FSI) theories (Gib4, S171). If there is a

2 - sy s
spectra d 9/d- df 1s usually done within the framework of the
ctrorg interaction between the final particles 1 and 2, but only a
weak one between these two particles and the third one then the

truasition matrix element may be factored as follows


http://ir.tor.Tcti.on

%)
AN

o (3).2 L ..(3') .2 -
Ty’ T F(kl_z) (11-45)
(3°%) . . .
where 1fi is the matrix element for the production of three

(uncorrelated) final particles and F(k]_z) is an enhancement func-
tion arising from the FS1 between particles 1 and 2. In this approxi-

mation, (1I-20) car be written as

dzc 3"

z

—— . F 1-46

iR R b B (11-46)
Assuming that k 'T(3')'2 is constant, one finds after

3-12' “fi ! ’
conversion to the lab system
3
S ek F(k, ) . (11-47)
d‘ulduzdli1 1271-2 1-2

In the absence of a FSI between particles ! and 2, F(kl_z) =1 and
(I1-47) reduces to a simple phase space distribution.

The enhancement function F(kl_z) can be obtained from the Jost
function theory (Gi64). A calculation of the appropriate Jost func-
rion is in some cases very difficult, (e.g., in the presence of the

C~lomv interaction,) and F(kl—z) is approximated by
) = [ty r=b)} 2 (11-48)

Fk)_,

where Q(kl_z,r) is a scattering wave function and as such :the

solution of the radial Schrddinger equation for the motion of :wo



26

mutually interacting particles, and b is the boundary radius betwecen
the inner and outer wave functions. For particles with no relative
angular momentum, the outer wave function that includes Coulomb iater-
action is given by

- . T
FOIF (% B G in
e OLPD «l_z,r)cas + (kl_z.r)sxr 3

e oa

Y] 0
-2 kl_zr

where F0 and CO are the regular and irregular Coulomb wave func-
tions, and :b the nuclear S-wave phase shift in the prescnce of the
Coulomb interaction.

Although ,f(kl_z,b),? gives a reasonable k]_z dependence of

the FSI etfects, 1t is not a true enharcement function because it does

not go Lo unity for large values of kl—Z'
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111. Experimental Technique
A. Cyclotron, Beam Transport System, Scatter Chamber
All experiments discussed here have been performed using various

beams from the variable energy, azimuthally=-varyving {ield, spiralridge
sector focused Bb-inch cyclotron. Tnis maciiine 1s capabie ol acceler-
ating positive ions with mass A {amu) and charge state ¢ Lo 2 maximum
. . R 2 . oy c s
kinetic energy hmax = 140q /A (MeV), except for protons aad
3., 2+« . _ , oy e

He” , for which Emax = 55 ano 170 MeV, respectively. Tine

beam facilities of

experiments were carried out using the extern
Cave 2 as shown in Fig. 11l-i. Beam vxtracted from thie cyclotron by
an clectrostatic deflector was first defined Dy a 2.54 ¢m wide
horizontal collimater, then radially focusec with a qu.crupole

. Lo . o . A . .
douisiet, defiectea by 39.5 with a switching d.fele magnet and
radiaily focused again. The beam then passec through a 1.5 mm wide

vertical energy analyziag slit and was focused with two quad- rupole

doubiets onto the target. Typicali beam spot sizes of about 2-2 mm

were obtained. Energy resolution of the beam defined by the switching
ma,net and analyzing slit was about 0.14%.

Tne scatter chamber measured 51 cm in diameter and was kept at a
pressure of about 2A’1()_5 Torr Dy a turbomoiecular pump which was
ecquipped with a liqaid nitrogen cooled trap to reduce contamination of
the vacuum with pump oil. The detectors were mounted on a remotely
moveable platform and partially cnciosed in a shieiding made from
tantaium ana aluminum, Stroag permanent magnets were placed in jront

of detector brlescopes to deilect electrons that were knocked out
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¢. the targets. In the center of the scatter chamber, a target ladder
was located which was capable of holding seven solid targets and could
be remotely lowecred, raised and rotated.
B. Targets

Since a great variety of solid and gaseous targets was utilized,
their exact composition will be quoted in the section that discusses
the results of the experiments.

1. Solid targets

Foils of the target material, typically a few hundred ;g/cm2
thick and with an arca of about 2 cmz, were mounted on 4.45+<3.81
cm2 target holders. Targets that oxydized easily were kept uader
vacuum; before an experiment they were put into the scatter chamber
wnich had been let up to atmospheric pressure with argon. Target thici-
nesses were determined after an experiment from a measurcment of the
encrgy loss of 8.78 and 6.06 MeV .t particles ‘crom a 212?0/2]25i
.~source) passing through the targets. Thicknesses obtained in this wvav
are cstimated to be accurate to about -1C%,

When targets with a low melting point were used, it was nccessary
to continuously check for possible evaporation of target material.
This was done by cmploying a monitor counter which was mounted at a
fixed angle in the scatter chamber and which allowed one to measure

the number of counts in the elastic scattering peak per .C of beam

particles.
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2. Gas targets

A cylindrical gas cell with a radius of 3.18 cm and a height of
3.5 cm was utilized in these experiments along with a recovery system
that permitted gas recycling when rare isotopes were use“. The window
of the gas cell consisted of a 2.5 Lm thick foil made from Havar {(46%
Co, 21% Cr, 19% Fe, 14% Ni) and subtended continuously about 300°.
In order to define the target thickness, a 3 mm wide collimating slit
was placed between the gas cell and the front collimator of the
detuection system at a distance of 3.88 cm from the center of the gas
cell. Typical cell pressures were about 0.25 atm.

C. Dctection System

In designing the geometry of a detection system for a kinematical-
ly complete measurement of the two breakup products from the decay of
an unbound particle, four wain factors have to be considered: 1.
range of relative cnergies to be detected, 2. energy resolution, 3.
true coincidence rate and 4. ratio of true to random coincidences.

As for factor 1, it was pointed out in Sec. II.A.2 that the
minimum relative energy that can be observed depends on élZ’ the
acgular separation between the two counters. Since in the present
experiments small relative energies are to be measured, the counters
were separated by a distance of only | em. Factors 2 to 4 cannot be
independently optimized. On the one hand, energy resolution mandates

small solid angles d,;, and dﬂz, but on the other hand big solid

1

angles are necessary in order to achieve large values for both the

trues coincidence rate and the ratio of true to random coincidences,
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since both of them are approximately proportional to dﬁl for a given
singles count rate and dQl = dQ,.

A good compromise between these factors has been obtained in the
design of a detection system that is shown schematically in Fig. III-2
for the detection of 2He. 1t consists of two identical AE-E counter
telescopes arranged symmetrically above and below the horizontal reac-
tion plane. Not shown are the Erej counters which were placed
benind each E counter to reject events that traversed the AE-E
system.

Three different geometries have been utilized and are summarized
in Table IIl-i. Geometry A possesses the largest solid angle and thus
good coincidence efficiency, but its horizontal acceptance angle is
4.2° which gives rise to kinematic broadening of the peaks observed
in the energy spectra. This effect provides the main component
determining the energy resolution which was observed to be between
about 400 and 500 keV full width at half maximum (FWHM) depending on
the type of reaction. In order to improve the resolution, in some
experimeants the widths of the collimators were somewhat reduced
(geometry B). However, in both geometries, A and B, the angle 012

is rather ill defined (5° < @ <15°) because of the large

12
height of the collimators. Since in three-body kinematics calcula-
tions a knowledge of %2 is necessary, an average value was Laken

I 3 3
for 12 and thus also for 91, 2% 92, and ¢2 by using the

angles associated with the center of each collimator. In some experi-

ments, the heights of both collimator were substantially reduced
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Table 11I-1. Detection system geometries.

Collimator Distance
Telescope 1 Telescope 2 from Ave
Width Height width  Height Separation  target [} 12
(em)  (cm) (cm) (cm) (cm) (cm) (deg)
A 0.8 1.0 0.8 1.0 1.0 11.0 10.4
B 0.6 1.0 0.6 1.0 1.0 11.0 10.4

C 0.6 0.085 0.6 0.085 1.0 11.0 5.6
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(geometry C), which significantly decreased the efficiency, but
resulted in a smaller and better defined average value of %12.
. Counters

In these experiments, large area (10414 mmz) siiicon solid-state
detectors were cmployed, all of which were fabricated at LBL. The 'E

transmission counters consisted of phosphorus~diffused silicon with

thicknesses between 180 and 380 .m, and the E and ﬁrej detectors
were made from lithium-drifted silicon (Si(Li)), all S mm thi k. In
order to minimize charge collection time, the ccunters ware biased
with Lhe highest possible voltage which was between 400 and 600 V for
the transmission detectors and between 1000 and 1300 V for the
E detectors. A thermoelectric cooling device with & water cooled heat
sink kept the temperature of the counters at about -10°%¢.  This
helped improve the resolution of the counters by reducing the thermal
motion of the electrons and the associated noise and leakage current,
The combined thicknesses of the /E and E counters permicted
measucements of protons, deuterons, and tritons with energies up to
32, 43, and 50 MeV, respectively.

E. Electronics, Data Acquisition

Figure III-3 shows a slightly simplified schematic diagram of the
electronic setup employed in the counting area. The heavy lines
represent the paths of analog signals. All other lines indicate

logical signals.

Each counter was connected through a short (25 cm) S0:; cable to a

charge-sensitive preamplifier whose slow output was transmitted by


http://whi.cn

BEy " e o
F PUR -
gt o5t omo PLLple-

TN v ‘
4 e
Siow LAmelfer =

5CA El | .
S e “
£y Amplitier — 'E'ZJ
gt

E ..... —_
——){q o5l Amphitlier p———-- -

S ‘:1
E_'—J L _J—]H P2
#17] e ﬂﬂ}
R " nny| 1

“m

1) rout.

2H
" ng
[ Analyzer

e
AE ii‘o;}——

—2

St

7]
o

:HL_

AE, o . . e
BUR}- .
Fast FG,SLO_m(}’@:D —U } —\ l

BFp | o ‘
Siow LA metfer = — —{0uiepBrect o 117
SCA conc { i anJ»
. '
Ep rmm—— SCA-—3om ] L _ 2
'LAfnp.I}f|er.]-— j( ‘[,o\%lrm_ -
219) Ampl-l-f;ér—\---' s e \

Fig. ITI-3. Flectronir block diagram, The heavy lines distinguish the paths of analog aignals from

those of topical signals (light lines), In later exp-riments, XBL 787- 1274

only the part on the left side of the vertical dashed lne was used,



36

~50 m oi 12%. cable into a highrate linear amplifier located in the
counting area. In addition to the slow analog signal, each  E-pre-
amplificr produced a fast pickoff signal for timing purposes. In
order to rinimize degradation of the signal rise time, which affects
the time resolution, these fast signals were transmitted through 50 m
ot high-quality low capacitance 50. cables to the counting arca.
Aster ampirfication, they were led iato constant~fractiom discrimina-
tors (CF) whose outpuls served as i, strobe signals for the single-
cinnel analyzers (SCAj that followed the amplifiers of the slow
signals, ii) input signals for the fast pile-up rejectors (PUR) anc
ii1) "start" or "stop" signals for the time~to-amplitude converter
(TAC). This unit produced an outprt signal whose amplitude was pro-
portional to the time-of-flight difference (\.TOF) betwven two
particles that were registered in the E, and ZEZ detectors. A

time resoiution of about 400 ps (FWHM) could be achicved in the 'TOF
spectra an measured with a fast rise- time pulser.

L. the initial experiments, every time there was a coincidence
Setween i) Lne output signals from all four energy SCAs, ii) both PURs
and {ii) the TAC $CA (which wus set to discriminate against coinci-
dence vvenrs with JATOFI 1 ns), each combiaation oi AE~E signals was
sent fu & particle-identification (P1) unit which generated an analog
signal using the algorithm (Gob64)
1.73

BT o (E + E)V 73 - g (111-1)


file:///E-pre-
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Finally, both 4E and both E signals were summed and, after gating by
the output signals from the PI SCAs, stored in a 4xi024 channel
analyzer. Upon completion of a run, these total energy spectra were
transmitted to a SCC660 computer and subsequently written on a
magnetic tape.

la order to achieve greater flexibility in analyzing the data, in
later experiments only the electronics on the left side of the

vertical dashed line im Fig. III-3 was used. The four energy signals

CEL

multiplexer and analog-to-digital converter (ADC) system and stored

EI’:EZ’EZ) along with the TAC signal were digitized in a

event-by~event in the buffer of a ModComplyv computer. When the buffer
was full, its contents were written onto a magnetic tape. Coincidence
events between any two particles were accepted with a TAC signal
corresponding to a ATOF of about 200 ns in order also to obtain events
from two sequential beam bursts for random coincidence corrections.
During the data acquisition process, Pl spectra as well as gated and
ungated energy spectra were generated by the computer and displayed on
a storage screen.

In order to both monitor the stability of the electronic system
and to measure its dead time, pulser signals were injected at each
preamplifier and run through the entire system. Triggering of the
pulser was done by a signal from the current integrator except when
targets witi low melting points were used. In this case, the pulser
was triggered by the monitor counter. The system dead time, which is

primerily a function of the inspection time of the PUR and the count
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D

unknown poeiks were determined with the aid of the leasi-squares fit-
ting prouram LORNA (Ma71) which also takes into account the energy

lows of the beam parricles ang the reaction products in the target.
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These calculations as well as the theoretical ones discussed in
Sec. 1l were performed on a CDC 7600 computer.

The projected energy spectra were analyzed with th~ program
WATMIG. This program first calculates the lab tripie differential
cross section d3c/d31d.2dﬁl using the formula

s

a’ N

d,'_ld'zdki1 - Lk particles\ /target nuclgl
e l( ..C beam)( cmz/l
r/.
i (I1I-2)
'I
T oal '
C2.66x10 ‘Nz A mb
- |
ﬂ;lﬁuzfﬁx cT lsr MeV ;
where N = number of counts within tie bin widlh fEl
z = charge state of beam partic =s after passage through th.:
target
A = target mass (amu)
AUI = solid angle (sr) of counter 1

ey = solid angle (sr) of counter 2
'dl = E1 step size (MeV)
C = integrated beam current (1.C)
" . 2
T = target thickness (mgfem’ )
The program then converts the lab cross section to the c'(3) system by
the Jacobian transformation (I11-8) and performs the integration

{si1 il) ovir a specified range of ¢. The c.m. angle Bc o, at which

*
the c.m. of (1+2) was emitted is calculated according to
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and v is approxi- ..ced by the lab angle of the center of the

ol
) L1 B4z 1/2 ]
3] = sin sinf,
c.m. Ec 1ab
R\ 1+2
\
N
where
E1+2 = El + E2 - €
c "3 c
£ 1+2- m +mz+m3 Etot_ €)
iot =Q EP mmzm
PT
lab

detection system. Since 6, o, is a function of €,

averaged over the integration range.

(111-3)

(I11-4)

(111-5)

(111-6)
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1V. Experimental Results and Discussion

The present study of reactions producing unbound outgoing parti-
cles focunes on two such particles. Section A presents results from
reactions involving Zlie which is detected by means of its two break-
up protons., and Sec. B discusses the results from the experiments

. 4 .. . * . .

producing He nuclei in excited states (x ) which are measured via
the breakup particles p and t.

.
A. Reactions Producing “He

Although the 2p system does not possess any bound states, there
exists a state near threshold which may be identified with the g.s. of
2”0 as is discussed in detail in Secs. 1 and 2. Section 3 presents

3, 2 . . . .
the results from the {THa, He) reaction which is the simplast
. 2 -
reaction that forms “He and therefore important for the study of the
R . N 2 P .
mechanism of a reaction with "He in its final state. In order to
evaluate its promisc as a spectroscopic tool to investigate high-spin
N 2 . . .
states, the (4, “He) reaction was then studied on many light target
nuclei as is discussed in Sec. 4. Finally, a more complicated reac-
tion process will be considered in Sec. 5 where the results from a
. 2. .
study of tihe (d,"He) charge-exchange reaction are presented.

. . 2
L. Characterization of “ja

. +
It 1s well known that the deuteron ground state J" =1 , T=0,

E = -2.224 MeV is the only existing bound state of the two-nucleon

*
system. The first excited state of the deuteron (d )} with
20 1 . . . .

o 1LJ = 'Sy and T =1 and also its isobaric analog states,

the nn (di-neutron) g.s. and the pp (di-proton) g.s. barely fall short
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of forming bound states, even if in the latter case allowance 1is made
for the Coulomb repulsion between the two protons. The reason for the
unbound nature of these states is the fact that the nuclear force in
the lSo state is not strong enough to form a bound state.

Although n» bound states of the pp systam exist, in many experi-
ments such is the 3He(d,t)pp reaction (Co 64), a broad state near
the threshold with quantum nuwmbers lSO, T=1 has been observed,
which will henceforth be referred to as the 2He g.s. or just ZHe.
In describing this rather special tvne of state, it is convenient to
use the unified description of states as poles of the S-matrix (Nu59,
Ta72). In this theory, bound states are poles on the negative real
axis of the first (physical) sheet of the Riemann surface associated
with the complex energy plane. The singlet two-nucleon states are
then singularities also on the negative real energy axis but on the
second (unphysical) sheet of the Riemann surface and are called anti-
bound states (Nu 59). From the effective range theory, the pole
position of the & state is found to be at —68 keV. For the “He
state, the exact pole position is more difficult to determine because
of the Coulomb force. If the latter is properly accounted for, the
pole is calculated to lie at about -120 keV. Antibound states exist
only for L = O states close to the origin. So far, the 150 state
of the di-nucleon system is the only case of this type known.

In contrast to antibound states, Breit-Wigner type resonances are
poles at positive real and negative juwaginary energies, but also on
the second sheet. The difference between antibound states and Breit-

Wigner resonances is most conspicuous in the behavior of the phase
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shifts ° associated with these states. Whereas for Breit-Wigner
resonances & passes through 1/2 at the resonance energy, no such
behavior is found for antibound states. Thereforc, the phase shifts
of antibound states are not characterized with resonance energies and
widlhs, but are usuvally parameterized in the effective-~range approxzim-
ation with scattering lengths a and effective ranges Teif From low
energy po scatlering data, it has been found that the nuclear S-wave
phase shift q} in the presence of the Coulomb interaction as a

function of the relative momentum k can be described by (S171)

' cotsy = =(i/a) = RG/R + gr (1v-1)
where
1, = 1/{2kR) (1v-2)
R = hz/(2uzlzze2) (1v-3)
¢t = Z'Kln/[exp(’zv,n,)—l] (1v-4)
RCD = o i ]/[n(nz + qz)] - gan- 0.57722 (1v-5)
n=]

Although values for a and Topp are well known from fitting low

enevpy pp scattering data with (IV-1), no universally accepted values
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have been established. 1In this work the values a =-7.82 fm and

r = 2.8]1 fm have been adopted from a review by Henley (He69).

eff

2. Projected energy spectra

If one is really dealing with the detection of Zhe in these
experiments, then the shapes of the projected energy spectra
d3cldﬂldSEdEl from reactions producing 2He as an outgoing
particle should be accounted for by FSI calculations. As discur n
Sec. II.B.3, the shape of the projected energy spectra can be

described by

-i§, R 2
9 oGk, 2= 0k | 0Fg0%%0 0S8 | 1
di dindE 12 1O 12 kr
1
where % is given by (IV-1) and r = 1.4 fm which is the matching
radius for the internal and external wave functions (Ph64). TIf krecl,
¢(k,r) together with (IV-l) can be approximated by
=16 .
e Osm(so
5 1 1
wk,r)= I ra— (;_- ;) (1v-7)

which reduces (IV-6) to the expression first given by Migdal (Mi55)

(and by Watson (Wa52) for the case without Coulombt interaction)

d3o

Jygk
Tt = (1v-8)
d ld IO K2 12 ( _1a_ 12 h(gR) )2

7 eff
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3

This formula has been used to fit projected energy spectra from three
different reactioné all producing 2He as an outgoing particle, and

the results are shown in Figs. IV-1l and 2. Because of the large cross
section of the (3He,2He) reaction it was possible to measure the
spectrum from :he‘IBC(3He,2He)1AC(6.73 MeV) reaction with the

narrow collimator geometry C (Table III-1)} which permitted an identi-
fication of pp events with relative energies as low as 90 keV. The
spectra from the 12C(u,zﬂe)MC(IOJZ Mev) and '2c(d,’He)

lzh(g.s.) reactions were obtained with the large solid angle colli-
mator geometry B for which the minimum relative energy is 0.26 and
0.29 MeV, respectively. (Of course, events with smaller values of i
are also contained in these spectra, but cannot be resolved from those
with larger ones due to the large range of 612). As can be seen,

the calculations and data show a maximum for £~ 500 keV. This maximuy
is caused by the Coulomb repulsion between the two protons which
counteracts the attractive nuclear interaction for small relative
energies and results in a reduction of the cross section. (In the
absence of the Coulomb interaction the spectra would peak at ¢ = 0
MeV, as is clearly observed in the corresponding spectrum measured in
a study of the (3He,d*) reaction (Ja76c)). 1In general, there is

good agreement between the FSI theory and the experimental data. Some
deviations at larger relative energies are most likely due to the fact

3"

i is not quite independent of ¢, but may also indicate

that T

a breakdown of the approxiration (II-45) itself.
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?
3. The (“He,zﬂe) reaction

The (3He,2He) rezction has the virtue of being the simplest
reaction that produces.zﬂe. Since it is a single—nucleon transfer
reaction, it possesses a large cross section and is therefore particu-
larly suited to the study of the mechanism of reactions involving
ZHe‘ Although the (JHe,zHe) reactiom is expected to be quite
similar to the (d,p) reaction (the g.s. Q-value QO(JHe,zﬁa) is
only 5.5 MeV smaller than QO(d,p)), the two reactions differ in that
the (3He,2He) reaction can involve isospin transfers T = 1/2 and
3/2 whereas the (d,p) reaction is restricted to T = 1/2. However,
since T = 3/2 transitions require tarzet core exc) ation, the cross
section for such two-step processes is drastically reduced (He67). 1In
fact, none of the reactions investigated here provided evidence for
such transitions.

a. Energy spectra
Energy spectra from the (3He,2He) reaction were measured at

By = 60 MeV on targets of 615 (99.9% enriched, 340 ;g/cmz),
He
12

i (99.9% enriched, 400 Jg/cmz), 9Be (800 ug/cmz\, (o]
(natural, 360 gg/cmz), and 13C (80% enriched, 190 ,g/cmz) using

the detection system geometry A (Table 1II-1).

501 e, 2He) Li (Q, = -0.468 HeV)

6 .
A spectrum from the L1(3He,2He)7Li reaction is shown in
Fig. IV-3a. Similar to the spectra obtained from che 6Li(d,p)7Li

reaction (Ha60, Sch67), strong transitions are observed to the g.s.,
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3/2° and the 0.48-MeV, 1/2° state (unresolved doublet) as well as

to the 7.47~MeV, 5/2° state. Population of these states is consis-
tent with the large single-particle spectroscopic factors of 0.75,
1.02, and 0.64, respectively, as calculated with intermediate-coupling
wave functions (Ha60). The peak observed near the location of the
4.63-MeV, 7/2  state which should not be populated in this reaction
{Ha60) is predominantly due to the strong transition to the 3.85-MeV,
5/27 state in 13C which arises from carbon contamination in the
target. Contamination by oxygen gave rise to peaks corresponding to

transitions to the 17O g.S., 5/2° and the excited states at 0.87

MeV, 1/2% znd 5.08 Mev, 3/2".

7LiChe, ZHe)8Li (qy = -5.684 HeV)

Figure 1V-3b presents a spectrum from inc (BHE,ZHe) reaction
on 7Li. Strong transitions are observed to the g.s., 2+, the
0.98-MeV, l+ and 2.26-MeV, 3+ states which are also strongly
populated by the (d,p) reaction (Ha60). Alil these states possess
considerable singlc-particle character; their theoretical spectro-
scopic factors are 1.1, 0.54, and 0.33, respectively {Ha60). Peaks
from target contaminations are also indicated in this spectrum. They
do not interfere with the 8Li spectrum except for a possible peak

13

from the transition to the C, 3.85-MeV state which coincides with

the 8Li g.s. peak.
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9Be(SHe,zHe)IOBe (Qo = ~0.906 MeV)

Transitions to the g.s., 0" and the 3.37-Mev, 2* state of
1OBe could be identified in the spectrum from the (3He,2He)
reaction on °Be as shown in Fig. IV-3c. The remaining strong peaks
observed at Ex = 6.10, 7.49, and 9.47 * 0.07 MeV cannot be uniquely
identified with known states. based on results from the (d,p) reac-
tion (An74), the peak at 6.10 MeV is most likely composed of the
5.9583, 2%; 5.9599-tev, 17; and 6.26-MeV, 2  states. The peak
at 7.49 MeV is an unresolved doubler consisting of the 7.37-Mev, 37

and 7.54-MeV, 2" states. Finally, the somewhat broad peak observed

at 9.47 MeV may be identified with the known 9.4-MeV, (2)+ state.

1200380, 20e) % (Q, = ~2.771 Hev)

Figure IV-4a shows a spectrum from the (3He,2He) reaction on 12C.

The stroagest peak in this spectrum arises from the transition to the
3.85-MeV, 5/2° state whose configuration is lIzC(O+) ®d J +

’ & ds/5(5/2"
with possible contributions from transitions to the unresolved 3.68-MeV,
3/2° state. However, judged by the small cross section to the 3.68-MeV
state in the 12C(d,p)UC reaction (Mc55), contributions from it can be
neglected. In addition to the transition to the g.s., 1/2° with

. . f12,.4%

configuration l c(o™y QQ Prs2f1/2° peaks are observed at
Ex = 7.60, 8.47, 9.65, 11.00, and 12.42 t 0.07 MeV, which cannot be

identified with any known states due to the high density of states in this

region.
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e 30, Zuey e (Q, = 0.459 HeV)

In the spectrum from the (3Fe,2He) reaction on 13¢

(Fig. IV-4b) the main single-particle transitions observed are the
12 . 13

same as are observed on the C target. Since the C g.s. pos-
sesses J = 1/27, thke transferred dS/Z neutron couples to the
target core giving rise to two closely spaced states with J'=3

- . . . 12, - - B .
and 2 with configuration Cpy /o GDdS/Z 3,2 at E_= 6.73
and 7.34 MeV, respectively. No such splitting is possible for the
g.s. transition in which the transferred neutron just closes the
neutron p~shell and can couple only to J = 0%. A somewhat broad
peak is also observed at Ex = 11.66 % 0.08 MeV which probably cor-
responds to the 11.9 * 0.3 MeV state seen in the (d,p) reaction
(4376}, but not yar assigned with spia and parity. Also observed are
12

peaks arising from the reaction on C in the target. Wnereas the

.. 13 ;
weak transition to the C g.s. 1s well separated from those to

MC, the strong transition to the 130 3.85-MeV state interferes
considerably with that to the 14C 7.34-MeV state.

b. Angular distributions, DWBA analysis

In Fig. IV-5 angular distributions are shown for the (3He,2He)
reaction on 120 leading to the g.s., 1/2 and the 3.85-MeV, s/2*
state and on 130 leading to the g.s., 0" and the 6.73-MeVv, 3~
state measureé at a bombarding energy of 50 MeV. Differential cross
srctions were obtained by integrating the projected energy spectra

berwcen £, = 0.4 MeV and ¢ = 1.0 MeV.
2 u
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Following the discussion in Sec. 11.B.l, the reaction mechanism of
Jae (3He,2He) reaction can be simplified by assuming that this
three-body reaction proceeds as a sequential two-body reaction. The
first step involves the production of 2He which consists in a
removal of a bound neutron from 3He and its transfer into a bound
state in the final nucleus, and the second step is the breakup of
Zie into two protons. A similar assumption has also been made in
the analysis of the (QBe,BBe) reaction (S5t77) at 50 MeV  Since

-16 s) and thus travels

8Be g.s. is relatively long-lived (t=10
several atomic diameters before it disintegrates, the production and
decay of 8Be are clearly separated in space and time. Such a state-
ment is less justified in the case of the (3He,2He) reaction,
since the 2He g.s. is quite broad. However, an indication that
production and decay of 2He can be separated has already been
obtained in the successful treatment of the second step with the FSI
theory (Sec.1V.A.2). It is therefore reasonable to try to analyze the
first step with conventional DWBA.

The DWBA analysis has been performed in the EFR and ZR approxima-
tion under the assumption the zHe is bound, but pcssesses no
internal energy. Figure IV-5 presents the results of the calculations
normalized to the experimental data. The solid and dashed curves
represent EFR and ZR calculations, respectively.

The optical model parameters for the entrance channel were taken
from an analysis of 50 MeV 3He elastic scattering on l:C (Ba69}):

v = 160 MeV, r, = 1.4 fm, a, = 0.572 fm, W = 20.3 MeV, Ty = 1.7 fm,
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ay = 0.537 fm. For the exit channel, the optical parameters were
approximated by those obtained from 52 MeV deuteron elastic scattering
on 12 (Hi68) : V = 71.8 Mev, r, = 1.25 fm, a, = 0.7 fm, 4W = 44 MeV,

r, = 1.25 fum, ay = 0.7 fu. In order to improve the fit to the

W
data, it was necessary to increase the well depth of the surface
imaginary potential AHD from 11 to 44 MeV. Such an adjustment is
allowed since elastic scattering of ZHe cannot be measured. It is
also justifiable on physical grounds because this more absorptive
potential is more likely to be a realistic approximation to the true

Zpe optical potential.

The target bound state wave functions were generated in the usual

1/3

way with a real Woods—Sa..on potential with radius R = 1.25 Atg:

and diffuseness a = 0.65 fm. In the EFR DWBA a bound-state wave func-
tion for the projectile is also required. It was calculated for a
neutron bound by 7.18 MeV in a Woods—Saxon well with radius R = 1,88
fm which corresponds to the experimental charge r.m.s. radius of 3He
(Mc70), and a diffuseness a = 0.65 fm. If D, (1I-31) is calculated
with this potential and wave function; one finds a value of -201.5 MeV
fm3/2. For comparison purposes, the same bound state potential was
used to calculate D0 for the (t,d) reaction (a neutron bound by 6.26
MeV) and the (3He,d) reaction (a proton bound by 5.49 MeV) and one
found D0 = -182.6 and =-180.1 MeV fm3/2, respectively, which is in
3/2

good agreement with D0 = ~183.6 and -172.8 MeV fm

by Bassel (Ba66)}. Although the bound state potential approach used

as calculated

here to obtain the radial wave function of the transferred neutron in
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3He gives reasonable results, a more sophisticated treatment would
employ a realistic interaction potential and a wave function generated
by carrying out the integral (II-33). Because of the unbound nature

2He such calculations are fraught with difficulties and will not

of
be discussed (Ja 76c). However, since the shapes of the calculated
distributions are very similar for bota the %F& and ZR calculations,
it seems that the exact form of the potential and wave function is not
very important in determining the shape, but may affect the absolute
magnitude of the cross section,

3/2 and CZS =1

He
for the ZR normalization constant (II-38) N = 4.1, A value of N rcan

Using D0 = -201.5 MeV fm one obtains

»

also be extracted from a comparison between EFR and ZR DWBA calcula-

tions. By combining (II-35) and (II-37) one finds

2 2
c S3He (22 + W OloLA
N = (IV-9)

I DWUCKa /(25 + 1)

From the four calculated angular distributions, an average value

N = 5.40 2 0.50 was obtained. The difference between these two values

of N is most likely due to finite-range effects which are neglected in
DWUCK& "

Comparison between the experimental and theoretical absolute
magnitude of the cross section must take into account the fact that
the data do not contain the entire zHe g.s., but only the part with
0.4 <e<1.0 MeV. Assuming the shape of the relative energy spectrum

is given by (IV-6), the ratio
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ax 2
J'mk |¢¢k,b)| “de

€

R = o (1v-10)
1.0 2

k jelk,b) | de

0.4

indicates the amount of the cross section that is not included in the

data. Evaluating (IV-10; for ¢ . = 0 and ¢ = 10 MeV one finds
min max

R = 10.1. Since EFR DWBA caiculates absolute cross sections provided

the S-factors are known, a value of R can also be determined from the

relation
LOLA
R =Sdo/dgd . (1v-11)
exp
(du/dﬂ)o'é’ 1.0

Table IV-1 gives a summary of these R values calculated with

)LOLA using theoretical as well as experimental absolute

13C

(dg/dQ
S-factors quoted in the literature. For g.s. the experimental
S-factor (Sch67) is twice as large as the theoretical one (Co65).
This is quite consistent with the results obtained from the
13C(3He,a)lzc reaction {Sec. IV.B.3). In the case of the '%C

g.s., the experimental values (Sch67, Da78) are also larger than the
theoretical ones (Co65). No experimental or theoretical S~factors
exist for the 136 3.85-MeV and l!'C 6.73-MeV states so SB was set
equal to unity assuming a pure d5/2 configuration. From the g.s.
transitions using the experimental S-factors, one finds an average

value R = 11.8 #* 3.1 which agrees well with that of 10.1 calculated

with (IV-10). These results indicate that the "total' cross section
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Table IV-1 Theoretical and experimental spectroscopic factors S5 and

ratio R{Eq. (IV-11)] for states in 130 and 14¢ that are

2

populated in the (3He, He) reaction.

m
E, J Sen. R Sexp R
13, g.s 1/2 0.612 8.2 1.16° 15.4
3.85 s/2° 1.00° 25.8 - -
e .5 o* 1.73° 7.9 2.05° 9.4
2.359 10.7
6.73 3~ 1.00° 15.4 - -
2 (Cob5)

b Maximum value expected from jj-coupling model.
€ (sch67)

4 (pa78)
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dG/df&H may be obtained by multiplying the cross section measured
betweenec = 0.4 and 1.0 MeV by a factor of about ten. The forward
angle cross sections for the strongest transitions are then of the
order of 10 mb/sr and thus comparable to those of the (3He,d)

reactions,

The excellent agreement between the experimental and calculated
shapes of the angular distributions indicates that the reaction
mechanism of the (3He,2He) reaction is well described by the DWBA
theory. Apparently, the unbound nature of Zhe does not affect the
reaction process. The results of the calculations also show that the
e optical potential is well approximated by that of a deuteron of
the same energy. Although 2He is very short-lived, the successful
treatment of both the ZHe angular distributions and the shape of the
relative energy spectra seems to justify the assumed separation of
production and decay of “He and makes it possible to treat THe as
quasi-bound nucleus.

4. The (G,ZHe) reaction

Investigation of the (a,zHe) reaction as a potential spectro-
scopic tool to study 2n states has been prompted by the expected
similarity between the (a,zﬂe) and the (x,d) reactions. Studies of
the (x,d) reaction on light targets (Ri66) have shown that this
reaction selectively populates high-spin np states with simple con-
figurations such as (ld5/2)§+ and (1f7/2 §+. This
selectivity is caused by several reasons., Typical QO values are

around -3 MeV which gives rise to a large value for the angular
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momentum mismatch L between the incoming and outgoing channels, which

is defined for a surface reaction as

AL = |2 ~ Lgl (1Iv-12)

where li and {. are the partial waves of the initial and final
channels for which the elastic S-matrix equals 0.5. For Ea = 60 MeV
and At <40, L ~5 for g.s. transitions and >5 for transitions to

excited states. Optimum cross sections are obtained if

AL = ¢ (1v-13)

where ; is the orbital angular momentum transfer of the reaction. As
a result of the large values of AL for the (n,d) veactions, transi-
tions that involve little or no % transfers are kinematically
inhibited and thus reduced in cross section and appear in the deuteron
energy spectra only as small peaks. Ancther reason why the high=-spin
states stand out so distinctly in the spectra is the fact that these
states possess quite pure configurations since there are very few
high-spin states in the neigiiborhood that could give rise to
configuration mixing.

The same arguments hold true for the (Q,ZHE) reactions whose
Qo—values are similar to those of the {(y,d) reactions. Thus, one
expects to observe in the ZHe energy spectra transitions to 2n
sia.ows with configurations such as (ldS/Z 2+ and
(Coupling of identical particles to higher spin

. 2
(1t7/2 et

values J is precluded by the Pauli exclusion principle which allows
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only J values that satisfy the condition (-I)J=TD. Only a small
number of these high-spin states are known in light nuclei: the
analogous (t,p) reaction mainly populates the lower spin states
because its Qo values are about 20 MeV larger than those of the
(a,zHe) reaction and triton beams are currently only available at
moderate energies (<25 MeV) at a few selected laboratories. Further-
more, only a few heavy—-ion induced 2Zn-transfer reactions have been
reported (An?4a, Ha78). Therefore, the (u,zHe) has been studied on
targets with A < 40 in the hope of locating some of these high-spin
states.
a. Energy spectra

The (u,zﬂe) reaction has been surveyed on solid and raseous
1p— and 2sld-shell targets whose composiion, thickness or gas
pressure are summarized in Table IV~2. In the reaction on the p-shell
targets, one expects predominait population of states formed by

capturing the two stripped neutrons into the d5/2 orbital coupled to

+
J =4 , whereas on the sd-shell targets, configurations invelv.ng f
. 2
h y -
orbitals such as (f7/2)6+ and (d3/2f7/2)5 are expected
to be preferentially produced. Spectra from the (3,2He) reaction on
120 13¢, ay, 15% and 180 will first be discussed followed

by a presentation of the results from the sd-shell targets 40Ca,

3Byp, pr, 325, 28g; Wy gy Wy 22y, Wy, oo,

180. (This order for the sd-shell targets was taken to permit
initial discussion of the (f7/2)§ levels in a well known

region).
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Table IV-2 Isotopic purities, solid target thicknesses and gas target

pressures at 25%.

Target Isotopic Purity Thickaness Pressure
(%) (ug/cmz) (atm)

2. 98.9 350

3¢ 90.0 140

“NZ 99 6 0.20

Py, 99.7 0.20

K’02 99.8 0.20

“302 97.2 0.19

20y, 99.95 0.28

229 99.67 0.27

2y 99.96 650

e 99.42 300

285 99.8 410

29g; 95.0 500

sb, s, 95.0 750

3ur 99.5 0.27

Ly 95.0 0.29

40, 90 a7 620
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Because the intention of the preseat study has been to provide an
intitial survey of the properties of the (u,zHe) treaction, rather
than to obtain and analyze detailed angular distributions, most J"
assigments made from our data must be considered highly probably

rather than definitive.

"26¢a, Zhe) e (q = -15.17 Mew)

Figure IV~6 shows a spectrum from this reaction at elab =
12°. Except for weak population of the g.s. and a state at
14.9 + 0.1 MeV, only the known 3" state at 6.73 MeV and a state at
10.72 MeV are strongly populated. The 3" state is known to be of
dominant (pl/2d5/2)3 character (Tr63), whereas recent studies of
the 2n-transfer reactions (t,p) (Mo78), (103,88) (Ha78) and
(lzc,loc) (An74a) have established tne (ds/z)z characzer of
the state at 10.72 MeV, This excitation energy for the A+ state is
in agreement with the previously reported values of 10.736 * 0.005 MeV
(Ma78) and 10.77 + 0.1]1 MeV (Ha78). The state at 14.9 MeV was also
observed with comparable relative strength in the study of the

(105,85) reaction (Ha78).

13 2

cta, Zne) V¢ (q, = -18.90 MeV)

A spectrum from this reaction at elab = 12° is shown in Fig.
. 12 13 .
Iv-7a. Since the C and C targets only differ by a lpu2

2 .
neutron, one expects the (o,"He) reaction on 13C to populate
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preferentially states with the same 2n configurations observed in

7 -
12C, but now coupled to the J = 1/2 target core.

2 14

reactions on

He) " 'C spectra should be

Thus, the states observed in the IZC(&,
. N . . . 12 2, (15
split (where possible) into two components in the ~“C(x,“He) °C
spectra similar to the splitting observed in the analogcus (a,d) reac-
. 12 13 . . . .15
tions on C and C (Ri66). Population of the doublet in C
observed at 6,74 and 7.35 MeV can be interpreted as transitions to
states having predominantly BIZC(O+)p } ® d ;. )7
1/2°1/2 5/2%4 7/2°,972
s
character. The ratio of the experimental differential cross sections,
over the angular range Glab =12° to 500, for the transitioas to
the states at 6.74 and 7.35 MeV is about 4:5 which, applying the
(2J+1) rule for the relative population of such states in stripping
reactions, leads to the tentative assignments of Jw=7/2_ for the
m -
6.74 MceV ostate and J = 9/2  for the 7.35-MeV state. This latter

result corroborates the tentative assignment of 9/2" for the 7.35

MeV state given in (Aj76). Since the 5/2" state at 0.74 MeV has a
o . .12 ot N

contigeration [{77C(0 Jpy k) )y ®p1/2d5/2]5/2_ and

Pi/2 neutron of 130 and the transferred P2 neutron must couple

to J = 0 and no splitting can arise.

Y, Pie) o (Qy = ~14.97 MaV)

. 7 + . 1 +
the J' =1, g.s. of Wy can be described as [ Ze(o )vpllzﬁp 1/2]1+;

thus, onec expects that three states will be populated in the

14

N(.,zﬂv)IGN reaction with configurations {(1AN(g.5.,l+) ® (dslz)lﬂJ
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and with J = 3, 4 or 5. The spectrum of this reaction shown in

Fig. IV-7b appears to confirm this expectation. The 16N levels

observed at 6.62 and 7.69 MeV (an unresolved doublet) contain the

L = 4 strength which has split into three components. Due to the poor

energy resolution and the small splitting, relative assignments of the
b + o+ o+

J =3, 4 5" components to the observed peaks cannot be

> »
16N and the 3  state at

made. Transitions to the 2 , g.s. of

0.30 MeV, though unresolved, can be interpreted as populating the con~
. . 14 + .

figurations [ N(1 ) qp p1/2d5/2]2 37 respectively. 1In

Lo .16 P
addition to these strongly populated states in =N, transitions to

two states at 5.25 and 5.74 MeV are observed with moderate strength.

2

Dy, Zae) (Q, = -19.92 MeV)

Since the neutron lp-shell is full in ISN, no p orbits can be
populated with the (G,ZHe) reaction on this target. Figure IV-8a
shows a spectrum from this reaction at 81ab = 13°.  As can be
seen, the only states strongly populated are a doublet at 3.13 and
3.63 MeV. 1In the simple picture which we are applying to the states
populated by the (u,zHe) reaction, the configuration of these states
is expected to be {160(0+)pI}2 ® (d5/2)2]7/2-’9/2—.

In (Aj77) the state at 3.13 MeV has beern assigned as J = 7/2 and
the state at 3.63 MeV has been tentatively assigned as J7 = 972" .
The (2J+1) rule applied to the differential cross sections for the
transitions to these states suggests the same spin assignments.,

Furthermore, this agreement for states with known spin and parity
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lends credence to the tentative J' = 7/2° and 9/2” assignments

made for the 6.74 and 7.35-MeV levels populated in the 13C(a,ZHe)

15C reaction.

165¢a, Ze) 20 (g = -16.11 Hev)

Figure IV-8b shows a spectrum from this reaction at Blab =
18

e The only strongly populated state in ~0O is the well known

)

13

4" state at 3.56 MeV. The (d character of this state

2
5/2°4
has been confirmed by shell-model calculations (Kub66, Ka69) as well as
by a recent study of the 160(108,88)180 reaction (Ha78). It
is interesting to note that, although the O+, g.s. and the 2*
state at 1.98 MeV in 189 are also known to have (d5/2)2 configu-
rations, the cross sections for the transitions to these states in the
(a,zHe) reaction are smaller by a factor of about 50 than that to
the 4+, 3.56-MeV state due to the angular momentum mismatch, the
angular momentum coupling coefficients and the statistical weighting
factor. States with moderate strength are observed at 8.04, 9.15 and
10.3 MeV. The overall resemblance berween the 18O spectrum and that

from the 180(0-,2He)200 reaction (see b2low) suggests that

corresponding transitions involve similar transfers.

#0ca(q, ZHe)*?ca (q, = -8.46 Mev)



72

Figure 1V-9a presents a spectrum from this reaction at elab =

15°.  The only strongly populated peak corresponds to transitions to

the 6+, 3.19 MeV-state in AZCa. This state is known to be a 2n

state of (f7/2): character (Ka69). Transitions to the other

members of the (f7/2)2, T = 1 multiplet with J" = 0+, 2+, and

4" at 0., 1.52 and 2.75 MeV, respectively, were also observed, but
with a reduced cross section. Since simple shell-model calculations
(see Sec. b) predict a state with anm (f7/zf5/2)6 configuration

at 7.23 MeV in 42Ca, the state observed at 7.40 MeV is a candidate

for such a state.

38 v (o, 2He)2%¢ (Q = -11.83 Mev)

38 . .
Since Ar has the same closed shell neutron configuration as
AOCa, the spectra of the (a,zﬂe) reaction on this target should be
very similar to those observed on the AOCa target, as is demon—
strated in Fig., IV-9b. The excitation energies as well as the
. - + o+
observed velative strengths of the transitions to the 7 =% , 4,
2", 0% members of the (f7/2)2 multiplet are almost identical
. 40 2, 42 .
to those observed in the ~ Ca(a,“He) "Ca reaction, The 3.47-MeV
l-ovel in QOAr has previously been observed in a study of the
3 4 . . :
8Ar(t,p) 0Ar reaction (F175) where a tentative J" = 6" assign-
. 42 40
ment has been made. Certainly, the analogous Ca and  Ar

~pectra observed in the present study help establish such an assign-

ment. The state observed at 9.0 * 0.1 MeV and the broad state (or
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unresolved states) between 7.5 and 9.0 MeV in 40Ar probably

correspond to the states observed in AZCa at 7.40 and 9.04 MeV,

respectively.

36,00, 2ney38ar (Q) = -7.67 MeV)

Figure IV-10 shows a spectrum from this reaction at 8lap =
13°.  All observed peaks below 7.5 MeV could be identified with
. ok +
known states of 38Ar (Ko76). Again, the transition to the 6

. . + .
state has the largest cross section. Although the " = 6 assign-

ment of the 6.41-MeV state has recently been established in a study of

24 16

the “ Mg(" " 0,2pY) reaction (Dr76), the present experiment confirms

its (f )é character. The 5 states at 4.59 and 5.66 MeV

7/2
are of dominant (d3/2f7/2)5 character (En69). This splitting of

the 5 strength in 38Ar has been successfully described by the
shell-model calculations of Engelbertink and Glaudemans (En69), The
states observed at higher excitation energies could not definitely be
identified as 38Ar states. Their slightly different kinematic

behavior [ndicates that they might originate from an unidentified

target contaminant.

32S(u,ZHe)Bl’S (Q0 = -8.24 MeV)

A spectrum from this reaction on an SbZSJ target is presented
in Fig. IV-11. The known 5 state at 5.69 MeV and a previously

unknown otate in 345 at 8.45 MeV are preferentially populated.
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Furthermora, the known 3 state at 4.62 MeV and two pi:viously
unknown states at 7.24 and 10.7 * 0.1 MeV are populated with moderate
strength. The peaks seen at higher excitation energies cuuld not
definitely be identified as transitions to 348 levels.

348 is known to be of predominant

33

The 5  state in

) character, since the (d,p) reaction on ~~S (which, in

(32772
its g.s., has a [325(0+) ® d3/2]3/2+ configuration) shows a

strcng £ = 3 transfer to the 5.69 MeV state. The state at 8.45 MeV is
most likely of (f7/2)§ character which is in agreement with

simple shell-model calculations (see Sec. b). It should be noted that

in a study of the 325(c,p)345 reaction (Cr73), the J' =4,

2%, and 0% members of the (f”z)2 multiplet were identified at

8.42, 7.80 and 5.86 MeV, respectively, though the 6+ member was not
observed. Simple shell-model czlculations (see Sec. b) indicate that
the state observed at 10.7 MeV could be of (f7/2£5/2)6

character, but no definite assignment can be made based on this

limited survey.

2

2Bei(, %ne) ¥ s (q, = -9.21 HeV)

A spectrum from the (a,zHe) reaction at Blab = 12° on this

closed d subshell target nucleus is shown in Fig. IV-12a. The

5/2
known {En78) 3~ and 5 states at 5.49 and 7.04 Mev, respectively,
and two states at 8.95 and 10.67 MeV are substantially populated.
Recently, de Meijer et al. (De77) published a study of this reaction

at EY = 65 MeV, and our exciiation energies for the observed levels
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agree with their values within errors. They obtained detailed angular
distributions for the Zssi(a,zﬂe)josi reacticn which were

analyzed with DWBA calculations, using optical model parameters from
(a,d) data analysis and taking deuteron parameters for zHe. Their
analysis established that the 30si levels at 5.49, 7.04, 8.95 and
10.67 MeV possess 2n configurations of (251/2f7/2)3, (d3/2f7/2)5,
(f7/2)§, and (f7/2f5/2)6 character, respectively. The presence

of an (f7/2f5/2)6 configuration so close to the (f7/2)§

configuration in 3OSi is somewhat surprising, but can be explained

by the fact that the experimental f7/2 - f5/2 single~particle

states in 29Si are only separated by 2.57 MeV, whereac typically

those two single-particle energies differ by about 3 to 4 MeV thr.ugh-~

out the rest of the sd shell (En78).

262 (a, 2He) Byg (g = -13.35 Hev)

Since 26Mg has the same closed ds/z-subshell neutron configu-—
ration as zssi, the (a,ZHe) spectra on these two targets are
expected to be very similar. Comparing Figs. IV-12a and b confirms
this expectation. The states observed at 6.46, 8.88 and 9.78 MeV were

previously unknown. Tn analogy with the population of known states in

30.. P . . :
Si, these states can be preliminarily assigned as being of

2
(d3/2f7/2)5, (f7/2)6 and (f7/2f5/2)6 character,

rcspectively.
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293¢0, Be) 3lsi (qy = -11.10 Hev)
29, . [28¢. 0"
Si can be described as f 5i(0") @ 251/2}1/2+

In its g.s.,

and lhus one can expect the (u,zHc) reaction on 295i to populate
285i (or ZGMg) target, coupled to the

) 31

the same 2n states as on a

251/” neutron. A spectrum from the ngi(u,zﬂe Si reaction
. . . . . .31,
is snown in Fig. 1V-13, Three previously unknown states ia 51 at

5.00, 5.40 and .27 MeV are preferentially populated. The doublet at

srobably arises from the coupling of the

. . - 2
configuration to the $1/2 acutron of the Y

9.00 ard 9.41 MeV most

. .
oo 51
core, so thal these two states presumably hav. J assignments of

9/2 and ii/2°. An assigment via the simple (2J+i, dependence of

the cross seclion couid not be made, since at most angles this double:

is unresolved. The state at §.27 MeV can possib.y be explained as an

unrcsoived doublet of either

THIB Ly, ] 27
i 5100028y 0 @Y 906 11s0* 1ase? or

Lt

28, + 1 s .
| sico )251/2f1/2 ® (f7/2f5/2)6}11/2u’ 1372% configuration;

!

L
the separation in energy of the 8.27-MeV states relative to the
centroid of the 5.00 and 5.41 MeV states, when compared to the spectra
26

2 . .
from the (&,"He) reaction on Si and Mg, leads to a vprefer-

ence for the latter configuration
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ZAMZ{‘,2H2)26Mg (QO = -9.87 MeV,

Figure IV-l4a presents a spectrum from this reaction of §lab =
12°. Besides mocderate population of the ¥nown 4" state (En78) at
5.47 eV, two previously un.nown slates at 8.62 and 11.23 MeVv are
strongly populated. From the systematics discussed in Sec. b, it

foliows tnat these two states are presumably popuiated by

2 L. .
(d3/217/2)5 and (f7/2)6 transitions, respectively,

Dot 2ie) e (Q = ~14.23 Hev)

Figuri IV=14b shows a spectrum from tiis reaction at | . =
i3Y. All states observed above the 2', 3.87-MeV level were

. 24 .
previously unknown. Ne states at 6.36 and 8.15 MeV and a broad

tevel at 11.35 + 0.15 MeV are strongly populated. 1In adcition, a

state at 9.88 MeV is observed with moderate strength. Although “2Ne
- . 24 .
has the same neutron configuration as Mg, the spectra of the final
L. 24 26 .. .
nueivi Xe and Mg are not as similacr as has been previously

30

. . . . 28 .
observed in populating the pairs of isotones Mg vs. Si or

40 Y .
Ar vs. ‘“Ca. Tnis can perhaps be related to the fact that,

2
‘6Hg, 285i, 38Ar, and AOCa targets, those of 22Ne

unlize the h
and ZAMg do not have closed neutron shells or subshells. As will be

- . 4
shown irom the systematics (Sec. b), the state at 8.15 MeV in 2 Ne
i« - robahly of (d3/2f7/2)5 character and the broad state at

11.35 MeV is possibly of (f7/2)6 character, with the latter sug-

gustion being quite tentative. The state of 6.36 MeV cannot be
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at U., 1.67 and 3.57 MeV, respectively, previously unknown states at
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7./, .78 and 10.2 + 0.1 MeV are populated in . Although

contigurations of {d and (d are expected

57293727 32577275

in this high excitation region, no assignments can be made in this
L. 20 . .
limiced survey. Although O has the same neutron configuration as

22:\'

, the spectra from the (:‘,ZHe) reaction populating these
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nucliel again lack rhe pronounced similarities observed in reactions
producing isotones higher in the sd shell.
A summary of the excitation energies for the (d3/2f5/z/5—
.2 . 2, . .
and <£7/216+ states observed in the (4, "He) reactions is

given in Table 1V-3,

b. Shell-mode] calculations and systematics

. L. 2 -

Predicated on the observed selectivity of the (uz, He) reaction,
simple shell-model calculations have been carried out in order ro
interpret further the character of the strongly populated states. The
" . 24 40 .
lz = 0 target nuclci from Mg to Ca were each assumed to be
an inert core and the two neutrons were allowed to occupy the valence
orbits in the 2sld and 1f2p shells.

The single-particle energies Lj were taken to be the separation

energies of the single particle levels in the A ., * | nucleus:
57 E(A+1,J=7) - E(A) (1v-14)
where A = Acore' From the dominant appropriate § transfers in

single~nucleon transfer reactions (En78), the locations of the single-
particle levels were detecmined.

The excitation energy of the 2n states were calculated according to
x-;x(A+2,jlj2J) = Ejl + Ejz + “jljzlvijyiz’.] * BZn(A+2,g.s.), (IV-15)

where B, and <j1j2]vlj1j2>J are the 2n binding emergy and

the two-body matrix element (TBME), respectively. The calculated



it
fable IV=3 Excitation energies for {dys2f772)5- and (iy,0) 7+
states observed in the (u,zﬂe) teactions. °

2
W@yaigsals Gyt
Finul Beam E I3
X X
Nucleus Energy (MeV) (MeV)
MeV)
. .
e a5 5.15 11.35
28 55 5.62 11.23
“opg 65 6.46 5.8
3045 65 7.06 8.95
Shg 65 5.69 8.45
33
Ar 65 6.41
“Uar 65 3.47
42¢q 55 3.19
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contiyurations. For this reason, in the present calculations thesr
Lighvr configurations were neglected, which reduced the calculation of
the vierpgy levels to simple 2 - 2 matrix diagonalizations.

- . . 4
Fogure IV-16 compares the calculations for 3051, 3 S and

42 . .
Ci with the energy spectra observed in the present study. Except
far the cnergies of the g.s., which are very sensitive to the limita-
tions of Lhe present approach, the calculations are in good agreement
. . . 30.. .
with experiment, especially so for the Si nucleus, and are addi-
tional support for the assignments suggested in the previous section.
Anotier shell-model approach is given in the Bansal-French (BF)

weak-coupling method (Bab4, 2a65, Be72, Sh?74) for computing the

encrgivs of particle~hole states. In studies of the (a,d) reaction on
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many sd-shell nuclei (Ri66, Lu69, Na75, De?6), a linear dependence of
the binding energy Bnp of the np pair in the observed (f7/2);

states versus the mass number of the final nucleus has been observed
and successfully explained by the BF method. This method will be
discussed below and the binding energies of the 2n states will be
calculiated and compared with the experimental data.

The total energy of a nucleus A0+p—h with p particles and h

holes relative to a closed shell nucleus AO is given by:

E(A0+p—h) = E(A0)+E(p)-E(h)+ 'ph:Vphyph» s (1v-17)

wiere E(p) and E(h) are the energies of p particles and h holes
relative to E(AO). In the model of Bansal and French, a weak inter-
action is assumed between the particles and holes such that the values
ot k(p) and E(h), which include the interactions of the particles and
holces among themselves, can be obtained empirically from the binding

energies of the nuclei AO’ Ao+p and Ao—h by

E(p) = E(A0)+p) - E(Ao) (1v-18)

E(h) = E(Ao) - E(Ao—h) . (1v-19)

In (1V-17) the last term represents the interaction energy between the
pasticlus and the holes which was assumed by Ban<al and French to be

of the following form:
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Tt

i .
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n 2n 7
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In a similar fashion, both B, for states with (d3/2f7/2)5
character as well as the ln binding-energy Bn of f7/2 single-

particle states can be derived:

_ 34 _ _ _ an
BZH{A(dwzf”z)s] = BZn{ s(d3/257/2)5] + 2(34-A)a - b(T-1) (Iv-24)

Bn[A(f”z)] = Bn[(“Ca(f”z)] + 1(41-A)a (1v-25)

. . 2
In Fig. IV-17, the experimental B values of the (f7/2)6 and
(d3/2f7/2)5 states from the present study are plotted versus A
of the final nucleus. In addition, the experimental BZn values
)2

(Ma70) of states with the (f7/2 configuration as well as the

Bn values (Ma70) of E?/Z single-neutron states relative to
J7i= 0+ nuclei are also indicated in Fig. IV-17. The solid lines
represent B, and B calculated using the common values a= -0.30
MeV and b = 2.6 MeV.

The observed linear dependence of B2n on 4 is well reproduced by
the BF model. This indicates that a is essentially independent of 4,
as assumed in (IV-22 to 25). As Sherr et al. (Sh74) pointed out, this
fact is remarkable and somewhat surprising, since a contains different
particle~hole interactions depending on A. For the (E7/2)2 states,
for instance, in the case of 38Ar a contains only (£7/2d;j2)

6.

. . . 2 : co. -1
interactions, whereas, in = Mg in addition the (57/251/2) and

-1 . . . P
(f7/2d5/2) interactions are included. Although it is known
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(Ku68) rhat these interaction enerpies differ substantially from one
another, the averaging is believed to smooth out any differences.
The fact that the same value of a fits the states with

)5 and (f7/2)z configurations is expected in the BF

(/% @
model, since they involve the same particle-hole interactions. The
differences in energy of these two states is a result of the particle-
particle interaction, which is included in E(p) BIV—IB%] and which
does not affect the particle-hol: interaction. On the other hand, ore
would expect that the value of a would differ for the (f”z)2

states vs. the (d3/217/2) states, since the latter also involve
interactions of a d3/2 particle with the various holes. The fact

that the same value of a fits both configurations could be fortuitous
or could be again the result of averaging. 1t is interesting to note
that this vilue for a of -0.30 MeV has also been found in a similar
analysis (Sh74) of the binding energies Bnp of np states with

([7/¢)2 <..arvacter. Sherr et al. ($h74) also obtained b = 2.88 MeV
which conpares well with our value of b = 2 60 MeV. These values are
in good agreement with those of Bansal and French (Ba64) and Zamick
(Zab5) who found a = -0.25 MeV, b = 2.9 MeV and a = -0.30 MeV, b =

2.90 MeV, respectiveiy, for nuclei in the region of AOCa.

c. Angular distributions

No detailed angular distributions have been measured for the
. 1 R
(a,zHe) reactions, except for the 12C(Q,ZHe) AC reaction arv
E. = 65 MeV. These results are presented in Fig. IV-13. Because

tuese data were not collected in the event-mode, only zﬁe energy
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spectra, but no projected proton energy spectra are available. The
dilferential cross sections were therefore calculated with the solid
angle computation program SOLJAC (see Appendix)}. 1In a later experi-
ment, the measurement of the Olab = 150 data was repeated in the
event-mode and cross sections were determined by integrating the
projected spectra between € = 0.4 and 1.0 MeV. The angular distribu-
tions from the old data were then scaled to the new measurement.

Some attempts have been made to fit the shapz of these distribu-
tions with DWBA. However, no satisfactory agreement with the data was
obtained. A more successful DWBA analysis has been reported for the

305i reaction (De77) and shows that the reaction

285i(“’2Hp)
mechanism can indeed be interpreted in terms of a direct two-nucleon

transfer reaction theory.

5. The (d,ZHe) reaction

Investigation of the (d,ZHe) charge-exchange reaction is of
particular interest, Such studies should be a useful complement to
other <harge-exchange reactions producing neutron-excess nuclei, such
as the (n,p), (t,zHe) 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 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 inter-—

pretation of the spectra. Since intense high energy deuteron teams
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are readily available and there are no bound sLates in 2He, the
(d,zﬂe) reaction was investigated for its promise as a charge-
exchange reaction.

From the theoretical point of view, the (d,zﬂe) reaction differs
from charge~exchange reactions induce¢ by spin 1/2 projectiles, such
as the (n,p) reaction, in that the latter reaction may proceed by both
spin-flip (§ = 1) and non-sp.n-flip (S = Q) transitions, whereas the
(d,zHe) reaction is always restricted to spin-flip transitions.

Thus, the (d,ZHe) reaction is only governed by the vll(F-?)({-¥)

part of the effective nuciear interaction, whereas in the (n,p)
reaction in addition the VOI(?'?) part can contribute to some
transitions. Therefore, every state populated in the (d,ZHe)
reaction should alse 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 only weakly observed in the

(d,zHe) reaction, this may indicate that they are favored with S = 0
but unfavored with § = 1. Thus, by comparing the lesels populated in
the same finai 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 for comparative purposes, the (d,ZHe) reaction was initially
10

studied at Ed = 55 MeV on the Tz = 0 targets 6Li, B and

2 . : . . -
C producing T =1 final nuclei, since in these cases the energy
z >

spectra can also be directly compared with those from reactions such

as (p,n) which produce the Tz = ~]1 mirror auclei.



98

a. Energy spectra
Figures IV-19 to 21 show representative spectra from the (d’zHe)
. _ 6 . 10 12
reaction at Ed = 55 MeV on targets of "Li, B and C. They
will be discussed and compared with existing data from other charga-
. 3 oo .
exchange reactions such as (n,p) and (t,"He). 1In addition, since
these are T, = 0 targets, spectra of the (p,n) and (3He,t) reac—
tions populating the mirror nuclei can also be compared to these

(d,ZHe) results.

814, He)Ohe (Qy = ~4.95 MeV)

Although the b4e nucleus (Aj74) has been studied with particle-
transfer as well as charge-exchange reactions (examples of the latter
are the 6Li(n,p)6He reaction at E = 14 MeV (Me72) and the
6Li(t,3Ho)6He reation at E, =22 MeV (St71)), only two states
have clearly been observed so far, namely the g.s., 0+, and an
excited state at 1.80 MeV with J° = ()7, Weak evidence for
possible broad states at 13.4, 15.3 and 23.2 MeV has been reported in
some reactions (Aj74), but these states have not been seen in any
chavge-exchange reaction.

At 55 MeV bombarding energy, the 6Li(d,zHe)6He reaction
enables one to observe an excitation range in 6He up to 25 MeV,
thereby permitting a broad search for highly excited leveis. Dat-
Zrom this reaction have been taken at five lab angles between 17 and
AOO. Figure IV-9 shows a representative 2He energy spectrum

measurea at 12°, Only the g.s. transitions and a fairly weak
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state was ohserved with moderate strength. The known states at 1.67
MeV, 2 and 3.39 Mev, 37 were only very weakly populated.
Finally, in the spectra obtained at larger angles

(

“lah’350), evidence was found for a broad state at Ex =8.3 - G.1 Mev,
which cannot be identified with any previously wnown state.

Similar lzB spectra have been obtained in a study (Br77, of the
lzc(n,p}lyh reaction at En = 56 MeV. 1In addition to the transi-
tions to the z.s., the 0.95 MeV state and the doublet at 4.4 MeV, a
somewhat broad peak was observed at Ex = 7.7 - 0.1 MeV, particularly
in Lhe spectra taken at forward angles, with a strength comparable to

that of the g.s. transition. Based on it observed energy and width,

this state at 7.7 McV is believed to be the analng of the giant dipole

12 12

resonancye in C, which has also been observed in the

1

cl "Ly
ZB reaction {Bi70) at E, = 8.19 * 0.5 MeV. It is interesting to

. PR R . 2
note Lhat this state does not significantiy appcear in the (d, He,
spectra ab any angle, which seems to confirm that it is a pure L = 1,
§ = ¢ (Goldhaber-Te:ler) state (Ke68). (The (n,p) reaction showed no
evidence for transitions to the state observed at 8.3 MeV in the

L2 .

(d, He) reaction).

12C has been reported so far. The only

2
No (t,”He) reaction on
. 12 . . i2 -
uiler charge—exchange reaction on ~C ieading to B was periormed
with the heavy ion reaction (7Li,7Be) at E; = 52 MeV
Li
(Ba¥3). Energy spectra obtained in this reaction are similar to those

o
from the (d, He) reaction, however, no states above Ex = 6 MeV

could b vbserved.
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The mirror nucleus 1"N has been the subject of several investi-
gations with charge~exchange reactions such as the IzC(p,n)‘ZN
reaction at Ep = 30 and 50 MeVv (Cl17G) and the

12C(Jhe.t)lzN reaction at E, = 49.3 MeV (Ma76). The latter
He

study could correlate most states in JZN below 4 MeV with an analog
.12 . . I .

state in "B with reasonable confidence. For the higher excited

states, however, no such assignments couid be made; this region dons

contain several candidates for states analogous to those observed in

12 . 2 . - .

B in the (d,”He) and (n,p) reactions, but additional experimen-
tation is clearly necessary to make any such correlation.

b, Angular distributions, DWBA analysis

Since detailed structure calculations for the p-shell nucle:
investigated herein have been done by Cohen and Kurath (Co65), it is
possible to perform microscopic DWBA calculations for the (d,ZHe)
reaction using these wave functions. For the angular distributions
leading to the positive parity states of loBe and 12y shown in
Figs. 1V-22 and 23, respectively, the DWBA calculations were carried
out utilizing the Oregon State Coupled-Channel Code {StX) whose
underlying formalism has been extensively discussed by Madsen (Ma75).

A characteristic feature oif the (d,ZHe) reaction is that only
the spin-isospin dependent part Y11 G-3E-7) 2(r) of the nuclieon-
nucleon interaction (II-43) contributes to the transitions. For the
radial dependence g(r) of the potential, a Yukawa form with an inverse

1

range of 1 fm = was used. The diffzrential cross section is then an
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incohcrent sum over all allowed values of the orbital and total

angular momentum transfer L and J and is given by

d-_ 2 nlJ oes
T = Nv) %'DWBA (1v-26)

where Vxx is the interactior strength, here taken to be 12 Mev, a
typical value (Mal5) inferred from other reaction studies, and N is a
normalization constant shich conta.ps al!l information on the projec-
tile system such as the projectile spectroscopic amplitude and the
erftects of the spatial extent of the projectile on the interaction
strength (We68). Furthermore, the normalization constant takes int
account the fact that the experimental cross section does not comprise
the entire ZHe g.5., bur is limited to 0.4 < € 1.0 MeV. Since
intermediate—coupling wave functions were used for the target and
residual nuclei, each term OtdBA in (1v-26) 1s a coherent sum

over all possible values of the single-particle total angular-momentum
quantum numbers jl and j2 of ti~ iritial and final nucleus,
respectively, with orbital angular-momentuz quantum nuctbers

= i. These contributions were wcighted by the spectro-

o=

1
scopic ampiitudes § (II-44), which were evaluated by Kurath (Ku78) for

the targed nuclei 1OB and IZC and are listed in Table IV-4.

The single-particle energies of the P3;; and P) ;5 meutrons and
10,, 10 12
protons were assumed to be the same for the B, Be, C and
12y nuclei. 1In order to obtain values that are independent of the

residual interaction, the Pi/2 single-particle energies for a

neutron E(vp) ;) and a proton E(up);,) were determined from the
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Tavie IV~-4 Spectroscopic Amplitudes S(JJiJf;lOK;j]jz) {Ku?78)

Iah 3/2 372 1P 3/2 3. 1/2 /2 gy

J 3 2 1 2 1 2 1 i

doa VoA =10, g =5t

0" a L4136

2% a2 -.5364 4411 -.135! .23% L3661 =.GBN9 -.1390 L0236
b .3414 -.1096  .2623 -.1966 .6506 L1193 .0083  -.03i2
c .0356 -.3775  .3797  .230s -.0013 -.1G80 .3036  .0386
d -.2996 -.0581 -.0501  .3889 -.i922 -.0:92 -.13i3  .1323

i1) A i2, J; = 07
1t a .0539 L4831 2399 L0412
2t . -.0429 -.4808 0500




binding-energy differences betwern ]2C(z.s..0’1 and
lzc(g.s.,lll_) and betws:en lzC(g.s.,O'; and IJN(g.s.,IIZ—;
respectively.  The valaes for E{‘pJ/Z' ana E(”pjlz) were then

obtained from the difference between the Py and Pi/2 single-
particle cunergics as used by Cohen and Kurath (Cu65). The bound-state

wave functions were calculated in the usnal way with a real Woods-

Saxon w:ll with R = 2.86 fm, a = 0.65 fm and spin-orbit potential

Voo T 6 MeV. The well depth was ad justed to give the single-
particle caergies.
The optical mode]l potential parameters to generate Lh: distorted

waves were taken from a study (Hi68) of elastic deuteron scattering
from ]ZC at 52 MeV. For the rcal part a volume Woods-Saxon poten-—

tial with a well depth V = 71.8 MeV, v = 1.25 fm and a, = 0.7 fm

v
was used, whereas the absorptive imaginary part consisted of a surfacc
Woods-Saxon potential with W = 11.0 MeV, L 1.25 {m and
a, = 0.7 fm. The same parameter set was used for the entrance and
exit cianels.

Results from these DWBA calculations of the (d,ZHe) reaction on
10 12 - . .
B and C are shown as solid curves in Figs. IV-22 and 23, Each
distribution has been individually normalized to the data with the
value of the normalization constant N listed in Table IV-5 along with
the allowed L and J transfer quantum numbers and the label of the
spectroscopic amplitudes (Table IV-4) used in the calculations.

10 2 10 . . -

For the B(d,“He) “Be reaction, the shapes of the theore-

tical angular distributions are in reasonable agreement with the

data. The calculated distributions to the 3.37, 5.96 and 9.4 MeV

. v +
states, which were all assumed to have J = 2 and were obtained



Table 1V-5 Summary of the values for the normalization constant N
exiracted from a DWBA analysis using the spectroscopic

amplitudes listed in Table IV~4.

Reaction E Joa L 1 N
x f
1054, %He) ! OBe g.s. 0'a 2 3 0.45
3.37 2*a 0 1 0.35
2 1,2,3
.
5.96 2'b 0 1 0.37
2 1,2,3
9.4 2%d 0 i 1.90
2 1,2,3
12 2. .12
c(d,%ne) 28 g.s. 17a 0,2 : 0.70
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with the spectroscopic amplitudes Z*a, b and d, respectiveiy, (Tabie
1Vv-4), are similar in shape except for that to the 5.96 MeV state at
forward angles; this variation is probably due to different relative
contributions 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 contribution to the data
from the unresolved 4 state at 9.27 MeV. This is consistent with
the results from studies (An74} of the 9Be(d,p)loﬁe reaction which
populates the 9.27-MeV and 9.4-MeV states with compzrable strength.
Since the value of N for the 5.9( MeV, 2" state does not deviate
significantly from that of the g.s. and first excited state, the con-
tribution to the experimental cross section from the ! state, which
lies only 16 keV higher, seems to be quite small, again in agreement
with the findings of 9Be(d,p)loBc reaction studies (An74). Calcu-
lations were also carried out using the spectroscopic amplitudes
2%c. They yielded a distribution similar to that of the 2a set
but with a magnitude smaller by a factor of about 15. Since a known
2" state ir observed with weak strength at 7.54 MeV, it is likely
that the spectroscopic amplitudes 2%c correspond to this state.
Figure IV-23 shows the results of the microscopic DWBA analysis
for the 12C(d,zHe)lzB reaction leading to the g.s., 1¥ and the
0.95-MeV, 2" state. Due to the lack of spectroscopic amplitudes, no

calculations were performed for the transitions to the negative parity
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states, which contain sd-shell configurations. For the g.s. transi-
tion, the shape of the calculated angular distribution is in accepta-
ble agreement with the data. The experimental cross section is about
or . 10. 2 10 N .

five times larger than that of the ~ B(d,"He) "Be (g.s.) transi-

tion. Although the theory predicts correctly a larger value, it is by
only a factor of zbout three. Agreement between the caperimental and
the calculated distributions is poorer for the pure L = 2 transition

to the 0.95-MeV, 2" state of 128. Wnereas the experimentsl

distribution falls off rapidly at baczward angles, the DWBA calcula-
tions predict a distribution that is quite flat between
L0 o
307 and 707,
This successful description of the angular distributions of the

;2 . 10 P S .
(4, He) reaction on targets of " B and ~“C indicates that the
assumed direct onec-step charge-exchange reaction mechanism is consis-—
ten. with the data and indicates the potential usefulness oi this
reaction as a spectroscopic tool. However, praliminary calculations
nave .andicated that the tensor force could be of some importance.
Furthermore, exchange cffects and multi-step processes such as

3.2 : : -
c¢-"He-"He may have to be consider=d as well, before a complete
understanding of the mechanism of the (d,“He) reaction can be
obtained.

. : &4 *
.. Reactions Producing He

. 4
It is well known that He does not possess any bound excited

. - * -
states. Since all excited states (x ) lie above the p-t threshoid

- . . - “ -
at E_ = 19.8 MeV, it is possibie to detect : particles by means
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of a coincidence measurement of the breakup products p and t. Using
the same detection system that was employed to detect ZHe
(Fig. II1~2), p - t coincidence events can be observed with relative
energies corresponding to 4He excitation energies between about 20
and 25 MeV. 1In this region, there are three relatively well estab-
lished states (Fi?3), namely the 20.1, 0+; 21.1, 07; and 22.1-Mev,
2~ states all with T = 0. Whereas the negative parity states, which
aiso lie above the n-3He threshold at 20.6 MeV, are broad and over-
lap with each other, the first 0+ excited state is quite narrow
((Fi73) quotes | = 270 keV),
The fact that the 0" state can experimentally be resolved from
the higher lying states, makes an investigation of reactions producing
4He in this state (as an outgoing particle) particularly attrac~
tive. Furthermore, it is possible to quantitatively measure
a*(0+) by way of derecting the breakup products p and t since this
decay channel is the only important one open for its de-excitation
(y decay to the g.s. is forbidden for 0">0" transiticns. The
radiative width rrad = 1.1 meV as deduced from the 4He(e,e')
reaction has been attributed to internal pair production (Fré8)).
Section 1 discusses the structure of the excited states of hﬂe
below 25 MeV. Data from the (a,a*) reaction will be presented in
Sec. 2 together with a interpretation of the reaction mechanism in
terms of the direct-reaction theory. 1In Sec. 3, results from a
measurement of the (3He,u*) 1. ootion will be given and the

. . . . %
implications regarding the structure of the o (0+) state will be

discussed,
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states below 25 MeV

i. Structure of

.4
Only three excited states below E = 25 MeV in iie have been

estabiished so far (Fi73): the 26.i-¥2¥, 03 21.1-MeV, 07} and

22.1-XeV, 2" states. The structure of the negative parity states is
quite simple (D266). They belong to the configuraiion (ls_llp)

P In contrast, the structure of the 0+ state is more
complicated. lcs positive parity requires that the excitation of tiuis
state proceeds either by promotion of a single nucleon from the ls
sheli to the 2s shell, which lies two shells high;r, or by promotiocn
of two 15 nucleons into the next higher lying lp shell. The tota!
wave function of this state is therefor2 composed of a 1 particle-

1 hote {lp-ih) and a 2 particle-2 hole (2p-2h) componeni. It has

long bpeen known (155) that the linear combdination that eliminates

spurious c.m. molion is

.+ [ 1 .
U )= Iz o(lp-ih) + T A2p-2a, .
\J \V 4

(V=277

Assuming a harmoni¢ osciliator potentiai, tue unperturbed energy oi
this state is 2, but the actual emergy is lowered consideradly by
Lie rosidual particle-hole interaction. Using the wave functien

(1¥~27} and N = 19 MeV Vashakidze and Mamasaknijscv (Vae7)

value of 11.28 MeV for the residual interaction andé, Chus a
tion energy of 20.72 MeV which is in good agreement with the experi-

muntal value of 20.1 MeV. Accordiag to (IV-27) this state possesses

2h chsracter. Random—phase appr:imation calcu-

2 and 25T

75%

jations w.ih purely central (5z70) and realistic forces (5272) prod
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essentially the same result. However, it was found (S5z70) that calcu-
lations of the form fartor of inelastic electron scattering from AHe
underestimate the magnitude covnsiderably if such wave functions are
used. Agreement with the data could only be obtained by lowering the
1p~1h component in the wave function from 75% to about 27Z. 1In view
of this discrepancy, is is therefore desirable to obtsin further
experimental data on this state.

*
2. The (.- ) reaction

& study of the (1,1*) reaction is of particular interest since
the reaction mechanism is relatively uacomplicated. No transfer of
mass or charge takes place during the reaction. Inelastic scattering
is the only relevant process., If the target nucleus is left in its
2.5., the scattering process only involves inelastic excitation of the
« particle. In the case where the target nucleus is also excited, ome
is dealing with the interesting case »f douple inelastic scattering.
The (n,:k) reaction is expr:ted to populate the same states in the
resicuai nucleus as the (4 (') reaction, namely preferen:ially the
celiccrive states. For a target nucleus with J = 0’, the selection
rules demand that only states with natural parity, i.e., states for
which 7 = (—l)J, be populated in a direct inelastic scattering
process. (Population of unnatural parity states can only proceed
thrcugh compound nucleus formation, spin-orbit interaction, non-
simultaneous multiple-phonon excitation or direct exchange process

(Ei62)). Of course, the same selection rules apply also to the spin

a:d parity of states populated in the « particle itself. Except for
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e - a .. I
tne first excited state at 20.1 eV, 0, ai: known excitec states
LHe below 25 MeV posseéss unaatural parity and should tacrefore n

ue populated.

w.  Projected encd, v specilui

In order to cetermine whal sfaies in Lie .« paf.. .v¢ dfe poOpuialvd

. . . . 3, =
in the (4,pt) reaclior a projeclec eawigy apecirwm o fd . ¢ 265
. ¥
o 12
. ~ < -} S £ - - § ro LRFore )‘
was generatea irom the data of 5 measurement of !~ Lo, C

reaction of £ = c5 MeV usiag the az rovw collimaicr .evometry € (Tadle
B

Lii-i) and is cisplaved in Fig. IV-24a. .t caa c¢leariy be seen 2

: . . B . - .
tn. rfeuaction PrLCeCds only torougn tae o >ldle Wil.. N0 VICeNCE Il

-

transitions through the @ and I siafes consistent wit

o

inclastic scaltering wmechanisz.

. - - .
Since the G stafe s S0 we.i selafaled ML .. JlLed Sac low

states, it is possisle to it tie shape of fne spr.iiui a.uln F3.

calculatlons. Tnere has bea@n some sSpecu.al.dn .o Lhe DPasI tasl il

- ..
2U.i-MeV, 0 state coulé be another candiauze LN oa.nlilOunie Sialé

rey
(5
"
¢

since it meers, like the singzlet szaze oFf

wongition® for suca a state isee Sec. IV.a.a): ILe . a8 1 L0 ln oz

suiit analyses of Mevechoi anc

\.wli hive shiown thol Cuis stole 1§ Sost descrizes
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Fig. IV-24. Projected procon energy spectra from a) the ~“C(a,pt)
12
C(g.s. .O ) reaction at E| = 65 MeV and b) the 136(3!ie,pt)

12
C(g.s. ,0 ) reaction at E3 = 50 MeV,
He
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however, the enerpy dependence of tne phase shiit 4. is aoct parame-
k: E 5
terized in the effective range approximatien, dut i

R-matrix theory (L.aSB) firs: given by Breit and Wiy er

s derived from the

-1
AN 1Ty \
.= s iv-283
0 l..m\‘;_-')
0
whete i is the ievel width, o the resvnance energy and 2 tae
level shift. The (energy dependent) level width is defined as
.
=22 (iv-29)
P 2
wiere vy, 1s the reduced proton width and the penetration factor is
ak : ‘s
P = 5 = (IV-30)
R
(EO O)

chere a is the channel radius. The (energy dependent) level shii:

1
. . . . . 3. . .
wilch also taxes into account the nearby a- ie chaiael and thus

. . . 2 . . e . .
vontains a reduced ueutron width Yor iias been defined by wWerntz
d

- - 2 . R
(¥0b4). Four parameters (yp, Yo go,a) determine this resonance.

2 2 -
ing a set of vaiues from (Me65): Yo = 3.35 MeV, m 1.74 MeV,

o T 0.64 MeV, a = 3.3 fm the shape of the rescnance was calculated
for ¢ < 0.76 MeV and is showa as the solid curve normalized to the
data in Fig. IV-24a. Other parameter sets quoted in (Web2, Webd4,

#4e65) resulted in equally good fits to the data.
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This projected energy spectrum and the good agreement of the FSI

\ . [ P N 12 i2

calculatinns witn the data not only indicate that the c{,pt)°C
. * * g : N h

reaction proceeds as an (+, ¢ {0 )} reaction, but also confirm the
assumption (Sec. 11.A.1) that there is no significant contribution to
the data from other possible reaction mechznisms such as
15

% *
V200,00t (0 2 ane Y2t 0N (po e

n. Enerpgy spectrum

* . - 12 %12
An ¢ -energy spectrum from the reaction ~“C(,,, ) “C at

E, = 6% MeV is shown in Fig. 1V-25. Apart from reactions leaving the
target nucleus in ils g.s., transition: were observed to the well-
known collective states at 4.44 MeV, 2" and 9.64 MeV, 3. 1In
addit:on, the 7,63-McV, 0‘ state was wealy populated. This transi-
tion involves a monopole transition in both the projectile and the

carget nuclei.

c. Angular distributions, DWBA analysis

12, * 12 .
For the Cle,a0 )"°C reaction at E = 65 MeV, angular
L
distributions werc m2asured over an angular range ﬁlab =15 to 70°

and are shown for the g.s., 0+; 4.446-MeV, 2+; and 9.64-MeV, 3

2 1

states in Fig. IV-26. Like the 1ZCCL, He) 4C reaction {Sec.

1V.A.4.¢), the differential cross sections were determined using the
program SOLJAC. The distributions were then scaled to the cross
section of the vlab = 15% data which was obtained by integrating

the projected spectrum (Fig. IV-24a) between : = 0.09 and 0.80 MeV.
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Fig. IV-25, « c¢aergy spectrum from the 120 (o, (20.1,0+))12C reacction

at E = 65 MeV It = °
3 ieV and 5, . 20°,
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ti.e oscilla-

. . N + ,‘ P
The distributions of b O aud 2 stat-s exhi
tions characteristic o «=lastic and jaciastic sactieriaz. IL is

interesting to note fhet as in the (%, reaction fdabb, the osciiia-

. L ; LT . . s
tions of the distribution of tne 2 state s out of prase with that
of tue g.os. transition. Thin 1y consistent with Biasir's pnase ruls
(139, which states tnal angular distributions for scatlering to
states witiv the same {differents par.ty as the g.s. oscilliate out of
phase (in phase) with respect to the g.o. distribution.. The distribu-
tion nf thee 3 state which should esciliate ja phase with that of
Lhe 2.4, 1s struclureiess similar to the findirg of (:, ', reaction
studies (Habby.
itweoretical prediction of the shapge of the distrilbotion, for the
trausitions which oa.y excites the @ particie but not the target
nuclvus, is best performed in the framework ot the microscopic DWBA
. . . . . . +
theory of inelastic scattering (Sec. I11.B.2.b,. 17 tue 20.1-Mev, 0
. . . -1 . . . .
state is thought of as having a (Is 2s) configuration, the reaction
mechaniss can be pictured as promotion of a ls nucicon to the 2s

orbil. Mo spin or isospin change taxes place during the reaction,

thus oaily tie {non-exchange) part Voo ©f the effective interaction

(11-43) contributes.
The optical-model potential parameters used in tie calculations
were taken from (Mo79). For the entrance channel: V = 186.]1 MeV,

r, = 1.36 im, a, = 0.€J fm, W = 53.5 MeV, r,, = 1.20 fm,

\ v W
ag 0.71 fm, and for tue exit channel; V = 145 MeV, rv = 1.59,
a, = 0.55 fm, W = 29.5 MeV, L 1.18 fm a, = 0.5 fm. 1In the
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the results from a microscopic DWBA calculetion.
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lies in the fact that the Q values of the (3He,a*(0+)) reactions

are about 20 MeV smaller than those of the corresponding (3He,7)
reactions. This should affect the relative strengths of rhe states
populat>d in the residual nuclei. The structural difference between I
and H*(0+) affects a given transition insofar as the absolute
magnitude of the cross section is directly proportional to the single~
nucleon spectroscopic factor of the x and o states according to
(11-36). 1f absolute (3He,a*(0+)) cross sections are measured,

a DWBA analysis can in principle yield a value for the spectroscopic
factor Sa* of the Q*(0+) state., This quantity is of interest

since it directly relates to the lp-lh component in the wave function
(1v-27).

a. Projected energy spectrum

Figure IV-24b shows a projected proton energy spectrum from the
13 _,3 12 . o
C(“He,pt) “C(g.s.) reaction measured at E, = 50 MeV.
He
Since in this measurement the large collimator geometry B was used,
- 4 . . . s ps .
the minimum He excitation energy that can be identified is 20.06
MeV. It is apparent that only a small fraction of the transitions
. . + . P
goes through the first excited 0 state which is just separated from
the peaks from the transitions through the broad and unresolved o
and 2 states that constitute the main part of the cross section.
b. Energy spectra
3 3 *
Energy spectra were measured for the ( He,a) and (THe,y )

12

reactions on targets of 9Be (800 pg/cmz) and “°C (natural, 215

Lg/em?) at E, = 60 MeV and on 130(g0% enriched, 230
He



ﬁg/cmz) at a bombarding enerpy of 50 MeV and are shown in Figs.
3 * . . . PPN S
1V-27 to 29. The (“:de,: ) notation implies inciuding transitions

. 4, ..
through all observable excited states of He. Figure [V-2%c

. o L 13,3 * o+ 2
presents in addition a spectrum from the C(“"He,, (O it
reaction alone.

All transitions observed in these spectra involve small,
transiers; in most cases a neutron is picked up from a p orbital.
Accurding to the angular momentum matcnfng condition (1V-13), optimum
cross section is therefore obtained for transitions with Q values such
that the angular momentum mismatch L (1V-12) is smail. 1In these
reactions, this conditions is met for Q@ - 0 MeV.

Tne «ftect of the matching conditions is clearly borns out in the

. R _ . 9. /3, .

speclra shown in Fig. iV-27. For the “be{ e, +) Be reaction,
Qg ~© 18.92 McV which results in mismatched transitions near the g.s.

8 . . .
of B¢ and thus reduced cross sections. On the otaer hand, since

_ 3 * : 9
Qg = ~1.18 MeV for the (“He,«« ) reaction on “Be, the g.s.
transiiious are well matched and the transitions to the excited states
of ®Be are mismatched and reduced in yield.

. . - 12
Comparing the spectra obtained from the reactions on €
(rFig. IV-28) shows considerable similarity because Qo(3He,u) =
13 .
1.86 MeV. For the spectra from the "~C target (Fig. IV-29) the same
9 . 3 :
statcments are true as for the “Be target, since QD( He,2) is
also quite positive (15.63 MeV). Comparing Fig. IV-29b and ¢ no
difference in the relative population of states in 12C can be

* *
orserved in the spectra from the (3He,a ) and (3He,u (0+\)

reactions.
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3 3 * -
In all these spectra, the ("He,x1) and (“He,ux ) reactions
populate the same states in the residual nuclei for a given target as
is expected if both reactions proceed as a direct neutron pickup

process.

c. Angular distributions, DWBA analysis

Angular distributions for the (3He,u) and (3He,g*(0*))
reactions on 13C were measured at a bombarding energy of 50 MeV and
are shown in Figs. IV-30 and 31. The (3He,u*) cross sections were
obtained by integrating the projected proton energy spectra such as
the one shown in Fig. IV~24b between * = 0.3 and 0.8 MeV which corres-
ponds to EX(AHe) = 20.1 to 20.6 MeV. The necessary correction for
the unobserved part of the data (Ex < 20.1 MeV) was obtained using
the spectrum from the (u,n*) reaction (Fig. IV-243). This spectrum
was first integrated between ¢ = 0.08 and 0.8 MeV ard the. between
= 0.3 and 0.8 MeV. The ratio of these two cross sections then
served as a correction factor. Absolute cross sections determined in
this way are estimated to be accurate to about t40%. More reliable
values could be obtained from an experiment ucing the narrow
collimator geometry C. However, the reduction of the solid angles and
thus the coincidence efficiency makes such a measurement essentially
unfcasible. A more practical detection system would involve a 1. ge
solid ungle geometry and position-sensitive detectors.

A DWBA analysis of the angular distributions from the (BHe,q)
and (3He,u*(0+)) resctions has been performed in the hope to

. PR . * o+
cbtain spectroscopic information on the a (0 ) state. According
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to (11-36), in EFR DWBA the projectile spectroscopic {actor $, can
be directly determined if the target spectroscopic factor SB is
ancwn.  Thus, the following procedure was chosea: first the (jhv,=)
gala were analyzed to find the absolute target $-factors SB using &
Livoretical vaiue tor SJ. The extracted values of SB servel then (o

. * N . 3 e,
wine S from an aaalysis of the (“He, . (07} data.
¢

" e . 13 .3, 12 .
1ne BFR DW3A calculations of the C{ e, v “C reaction wery
peritrmed using optical model parameters for the entrance channel
. < 3 . . 2
tneen from a stucy of 30 Mev “He elastic scattering on C

r = 1.4 in = (6.572 fm, W = 20.31 MoV,

vnenyli Vo= v Ay
r. = 1.7 Im. a, = 0.537 im. For the exit channel, the parameters
S

- . - . 12 . PPN
were faken from an analysis of 56 MeV 't scattering on ¢ (Gab9:

Vo= 2i6,86 MeV, ry © i.3 fnm, a, = 0.58 im, W = 28.05 Mev,
v = 1.5 im, Gy = 0.32 im. The target bound-state wav. functinns
W .
i witl HO0G S=S a0 ial with X o= VA
wele generated witl a real Woods-Saxon potential with X = 1.25 - 1Z

coono= 0009 fm. rFur Liee projectile boune .rate, oo

el 0y

A7 1.86 fm and a = 0.65 {m was used.

results of the calculations are shown as soiid iines in Fig.

Iv-3i. (For comparison purposes, this figure also gives the resali=x
irom R DWAA calcuiations which are represented by dashed lines).

ol curve was individually normzlized to the data witihi the target
. . . . 2.
spectroscoplc factors listed in Table IV-6 using T 5

= 2 as calcu-

ted from (I1i-28). Also given are tne S-factors obtained from a Uw.A

s of the data taken at ES = 60 MeV as well as the theo-
lie

retical values of Cohen and Kurath (Co65). Furthermore, relative
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experimental S-fuctors from an anulysis ot the ‘3C(p,d)lzc reac-
tion (Sc70) are listed in Table IV-~6. All relative S-factors have
been normalized Lo the 12.71-MeV, 1" state. Good agrecment exists
asetween the experiwental and theoretical absolute and relative
S-factors except for the g.s. and 4.44-MeV stace. It seems tlat for
Lhese two states, the theoretically predicted values are too smali.
¢n the other hand, the experimental S-factors are semeshat uncertain;
transitions in the (3He,n) reaction lcading to these states suffer
trom angular momentum mismatch which wmakes their calculated cross
sections and particularly their absolute magnitude very sensitive to
variations of the parameters that go iato tiie DWBA.

In the DWBA analysis of the 13C(3He,~x*(0+))120 reaction,
Liw sane optical model ana bound state parameters have been emplioyed

tiie results are shown as 3olid curves in Fig. IV-31., Whereas the

o erimental distributions exponentially fall off with increasing

and are structureiess, the EFR as well as the ZR DWBA calcula-
t.on-, which are shown as dashed curves, oscillate and only reproduce
the general trend of tne data. This discrepancy could indicate that
the reaction mecranism differs from that assumed in the present
analvsis.

Normalization of the calculations to the data using average exper-
imental target S-factors (Table IV-6) yielded Czﬁiﬁ = 0.14 for the
2.5, and 0.12 for the 4.44-MeV state. Unfortunately, the uncertainty
in thuse S-factors is quite considerable since their determination is
and

pused on (difd’) the uneertaiaty in the

cxpt OB “bwBA”
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cxperimental cross section and the target S—factoss has been discuused
avove. As for the theoretical cross section, it
. . 3. L PPN
too suffers from substantial uncertainty. Althoug! the (THe,, (0 ))
tran~itions are well matched, the absolute magnitude of the predictud
cross scvction is quite sensifive to parameter variations. Considering
P 2. % .
all these uncertainties, the error on the average value C Sr =0.13
ot
is at least 50%. Based on the jj coupling shell model, one finds frem
(11-2%) a thneorectical value CZS(: = 0.5 assuming a pure (15—125)
. - - + L
configuration. According to (IV-27), the Q state has only 75%
. \ . 2
Ip-ih character which reduces the value of C %‘* to 0.38. The
experiinental S-factor is thus about three times smaller than the
theoretical one, This indicates that the lp-lh componcent of tie wuywe
function is smaller than that assumed in (IV-27) which is consistent

with the result obtained from (e,e') form factor calculations.



V. Summary and Conclusions

A detection system has been developed which is capable of
measuring the unbound outgoing reaction products 2He and u* by way
of detecting in coincidence the two breakup particles p + p and p +
respectively, This system has been employed to investigate in detail

*
2He), (a,zHe), (d,zHe), {w,u ), and

. 3
the reactions ( He,
3 oL - .
(He,: ) in order to explore their potential uscfulness as a
spectroscopic tools as well as to obtain an understanding of the
mechanism of reactions that produce unbound particles in their final
states.
. 2 3 2
For the three reactions that preduce “He, the (“He,“He),
2, 2 . .
(\,"He), and (d,"He) reactions, proi:cted proton encrgy spectra
wiere generated in order to establish that one is dealing with “He
and not just two uncorrelated protons. These spectra indeed showed
the characteristic enhancement of the cross section at small relative
pp vnergies which arises from the final-stite interaction hatween two
. 1 2 . -
protons in the 50 state of “He, and which is well reproduced by

the theory of Watson and Migdal. Angular distributions from the

12C and 130 at an incident

($He,2Fe) reaction on targets of
energy of 50 MeV were analyzed with standard DWBA calculatioms.
Excellent agreement with the data provided further justification for
treating ZHe as a quasi-bound nucleus. The (u,ZHe) reaction was

. 12 40,
then studied on 16 targets between C and " Ca at Eu = 65 and 55

MeV for its promisc as potential spectroscopic tool to investigate

high-spin 2n states in light nuclei. In this survey, it was found



that the (u,ZHe) reaction indeed prefereatially populated in p-shell
nuclei states with (d5/2)2+ configurations and in sd~shell
nuclei states with dominant contigurations (d3/2£7/2)5- and

(f A linea: A dependence of the binding energies of the

2+
7/276 "
5™ and 6" states was observed which was explained by the theory of
Bansal and French. A more complicated process that forms 2He as an

outgoing particle, the (d,ZHe) reaction, was measured at E, = 55

MeV on targets of 6Li, 108, and 12C and comparcl with other

charge-cxchange reactions, such as the ‘n,p) and (t,3He) reactions.

Whereas the latter two reactions may proceed by both non-spin-flip and

spin-flip processes, the (d,ZHe) reaction is more restricted, since
only spin-flip transitions are possible; the (d,ZHc) reaction is
thercfor: a useful complement to the reactions induced by spin 1/2
projectiles. Angular distributions from the (d,zHe) reaction were
found to be in good agreement with microscopic DWBA calculations,
which indicates that its mechanism is consistent with that of a direct
charge—-exchange process.

The detection system employed here permitted a measurement of a*
states up to Ex = 25 MeV. In this region, there are three known
excited states, the 20.1-MeV, 0" state and the broad 21.1-Mev, o
and 22.1-MeV, 2 states. In the 12C(a,a*)lzc reaction at E =
65 MeV, only the natural parity state at 20.1 MeV in u* was popu-
lated as is expected for a direct inelastic scattering process.

Further evidence for an ilnelastic scattering mechanism was ootained

from the result that both the states excited in the residual nucleus
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howe L toas Lie o bdatory chiaracter o the pesultanl o anpular Jdisinr.

Uatlivas were s1milz fo those observed in the standard (.,.') reac-

o

W . . . . +
2. Wnereas the {+, ) reaction ouly populated thv 20.1-MeV, 0

. * . 3 * . - .
state iao o, the {“He, v ) reaction was found aiso to populate
strongly the higher lying U and 2 states. A comparison of the
eray spuckra medasured at E} = 60 MeV on targets of “Be,

iie
- i3 s 3 . \
G, oL P20 with teose from the normal (THe, ) reaction showed

states in the residual nucled

thal both reaction. populated tne same
pLlowitn diftercal relative strenglis dae o the Q-vilue dependernce i

Lhe SencLion cross section.  An EFrC DWBA Gt tiee

Vo ; SE0 0t Cran oof . .
v, 1) ana CC e, (201,060 )) reactions leading to

. . + L1z
and 4.54~NeV, 20 states in C was used Lo extract

L

. . . . + . L
sioctroscopic information on the 20.i-MeV, G state of THe.

¢nsion of the experimental technique employed aere to the

getection of other unbound particles (Ko73) is straisntforward. The

t system can be used without modification to study reactions

;r:' LS FRY
3/27) - 4« i,

et produce nuclei such as

(o185, 3%) v d + wand LT (4.633, 7/27) ~t +

fivwever, In order to improve the energy resolution, it wouid be
oo Tranle Lo use poLition=scensilive deleclors Lhat permit a redoclion

i the kinematic broadening without loss of coincidence efl{iciency.
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Appendiz. Solid angle computation program SOLJAC

*
The program SOLJAC calculates for the reaction T(P,(1+2) )3 the
lab solid ingle dl: into which the unstable particle (1+2)" is

emitted with a lab energy E before it breaks up with a fixed

1+2
breakup enecrgy into the particles 1 and 2. Their lab encrgies E,
and };? are measured with counters whose lab solid angles are d.':l
and df:z, respectively.

For particles that break up with no relative angular momentum, the

c.m. cros. section is according to (I11-10) given by

2
de _ 4m de d o 1
Pl T T 9E, dial ta-1)

3-12 12 1 172

where d /dl:'l is obrained by differentiating (I1-7) wiich yields

& 1 dE, \ﬁnlmz (Ez+ﬁldr:2/dﬁl)wgr,lz\
T ol R A d— - — / (A-2)
1 172 E, ‘/hIE‘Z

whure dEz/dE1 is given in (Oh65).

Conversion of (A-1) to the lab system is most conveniently
performed by using the fact that for large values of L and mg the
values of the c¢.m. variables approach those of the lab variables. 1In
the limit of m, and thus, also my >, the two systems become

indentical:

o . da
E8 o lim e (A-3)
da €y 19



. als 1 1 de
fandr M FT TG

2
d”
= 47 F oo
duldl.2
where
F = lin 45
J di
mye 12 1

o 1 . dr

= lim — lim —_—
m 12 m dEl
3 SR

Using (II-9) one finds

,/mlmz(EZ—El) cos 912

. 1/2
lim —1 = bl+2[
my= Iy iy
Since
. a8, .
. dE|
M3
one obtains using (A-2)
: de 1
Iim == = m,-m, -
e & T @y (2T

™3

vV EE,

(A-4)

(A-5)

(A-6)

(A-7)

(a-8)

(A-9)

(A-10)



142

and the final resulc

1 Vg (EpEy) cos 6, ) By e

m
m, 4m 271
1 72 \{EIEZ

The program SOLJAC first calculates f-~ given values for E

€4 My, my, and counter geometry the ang
between the centers of dhl and dii. Then,

computed using (I1I-7) and

a Ef +bE +c=0

where

- 2 2
a = (mz—ml) + 4 mm, cos 912

o
It

2
2d(ml-m2) - 4(E1+2 + E)mlm2 cos 0

E)

12

B

£y

1/2

i £
separation & ,

and E

2

are

(a-11)

1+2?

(a-12)

(A-13)

(a-14)

(A-15)

(A-16)

(A-17)



143

The solutions of (A-13) are

(A-18)

E v, - E. . (A-19)

- Lo .2 .
fouation (A-18) possesses (real) solutions only if b° - 4ac. This

puts g limit on the maximum possible value of “i2 wihich is deter-

mind from the condition b™ = dac and is given by

. | \1/.,"'

R T C d
RPN R A A (a-2y)
e | 12 172

rar both solutions of E1 and E2, F is calculated and summed up

prosiced the data contain contributions from both of them (two peaks

in the projected energy spectrum d%Yd-ZdI;dE ). The lab cross
Proej p 1< 95

soction and solid angle are then given by

.. 2
g p dd _ (a-21)
! 19 2
al
da o= Loang . (a-22)
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In the case of large solid angles, d7. and d._ are divided

1 2

into smaller ones:

d:(; = d:zl/m (A-23)

a:d = diy/n (a-24)
For cacih combination i) the program determines 5;%, 1f ”i% < GTZX'
El', E?', and F.. are calculated, otherwise F.. = 0.

1 2 1] 13
The avcerage cross section is then
m 2
d 4y d d0
+ - —2 z z o= ) (A-25)
: o L i dn

where M is the number of combinations ij for which a;% < 'Tgx

The average lab solid angle is then given by

dg = M /(/mi Z iy 3 dQJ) ; (A-26)

A=1  j=1

1f m then dii is multiplied by two. If the breakup energy

17 "2
does not have a fixed value but follows a distribution f(;) (deccay

from a broad state), then dR is calculated as a weighted average

ff(a) ae) de

J[f(c) de

aqQ = (A-27)
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