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I. Introduction 

Studies of reactions that produce outgoing particles in unbound 

states have in the past primarily been focused on processes that forn 
8 Be in its ground state, which is unstable with respect to breakup 

into two a particles. Although such experiments are somewhat compli­

cated, because they 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-
Q 

Cure and the large ct-spectroscopic amplitude of the Be g.s., the 
o 

(a, Be) reactions has been shown (Wo76) to be an attractive mean;; to 

study a-pickup processes which are important for the understanding of 

a cr-clustering in nuclei. Furthermore, it has been demonstrated 
9 8 (St77) that the ( Be, Be) reaction allows one to investigate a 

heavy-ion induced neutron transfer reaction with a projectile in which 
9 the transferred neutron is very loosely bound since Be possesses 

the smallest single-neutron separation energy of all known possible 

projectiles. 

The experimental method used in the detection of Be 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-
2 * 

daces have been studied here in detail: He and Q (excited states 
of He below E = 25 MeV). x 

2 Detection of He as an outgoing system via a p-p coincidence 

measurement has been prompted by the fact that the (a, He) reaction 
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might be a potential spectroscopic tool to investigate hign-spin 2n 

states in nuclei, similar to the (rt,d) reaction which has long been 

known to populate preferentially high-spin np-sf^ces in the residual 

nuclei. Such 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, 

ma inly populates the i.ow-spi n states due to the fact that triton beams 

=re currently limited to energies below about 25 MeV and the Q values 

are quite positive. Other re^Jtion processes can also be investigated 
2 ii one succeeds in detecting He. Of particular interest is the 

2 
charge exchange react i on (d, He) which should complement the (n,p) 

3 . aim (i, He) reactions. Whereas the latter two reactions are limited 

in the i r generai application because of difficulties associated with 

the production of (neutral) neutron and (radioact ive) tr i ton beams, no 
2 

such i imi tat ion exi sts for the (d, Hey reac tior. since there are no 

major problems in the acceleration of deuterons to high energies. 

DececLLon of u particles in excited states, all of which are 

unbound, is possible by way of a coincidence measurement of two of the 

breakup produc ts p and t, which can be done with the same detection 
2 system th^t is used to observe He. Although many reac tions produc-

* * 
ing < states can be investigated with this technique, the (c: ,'i ) 

and i. lie, i ) reactions are particularly interesting from the point 

of view of their reaction mechanism as well as their spectroscopic 

application. 
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Section II presents some aspects of the three-body kinematics and 

the uirect-reaction theory that are most relevant in the analysis and 

interpretation of the experimental data. In Sec. Ill the experimental 

technique is described and Sec. IV presents the results and discussion 
3 2 2 2 

of the measurements of the ( He, He), (a, He),(d, He), * 3 * C a, a ) a nd ( He, a ) reactions. 



A 

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 particles 1 and 2 are measured in coincidence, .>6 in the 

experiments discussed here, then sufficient information is obtained to 

de fine all 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 (II-l) 

or tue reacti on can go through an intermediate unbound state (denoted 

with an asterisk.) which subsequently decays into two particles 

Ci + 2} + 3 J (II-2) 

P + T - { 1 + C 2 + 3 ) / - 1 + 2 - 3 (II-3) 

(1 + 3)* + 2 (II-4) 

All these mechanisms must be considered and in general it is 

impossible to isolate completely the different contributions to the 

data. However, it is just an advantage of kinematically complete 
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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 (cm.) system, it is necessary to 

specify a suitable cm. system (Oh65). For the case (II-l), the total 

cm. system c is appropriate whereas in dealing with mechanisms (II-2) 

to (11-4) the most suitable cm. 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 

(II-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 (Oh65) 

- [£ 1(m 1+m 3) + E 2(m 2+m 3) - 2(m pm 1E pE 1) cosS1 

2(m T Jm„E nE 0) i cos60 + 2(m 1m nE 1E„) 1 / 2cos6 l 2 j (II-5) -p«.2~p"2/ — * 2 * ^ r 2 ^ r 2 ^ 

Q + E p (l-mp/m3) 
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where m, E p, and Q denote the nuc'ear mass, projectile lab energy 

and reaction Q-value, respectively, and 

cos& = cosu cos« + !>in̂ . sinO co5<?.-9,) (11-6) 

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

and **' C, , **_, and 0- are spherical polar angles, all defined 

in the lab system. 

It is apparent that an infinite number of combinations of E. and 

E„ satisfy (II-5), keeping all other variables constant. This is a 

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

combination of E. and E ? corresponds to a d fferent energy E_ 

and emission angle *<_. Furthermore, the solution of (II-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, (11-5) describes a closed curve. (In the E. , Y.J 

space it is an ellipse). Such a curve is called a kinematic locus. 

As an example which is typical for the reactions discussed here, 

Fig. 11-1 shows a two-dimensional spectrum of E vs. E from P, P 2 12 14 . 
the reaction 65 MeV •J. * C -*• p + p + Cin which the two protons 

were measured at 9j = x>2 = 15.8° and A$ = ^ - ^ = 37.4° (3., = 10°). 

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

The solid curves represent the kinematic loci for the reactions leav-
14 ing the unobserved C nucleus in its ground state (g.s.), 6.73-MeV 

c.iU iJ.72 veV states and were calculated with the three-body kinema­

tics program of Ohlsen (Oh65). 
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F i g . I I - l . Two-diirensional p ro ton energy spectrum from the 

"C(-j.,pp) C r e a c t i o n a t E r t = 65 MeV. See c e x t . 
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As can be seen, tor this reaction (11-5) is single valued except 

near the maximum values of £. and Z, because m. +-m. -'•' m. and 

the incident energy is hiyh, as is true for all other reactions inves-

Ligated here. Within the experimentally observable region, however, 

the lower branch of the kinetnat ical solution does not exist and will 

therefore not be considered here. 

Any structure on these kinematic loci can be associated with 

in termed iate states furred in the react ion. In order to identify 

these status, it is u;.e£ul to calculate for each point of a kinematic 

locus the relative: energies E.__, E*>_-i» and E, ., which can be 

related to the excitation energies of the intermediate states 
•A- -k it 

Cl+2) , (-+3) , and (1+3) abov. the threshold for breakup into 

the particles 1 and 2 % 'I and 3, and 1 and 3, respect i vol v. The 

relative energy E, ? , which will • L-jsequent ly be denoted by e, can 

readily be derived from a velocity vector diagram and is given by 

— - (m„E. + m.E_ - 2(m.m^E 1 E-) 1'2cos-'i , 0 ) . (II-7) m 1 + m 2
 x,"2"l "'1-2 ' v r f \ " l ' ""'12 

Accord ing to this equation, a smalI value of c is associate d with a 

s.::al 1 angle 0. . Since the present experiments dea 1 with react ions 
* 

that form an intermediate system (1+2) in a resonance or resonance-

like state near threshold and therefore require the detection of par-

ticLes 1 and 2 with small relative energies, the angle i.1,,, which 

corresponds to the angular separation between the two counters, was 

citosen to be small. Under these conditions, the relative energies 
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H„ - and £,_•, and thus the excitation energies of the respective 

interred iate systems arc large because part icle 3 is en it Led in th * 

c.n. system in the opposite direction froir. particles ! and 2. Since 

on ly rare Iy are there strong resonances at these h igh exc: tat ior. 

energies, the cru^s sec t ion for the product ion of such interred iat<-

siaL'-s is norr.aliy negligibly snail. Therefore, the structure on the 

ki nc:r..\t; c luc i observed in these reactions can ent i re 1 y be assoc iateu 

wit;. intermediate states of the (1+2) system. The dashed lines in 

i'i,:. LI — 1 represent all points of E and E for which r har 
P ! P 2 

a Lonstant value. They were calculated ior •- = 0.5, 1.0, ar.c 2.f- » V 

and .'ire shown only on one side of the diagonal line E — H , 

since for the special case of m, = m, and • . ~ • ,, the spectra:.. 

i •. .̂ y:.jneLr ic;. 1 aî i-ut this 1 ine. Th is means that on a given locu'. 

tl.erc- are two points for a given value of , on.- viti. 

r- • E an(i another one with £ > E . U is 
h p 2 Pi P 2 

important to nou- that these two cases correspond to two d i f ferer.t 

types oi events. For this particular reaction a;.J director set;:p 

they :epresent events in which C1+2) is emitted Deiow and above tl.e 

hor i zonta 1 react ion pi ane, respectively, with the sair.e energy. 

I.c-vvtr, in the more general case of •'.. * •'• and/or m. r- m , 

oolh energy and ar.^le at wh ich (1 +2) emerges differ for the txco 

cases. In the present experiments, these differences are quitt: 

sma11 and , therefore, neglected. 
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Whereas for a given locus the lower limit to ^ is a funcCion of 

•' the upper one is determined in these experiments by the energy 
14 cuL-offs of the counters. As can be seen in Fig. II —1, f<~<~ th* C 

g.s. and 6.73-MeV state it is the upper cut-off, whereas for the 

10.72-MeV 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-body reaction and shown in Che 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 E. axis and ii) the entire two-dimensiona1 spectrum onto the 

lino I,, - E 2. 

A projected energy spectrum d o/dlij ct^^Ej of a given 

k inemntic locus onto the E. axis is useful in determining what 

i ntiTin-'d i ate stated a reaction goes through because it exhibits the 

structure of the kinematic locus more clearly than the two-d imensi onal 

spuetr..m. Figure II-2a shows such a projection of the locus corres-

ponding to the C, 10.72-MeV state in Fig. II-l. Note that the 

inserted -.-scale is non-linear as a function of E - As will be 
Pi 

shown in Sec. IV.A.2, Che structure of this spectrum can be associated 
* with a definite state in the intermediate (1+2) system, namely th-

1 2 

S„ state of He. 

In order to compare such projected spectra with theoretical calcu­

lations it is necessary to convert the lab cross sections to the cm. 
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system in which the calculations are performed, or alternatively to 

convert the theoret ical cross sections to the lab system, as is 

soraet imes done. Since in the present experiments one assumes that the 
* 

reactions proceed through some intermediate state (1+2) , the appro­
priate cm. system is the sequential decay system c'C3). The relation 
between the lab and the c'(3) coordinate system can be found from the 
theory of Jacobian coordinate transformations and is given by 

d V:; 2d E l 12 d-V^dr^d. (II-6) 

here the Jacobisn J is given by (Bu72, Ja76c, Oh65) 

j _ °^;3-]2-"l-2-'-) _ 1 m 1m 2.n 3p 1p 2 

1 2 SC.VJ.-.J.EJ) PB-lZ^S-U'-l-ZPl-Z n (p -f)p I ' 

p; ! 

These projected energy spectra not only help identt fy intermediate 

states, but also allow one to extract the cm. cross section 

d_'/d.̂ _1_ for the production of \i+?) . If particles 1 and 2 are 

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

is isotropic in their own cm. system and CII-8) can be integrated 

over d .•. and one obtains 



InU.-j;1 at. ion over df. then yields the c m . differencial cros 1 section 

for relative ';nef>ier, between r , and r 

J 1 2 d^l d-' 2
d El d '3-1 

An appropriate choice of i.. and r must be made. If the intermedi-

ate st.ite is a narrow Breit—Wigner type resonance state (e.g.. Be 

g.b.), the integration limits should contain the entire peak. If, 

however, the state is so broad that only part of it is inc luded m the 

data, given the experimental limits to the observable relative 

energies, then t. and ; must be chosen accordingly and specified 

explicitly. Integration of a projected energy spectrum, as the one 

shown in Fig. II-2a, should extend over only half of it since the two 

parts of the spectrum correspond to two different types of events as 

discussed in the previous section. Furthermore, the resulting cross 

suction d ;/dii) ,„ must be divided by 2 if particles 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 E. axis can indicate what 

intermediate state a given reaction goes through, spectra generated by 

project ing the ent ire two-dimensional spectrum onto the line 

E, = E allow one to determine what states ar<= populated in the 

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

particle 2 possess exci_<_d states). Figure II-2b displays such a 
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E = 65 MeV obtained by a) projecting the kinematic 

1 + li locus of the 10.72-MeV,4 state in C onto the E -axis Pi and b) projecting the entire two-dimensional spectrum 
(rig. II-]) onto the line £ = E . 
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projected spectrum d ;/dx dfi d(E ,+E ) obtained from the data 

shown in Fig. 11-1. Since the reactions investigated here proceed 

through a definite intermediate state in the (1+2) system, such 

projected onergy spectra will be referred to in a way common for two-
2 body reactions, in this particular case as He energy spectrum from 

the C( >-, He) C reaction". The width of the peaks observed in 

these spectra is hardly affected by the curvature of the kinematic 

loci, since the latter are almost straight lines in these reactions; 

(t\\c wi di_h is pr imar i ly a resul t of the kinematic broadening intro­

duced by the f in i 11* sixe of th* counter solid angles, as noted below.). 

B. Pirect-React ion Theory 

1 . De fi n i tion of cross sec ti on 

Every nuclear reaction represents a transit!on of a given system 

from an initial Co a final state. According to Fermi's Golden Rule 

No. 2, thu quantum mechanical expression for the transition 

probability per unit time for such a change of a system Is given by 

1 \ l c . [Z p (11-12) 

where T f- = <fjvji> is the matrix element of the perturbation 

operator V that causes the transition and p is the (momentum) phase 

space factor which represents the number of final states per energy 

inLerval. 

In reaction theory it is more customary instead of dealing with 

transition probabilities W f. to deiine the concept of the reaction 



15 

cross section as a ratio of rhe transition probability to the inciri*-nt 

particle current density 

j- = hk./,. • = v- , (11-13) 
Ji 1 ' 1 I 

d ; = V, ./v. . (11-14) 
f l l 

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

for the differential cross section 

l l li ! T ' 2 . (11-15) 
!l P; ' f 1 ' 

\: a reaction produces only two final particles (P+T -+ 1 *•/), tin 

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

d E f (2:;h ) 

3r.d ono obtains for the differential cross section 

(11-16) 

Vr kr,^),2 
"•- '2a h 2 ) 2 k. ' T f i 

(11-17) 
'f (2n 

The superscript in the transition matrix element denotes the fact tha 

Tfi is calculated 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+T -*• (1+2) +3 -* 1+2+3) the phase space 

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

dp3-12dPl-2 

<"W 2-' ) 6 

" (P3-12^3-12Pl-2"l-2 d n3-12 d r'l-2 d E > / ( 2 r t , ) 6 " ( I I - 1 8 ) 

By substituting (11-18) in (11-15) one obtains for the triole differ­

ential cross section 

d 3 a _ P i ^ - 1 2 k 3 - 1 2 | T ( 3 ) , 2 p l - 2 p l - 2 f T T i < n 
d ! 3-12 d ! i l -2 d E " ^ W T l f i ' 1 ^ ~ 

1 
(3) . where Tf- is computed for three final particles. 

If particles 1 and 2 possess no relative angular momentum then 

(11-19) can be integrated over dQ,_„: 

d^o l,ip3-12 3-12 ln,(3),2 yl-2pl-2 = 4* -i-f±± -^-x- |T£' r ' A LX • (n-20) d V l 2 d e <2.fV k. ' f i ' ( 2 f fft) 3 

Furthermore, integration over de yields 

ii_. r \ v ^ ^ i t ^ v ^ { i i _ 2 i ) 

J-12 / UT T I I V k. t l (2nli)-i 
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where the integration jimits should be chosen consistent with Chose 

used in calculating the experimental Ci"-,cc action (H-ll), 

Evaluation of (11-20) and (11-21) requires a computation of the 
(3) matrix element T.. . Since such calculations are quite compli-
tl T r 

cated c:.d cannot be handled by standard reaction models, one is forced 

to resort to some approximations. In the simplest approximation, 

da/dfL_._ is set equal to the two-?>ody cross section (11-17) under 

the assumption that (1+2) is bound or at least much longer lived 

than the typical reaction time for a two-body reaction, which is of 
-21 the order of 10 s. It is then possible to employ standard two-

bcdy reaction models, such as the distorted-wave method which will be 

discussed in Sec. 2 The approximations used to interpret the rela-
2 

tive energy spectra d a/d?L ,-dr. are the subject of the final-

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

2. Distorted-wave theory 

The standard method of calculating the differential cross section 

dc/d^L (11-17) 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 formula? and aspects will be presented here. 

In the DWBA theory the transition amplitude for the reaction 

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

T f i " j d ? i J <l? £4" )V f,? £)<B,bjV|A >a> x[ + )(ir. >V • ( I I" 2 2 ) 
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The wave functions x .; and )/ f doscri.be the relative 

motion of the pairs A,a and B,b, respectively, in the presence of 

distorting effects arising Erom the Coulomb and nuclear interactions. 

These distorted waves are in practice generated from an optical model 

potential (usually of Woods-Saxon form) that describes the elastic 

scattering in the appropriate channel. 

The matrix element <B,b|V|A,a> is called the form factor and 

represents an integral over all coordinates that do not depend on the 

reaction coordinates r. and r f. It plays the role of an effective 

interaction responsible for the transition between the scattering 

states X- and X f and contains all the nuclear structure 

informati on. 

Since the calculation of the form factor, and hence the DWBA cross 

section depends on the type of reaction, the transfer and inelastic 

scaLtering reactions investigated in this work, will be discussed 

separately. 

a. Transfer reactions 

For a stripping reaction A(a,b)B with B=A+x and a=b+x, where x is 

the transferred nucleon (or cluster of nucleons) the form factor is 

given by 

<V>b\v\A,a> = <-i' B*bi VaiVa > (U-23) 

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

approximation (Au70) taken to be the interaction betu^;. b and x. In 

http://doscri.be


19 

order to evaluate (11-23) it is convenient to use the fractional-

parentage expansion (Ma 60) 

V J B V - 1 < J BVI-V T A'.J > W T A ' V J } ( I I ~ 2 4 ) 

A' 

I (s t ) = Y <s t {Is. ,t. ,,s> *. ,(s, ,t. >>;> (s) (11-25) 
a a a £_, a a l l b b b b b 'a 

b' 
wh^re the expression in brackets represents a coefficient of frac­
tional parentage (c.f.p.). Integration of (11-23) over all target and 
projectile core coordinates then yields 

<B,b|viA,a> = C BsJ / 2C,si / 2^rt A x)V.(? b x) < ( ( ICt b x) • (11-26) 

The (normalized) wave functions _̂ and if> are called bound state 
B a 

wave functions and describe the motion of th^ transferred nucleon x in 

IS and a, respectively. They are usually approximated by shell-model 

e)'nonfunctions of a Woods-Saxon well with an eigenvalue equal to tin' 

nucleon separation energy. S denote the spectroscopic factors which 

are defined as (Fr60, Ma60) 

SB = n B < J B T B { i J A T A ' > 2 ( 1 I ~ 2 7 > 
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S =• n <s t {|s. t. ,s>2 (11-28) 
a a a a b o 

where n is Che number of equivalent active nucleons. The factors C in 

(11-26) are isospin coupling Clebsch-Gordan coefficients. 

Using (11-22) and (11-26) one finds for the transition matrix 

element 

hi - c B ^ / 2 c

a

s y Y d r V d r ^ x ^ ) V k f r r f ) ^ ( " V'Ax' 

* V (r. )v (r. )x?+)(k.,r.) - (11-29) 
a bx a bx 1 1 x 

Comptitnt i ons th,-it carry out thi s six-dimensional integrat ion are 

referred to as exact finite-range (EFR) calculations (Au64, De73). 

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

oftun desi rable to introduce the zero-range (ZR) approximate on by 

replacing the radial dependence of the interaction potential V by a 

p-function 

V (r, )^ (r ) = Dn£(r, ) (11-30) 
a bx a bx 0 bx 

D() - Jti bx "a^bx'^a^bx' (II-3D 

which reduces the six-dimensional integral (11-29) to a three-dimen­

sional one 
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Tfi - s ^ V y s / ^ * ^ ^ * ! * ^ ( l l- 3 2 ) 

and facilitates the computations considerably. The ZR approximation 

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. e'pansion (11-25), the wave functions of a and b are 

factored into a spin and space part and only the sKin part is expanded 

in terms of c.f.p.'s. Integration over the internal space coordinates 

P is then explicitly carried out using realistic wave functions. 

Thus, in (11-26), V <r, ) is replaced by 

A x ) = / d ^ b ( p > « . t ? t e ' p > ( I I - 3 3 ) 

which is an (unnormalized) single-particle radial wave function, and 

S is calculated 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 composed of 

a orbital part I and a spin part s and is restricted by the selection 

rules 

{II-34J 

In ZR, but not EFR calculations, the parity change ;.r = uta)7r(A)r (b)- (?) 
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W(p;:r- •( J ) denotes the inu*rnal parity of particle i, restricts th^ 

poss i ;J 1 e > values according to /.-=(-]>'. Contribut ions from di f ieren: 

mul t i prii.-s ax .1 added up incoherently if no spin-orbit interaction is 

incJiuicu in the calculation of the distorted waves. Otherwise, only 

tin- M.;:I <-wr thu d i I i r*rent j values is incoherent. 

A i . the DWbA analyses of transfer reac t ions were performed in thi * 

work usin;; the KFK UViiiii program LOLA (De7jJ and the ZR DWbA program 

DWUCKa (Ku"M). Thu following gives a summary of the relationships 

ht'tw.-*n (he experimental cross section and the cross section calcu'a-

LciJ \>y tiu-se two pro;-rains for stripping as well as for pickup 

rear : 1 on:; 

ti'r'H :iivi;,rara LOLA 

-si r i pp i nj; re a.: t i rm A{ a , b)B 

;• 2 J „ + 1 
^ — " -// , C^S..C2S (2. + DW2;:;- (11-35) (.1.; iJ+i il il a a LOLA A 

-p ickup re.TC tion B(b, a)A 

$r ' irn ^ c ! v a t " » ! ° L ( I 1- 3 6' 
ZK prorram DWUCK4 

-sir i pp i ng rcac t ion A(a,b)U 

2 JB + 1 * 2. D0 W , , 
2J-H SV'^a 7T 2j»J (U-37) 
A 10 J 
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,. 2 J B + 1 „ 2 C 'UKUCX4 

2 D 0 K = C S — , ( 1 1 - 3 6 ) 

-pickup reaction 5(b,a)A 

2 / 2s +] D (T'_,_.., 
- a r 2

s r 2S — D"1'c'lA (11-39) 
2s.+l l B S B a J a ..4 2j *1 U I J S ' 
b 10 

f 
,. „? . '"'UWUCW = î  C. b., B 2J-1 

N = —r- C'S -^-r (II-40> 
'V1 a a io* 

b . I r.'i last i c scattering 

Since in inelastic scattering, which includes charge-exchange 

scattering, there is no change in the mass number of the projectile, 

th*: channel displacement variables become identical (r.=rf=r) and 

the transition matrix element reduces to the ZR form 

whi-re the e flee tive interaction V in th microscopic description of 

inii l;ist ic scattering is given by (Ma66 j Au70, Ma75) 

A 

V = 2 V 0 i C ? 0 i ' V ^ V V ( I I " Z , 2 ) 
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The two-body interaction v... between a projectile nucleon and a 

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

g(r..) and a linear combination of exchange operators: 

vo; = -[voo * V V V * V V V • v n ( V = i> ( V ? i ) ]* ( r oi ) ( I 1 ' 4 3 

It is most convenient to express the spectroscopic amplitudes 

S(JJ.J,;TT-T •j.j«) in terms of a reduced matrix element 

of the operator A .„ for the destruction of a nucleon with spin j. 

and a crcati on of a nucleon with spin j. by 

S(JJ.J "TT.T -j j ) = r-j- fj-- r (J T -)IIA ._.;: i- .(J-T.) • ( 11 -Ut. ) 
i f i f J 1 J 2 ( 2 J + 1 ) 1 / 2 ( 2 T + 1 ) 1 / 2 B f * J T A x x 

.n the calculation of the DWBA cross section, the contributions froia 

the different interactions in (11-42) along with all the possible 

spectroscopic amplitudes are added up. If the projectile is a compos­

ite m.«.[uus, the interaction strength must be modified to account for 

the finite size of the projectile (Ma66). The calculated cross 

sec t ion can then direc tly be compared with the experimental data. 

3. Final-state interaction theory 

Theoretical prediction of the shapes of the projected energy 

spectra d a/d---, 5dt is usually done within the framework of the 

final-state interaction (FSI) theories (Gi64, S171). If there is a 

rL »--r£ ir.tor.Tcti.on between the final particles 1 and 2, but only a 

weak one between these two particles and the third one then the 

transition matrix element may be factored as follows 

http://ir.tor.Tcti.on


l T f i } 2 * ; T f i ' ) i 2 F ( k i - 2 ) ( I I ~ 4 5 ) 

(3') where T f. is the matrix element for the production of three 

(uncorrelated) final particles and F(k, _) is an enhancement func­

tion arising from the FSI between particles 1 and 2. In chis approxi­

mation, (11-20) car. be written as 

di^dT^ ^ i ^ w ^ ' V ^ v m - 4 6 ) 

(3') 2 
Assuming that k3_ 1 2« Tf- t * s c o n s t a n t » o n e f i n d s after 
conversion Co the lab system 

,3 
d C -J^k, „F(k, n) . (11-47) diyH^dEj 12 1-2 1-2 

In the absence of a FSI between particles 1 and 2, F( kt_ 2) = * a n d 

(11-47) reduces to a simple phase space distribution. 

The enhancement function F(k,_„) can be obtained from the Jost 

function theory (Gi64). A calculation of the appropriate Jost func-

rioi: is in some cases very difficult, (e.g., in the presence of the 

C^'Iom^ interaction,) and F(k. „) is approximated by 

F(k1_2> * |0(k1_2,r=b)j2 (11-48) 

where cjt(k._,r) is a scattering wave function and as such ;hft 

solution of the radial Schrodinger equation for the motion of £wo 
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mutually interacting particles, and b is the boundary radius between 

the inner and outer wave functions. For particles with no relative 

angular momentum, the outer wave function that includes Coulomb inter­

action is given by 

, e , 0 i F 0 ( k l - 2 - r ) " S 0 * ' : 0 ( k l - 2 - r ' s i " - Q i •;U,_ 2,r) - j — — <I.-,9 

where F. and G, are the regular and irregular Coulomb wave func­

tions, and *> the nuc 1 oar S-wavc* phase sh i f t in the presence of tm-

Couloinb i nler.ic t ion. 

Although /'. (k. _„ ,b)," gives a reasonable * , « dependence of 

the KSI ettccts. it is not a true enhancement function because it does 

not go lo unity for large values of '*, . 



III. Experimental Technique 

A. Cyclotron, Beam Transport System, Scatter Chamber 

All experiments discussed here have been performed using various 

beams from the variable energy, azimuthaily-vary ing fie Id, spiralridge 

sec tor focused bo-inch eye lotron. Tnis mac r. ine is capable of acceler-

ating positive ions with mass A (amu) and ch.irge state c to n maximum 
2 kinetic energy L = lAOq /A (MeV), except for protons z.r,d ^ max ^ 

He , for which E = 5 5 ana 170 MeV, respectively. The max 

exper i men is were carried out using the external beair. f ac i 1 i t ies of 

Cave 2 as shown in Fig. Ill-i. iJea:n extracted iron; the cyclotron by 

an electrostatic deflector was first defined by a 2.54 en/, wide 

horizontal collimator, then radially locsec with a c,u.crupoli_-
o doiwiet, defiectcra by 39.5 with a switching d.role magnet and 

rudi.ally focused again. The beam then pas.se^ through a 1.5 mir. wide 

vertical energy analyzing slit and was focused with two quad- rupnle 
2 doublets onto the target. Typical beam spot t,:zes of about 2-2 mm 

werr- obtained. Energy resolut ion of the beam defined by the swi tching 

magnet and ana lyzing slit was about 0.24 2. 

'in-- scatter chamber measured 51 cm in diameter and was kept at a 

pressure of about 2A'10 Torr by a turborr.oiecular pump which was 

equipped with a L i^wid ni trogen cooled trap to reduce contamination of 

tho vacuum with pur.ip oil. The detectors were counted on a remotely 

moveable platforn and partially enclosed in a shielding made from 

tanta ium ana alumi num. Strong permanent magnets were placed in front 

of i'..i: detec tor ti- Lescopes to de f lee L electrons that were knocked out 

/ 
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o." 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 lowered, 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. 

]. Sol id targets 
9 

Foils of the target material, typically a few hundred -Mg/cm~ 
2 

thick and with an area of about 2 cm , were mounted on 4.45<3.8] 
2 cm target hoIders. Targets that oxydized easily were kept under 

vaci;i;m; before an experiment they were put into the scatter chamber 

wn i cii had been let up to atmospheric pressure with argon. Target thi c\\-

nesses were determined after an experiment from a measurement of the 
212 2 1 2 . energy loss of 8.78 and 6.06 MeV i particles •' trom a Po/ bi 

.-source) passing through the Largets. Thicknesses obtained in : h i s v;iv 

are estimated to be accurate to about zlf *. 

When targets with a low melting point were used, it was necessary 

to continuously check for possible evaporation of target material. 

This was done by employing 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 MC of beam 

part icles. 
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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 l-m thick foil made from Havar (46% 

Co, 213; Cr, 19% Fe, 14% Ni) and subtended continuously about 300 -

In ordor to define the target thickness, a 3 mm wide collimating slit 

wa.s placed between the gas cell and'the front collimator of the 

deli;c t ion system at a d istance of 3.88 cm from the center of the gas 

ci* 1 i . Typical ce 11 pressures were about 0 .25 a Cm. 

C. Detection 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 main factors have to be considered: 1. 

range of relative energies to be detected, 2. energy resolution, 3. 

true coincidence rate arid 4. ratio of true to random coincidences. 

As fur factor L, it was pointed out in Sec. II.A.2 that the 

minimum relative energy that can be observed depends on -j, _, the 

a.'gular 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 I cm. Factors 2 to 4 cannot be 

independently optimized. On the one hand, energy resolution mandates 

small solid angles dJ(; and diL, but on the other hand big solid 

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

tru!1 coincidence rate and the ratio of true to random coincidences, 
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since both of them are approximately proportional to du", for a given 

singles count rate and d£l, = dft„. 

A good compromise between these factors has been obtained in the 

design of a detection system that is shown schematically in Fig. III-:2 
2 for the detection of He. It consists of two identical AE-E counter 

telescopes arranged symmetrically above and below the horizontal reac­

tion plane. Not shown are the E . counters which were placed 
rej r 

behind each E counter to reject events that traversed the AE-E 

system. 

Three different geometries have been utilized and are summarized 

in Table III—1. 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 

experiments the widths of the collimators were somewhat reduced 

(geometry B). However, in both geometries, A and B, the angle G.. 

is rather ill defined (5 < 0.? <15 ) because of the large 

height of the col 1 imatiors. Since in three-body kinematics calcula­

tions a knowledge of 9 is necessary, an average value was taken 

for 0, „ and thus also for B , <*'. , 0 , and *{)_ 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 III—1. Detection system geometries. 

Collimator Distance 

Telescope 1 Telescope 2 from Ave 

Width Height Width Height Separation target 0 

(cm) (cm) (cm) (cm) (cm) (cm) (deg) 

A 0.8 1.0 0 .8 1.0 1.0 11.0 10.A 

B 0.6 1.0 0.6 1.0 1.0 11.0 10./. 

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 'J.-. 

D. Counters 
2 In these experiments, large area (1Q X14 mm ) silicon solid-state 

detectors were employed, all of whi.cn were fabricated at LBL. The '£ 

transmission counters consisted of phosphorus-diffused silicon with 

thicknesses between 180 and 380 em, and the E and fc . detectors 
rej 

Wt.Tf made from lithium-dr i f ted silicon (Si(Li)), all 5 mm thi«_k. In 

order to minimize charge collection time, the counters 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 

K detectors. A thermoelectric cooling device with a water cooled heat 

sink kept the temperature of the counters at about -10 C. This 

hoiped improve the resolution of the counters by reduc i ng the thermal 

mot i on of the electrons and the assoc i ated noise and leakage current. 

Tlu- combined thicknesses of the /.E and E counters permitted 

measurements 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. 

riach counter was connected through a short (25 cm) 50:,,: cable to a 

charge-sensitive preamplifier whose slow output was transmitted by 

http://whi.cn


Fig . I I T - 3 . Electrons '- block diagram. The heavy l i n e s d i s t i n g u i s h the paths of analog s i g n a l s from 

those of l og i ca l s i g n a l s (lii'.M l i n e ! . ) . In l a t e r o x p r i tnents, xriL 797. 1374 

only the pa r t on the lef t s ide nf 1 lie v e r t i c a l dished l i n e was used. 



—cjQ m ol \'J!CJ- cable into a highrate linear amplifier located in the 

counting .irea. In addition to the slow analog signal, each .\E-pre-

ampli ii<;r produced a fast pickoff signal for timing purposes. In 

order to >inimize degradation of the signal rise time, which affects 

the lime re so)ution, these fast signals were transmitted through 50 in 

ol high-quality low capacitance 50- cables to the counting -area. 

Alter .nr.pi 11 i cat ion , they were fed into constant-fraction discrimina­

tors (CKiJj whoso outputs served as i) strobe signals for the single-

ch;.nne 1 analyzers C SCA; that fol lowed the ampl ifiers of the slow 

signaIs, i L) input signals for the fast pi l e - u p rejectors (PUR) anc 

iii) "start" or "stop" signals for the time-to-arapli tude converter 

(TAC). This unit produced an outprt signal whose amplitude was Dro-

port i onal to the time-of-flight difference C'.TOF) between two 

particles that were registered in the ,\Ej and ''E2 detectors. A 

time resoiut i on of about 400 ps (FWHM) could be achieved in the .',T0F 

spectra ;».s measured with a fast rise- time pulser. 

I.. Lhi: initial experiments f every time there was a coincidence 

ictwtHin i) Lhc output signals from all four energy SCAs, ii) both PURs 

anc iii) the TAC SCA (which was set to discriminate against coinci­

dence i'Vt'::rs with t'SO'cl'-i ns), each combination o* .iE-E signals was 

sent to L. particle-identification (?l) unit which generated an analog 

signal using the algorithm (Go64) 

PI » < E + ^ ' - " - E 1 - 7 3 ( in- : ) 

file:///E-pre-
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Finally, both AE and both E signals were summed and, after gating by 

the output signals from the PI SCAs, stored in a 4*1024 channel 

analyzer. Upon completion of a run, these total energy spectra were 

transmitted to a SCC660 computer and subsequently written on a 

magnetic tape. 

In order to achieve greater flexibility in analyzing the data, in 

later experiments only the electronics on the left side of the 

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

{.'.£. ,K. ,.'£„ ,E) along with the TAC signal were digitized in a 

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

event-by-event in the buffer of a hfodComplt 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, PI 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 with low melting points were used. In this case, the pulser 

was triggered by the monitor counter. The system dead time, which is 

primsrily a function of the inspection time of the PUR and the count 



Tin? total LMU"1:"'',)' spectra wou: 3;:alyz*-d with the interactive peak-

£i L t i u,, ;i;\i|;rain MUi.'I iD (Ma7I ) on a M.-.-dCompI V computer or with t'r.o 

pro{\r.-iiu DilRTAG (Ma71 ) on a SCCb60 computer. Excitation energies of 

unknown peaks were determined wi th the aid of the leasL-squares fit-

ting program LORNA (Ma71) which also takes into account the energy 

loi-s of the beam parricies sna tht- reaction products in the target. 
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These calculations as well as the theoretical ones discussed in 

Sec. 11 wore performed on a CDC 7600 computer. 

The projecti;d energy spectra were analyzed with th': program 

WATMIG. This program first calculates the lab triple differential 
3 cross sec LJ on d ;/d V d .^dE. usi ng Lhe formula 

d i.d1 dE, /par~ticlos\ /Lar̂ r.-t nuclinA (part icl os\ /Larget nuclei \ 
,,C beam / \ era / 7 

/ (111-2) 

.'..:,/.'£, C T sr"MeV , 

N = number of counts within tiu- bin width / E 

z = charge state of beam part Ic" ;»s after passage through th-.-

target 

A = target mass (amu) 

1 
.".-: = sol id angle Csr) of counter 2 

\6 - E step size (MeV) 

C = integrated beam current diC) 
2 I = target Lh i rknrss (mg/crii ) 

The program then converts the lab cross section to the c'(3) system by 

the Jacobian transformation (11-8) and performs the integration 

(.1 11 i over .-i specified range of c. The cm. angle 6 at which 
to cm. 

the cm. of (1+2) was emi tted is calculated according to 
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sinS, 

where 

(III-3) 

(III-4) 

E = (E -
1+2 m +m +m, tot 

CHI-5) 

E = Q tot y P V m T (111-6) 

and u is approxi ..uced by the lab angle of the center of the 

detection system. Since G is a function of E. (III-3) is J cm. 
averaged over the integration range. 
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IV. Expcr imental Results and Discuss ion 

The present study of react ions producing unbound outgoing part i-

cles fooiM.-b on two such particles. Section A presents results from 
2 

reactions involving lie 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 K'x ) which are measured via 

the breakup particles p and t. 

A. Reactions Producing "~}{n 

Although the 2p system does not possess any bound states, there 

exists a state near threshold which may be ident i fied wi th the g.s. of 
2 He as is discussed in detail in Sees. 1 and 2. Section 3 presents 3 2 the- :esulis from the ( Ho, He) react ion which is the simplest 

2 reaction that forms He and therefore important for the study of the 
2 mechanism of a reaction with He in its final state. In order to 

eval u.it i? its promi sc* as a spectroscopic tool to investigate high-spi n 
2 states, thu (ft

> He) reac tion was then stud ied on many 1 igiit target 

nuclei as is discussed in Sec. 4. Finally, a more complicated reac­

tion procoss will be considered in Sec. 5 where the results from a 
2 study of the (d, He) charge-exchange reaction are presented. 

•> 
1. Characterization of ~;;̂  

TI + It is well known that the deuteron ground state J = 1 , T = 0, 

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

system. The first excited state of the deuteron (d ) with 
o • -. i l 

L, - S- 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 is 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 S_ state is not strong enough to form a bound state. 

Although no bound states of the pp system exist, in many experi­

ments such as the He(d,t)pp reaction (Co 64), a broad state near 

the threshold with quantum numbers S_, T=l has been observed, 
2 2 

which will henceforth be referred to as the He g.s. or just He. 

In describing this rather special tVT^e 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 
* 2 

position of the d 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 = 0 states close to the origin. So far, the S_ 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 imaginary 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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shi tLs - associated with these states. Whereas for Breit-Wigner 

resonances i passes through :r/2 at the resonance energy, no such 

behavior is found for ant ibound states. Therefore, the phase shift s 

of ant ibound states are not characterized with resonance energies and 

widths, but are u.sually parameterized in the effective-grange approxim­

ation with scattering lengths a and effective ranges r — Prom low 

energy pp scattering data, it has been found that the nuclear S-wave 

phase shift o in the presence of the Coulomb interaction as a 

function of the relative momentum k can be described by CS171) 

C2k cold. = -(l/a) - h(r)/R + ~r C f k 2 (1V-J) 
0 ' 2. ci t 

r, = l/(2kR) (IV-2) 

K = J j 2 / ( 2 i i Z 1 Z 2 e 2 ) ( I V - 3 ) 

C = 2 7tn/ fexpC2 7ir,)-l"! ( I V - 4 ) 

h(-.) ^T ]/[n(n2 + n
2)] - £ n n - 0.57722 (IV-5) 

Although values for a and r f f are well known from fitting low 

'.••r;y pp scattering data, with (IV-l ) , no universally accepted values 
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have been established. In this work the values a =-7.82 fm and 

r . = 2.81 fm have been adopted from a review by Henley (He69). 

2. Projected energy spectra 
2 If one is really dealing with the detection of He in these 

experiments, then the shapes of the projected energy spectra 
3 2 
d c/dl.dSldE. from reactions producing He as an outgoing 

particle should be accounted for by FSl calculations. As discu.* n 

Sec. II.E.3, the shape of the projected energy spectra can be 

described by 

d i< Ldfi zdE 1 ° J 1 2 k l» ( k' r )i " J 1 2 k I E 1 ( 1 V _ 6 ) 

where 4 is given by (IV-1) and r = 1.4 fm which is the matching 

radius for the internal and external wave functions (Ph64). If kr<<l, 

£(k,r) together with (IV-1) can be approximated by 

- i t f . . e Osin^ 
?<k,r)« = - ( - - - ) (IV-7) 

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

(and by Watson (Wa52) for the case without Coulomb interaction) 
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This formula has been used to fit projected energy spectra from three 
2 -

different reactions all producing He as an outgoing particle, and 
the results are shown in Figs. IV-1 and 2. Because of the large cross 

3 2 section of the ( He, He) reaction it was possible to measure the 

spec trum from the J 3C( 3He, 2He) 1 4C(6.73 MeV) reaction with the 

narrow collimator geometry C (Table III-l) which permitted an identi­

fication of pp events with relative energies as low as 90 keV. The 

spectra from the 1 2C(a (
2He) 1 4C(10.72 MeV) and 1 2C(d, 2He) 

h(g.s.) reactions were obtained with the large sol id angle colli-

mator geometry B for which the minimum relative energy is 0.26 and 

0.2'J MeV, respectively. (Of course, events with smaller values of ;. 

are also contained in these spectra, but cannot be resolved from those 

with larger ones due to the large range of 0.^). As can be seen, 

the calculations and data show a maximum for ^^500 keV. This maximum, 

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 c = 0 

MeV, as is clearly observed in the corresponding spectrum measured in 
3 * a study of the ( He,d ) reaction (Ja76c)). In 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') . that T-- is not quite independent of c, but may also indicate 

a breakdown of the approxiration (11-45) itself. 
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"» 2 3. The (̂ ae, He) reaction 
3 2 The ( He, He) reaction has the virtue of being the simplest 

" 2 reaction that produces He. 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 
2 3 2 
He. Although the ( He, He) reaction is expected to be quite 
similar to the (d,p) reaction (the g.s. Q-value QA He, Ke) is 

only 5.5 MeV smaller than Q (d,p)), the two reactions differ in that 
3 2 the ( He, He) 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 transi tions require target core exci ^tion, the cross 

section for such two-step processes is drastically reduced (He67). In 

fact, none of the reactions investigated here provided evidence for 

such transitions. 

a. Energy spectra 
3 2 

Energy spectra from the ( He, He) reaction were measured at 

E„ = 60 MeV on targets o f 6Li (99.9% enriched, 340 ;,g/cm2), 
7Li (99.9% enriched, 400 ug/cm2), 9Be (800 yg/cm2!, 1 2C 

(natural, 360 ^g/cra2), and 1 3 C (802 enriched, 190 _g/ca2) using 

the detection system geometry A (Table III-l). 

6Li('He,2He)7Li (QQ = -0.468 MeV) 

A spectrum from the 6Li( 3
He, 2He) 7Li reaction is shown in 

Fig. IV-3a. Similar to the spectra obtained from che Ll(d,p) Li 

reac tion (Ha60, Sch67), strong transi tions are observed to the g.s., 



( a ) -

Energy (MeV) 

2 3 2 
F ig . IV-3 . H.: t-nergy s p e c t r a from the ( He, He) r e a c t i o n a t 

H = GO MeV and S = 15° on t a r g e t s of a ) L i , 
l t e 7 9 

b) L i , and c) Be. 
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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 3.65-MeV, 

5/2 state in C which arises from carbon contamination in the 

target. Contamination by oxygen gave rise to peaks corresponding to 

transitions to the 0 g.s., 5/2 and the excited states at 0.87 

MeV, l/2+ and 5.08 MeV, 3/2*. 

7Li(3He,2He)SLi (QQ = -5.684 MeV) 

3 2 Figure lV-3b presents a spectrum from i_ne ( He, He) react ion 
7 + 

on Li. Strong transitions are observed to the g.s., 2 , the 
+ + 

0.98-MeV, 1 and 2.26-MeV, 3 states which are also strongly 

populated by the (d,p) reaction (Ha60). Ail these states possess 

considerable single-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 
g 

do not interfere with the Li spectrum except for a possible peak 
from the transition to the C, 3.85-MeV state which coincides with 

Q 
the Li g.s. peak. 
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9Be( 3He, 2He) 1 QBe (QQ = -0.906 MeV) 

Transitions to the g.s., 0 and the 3.37-MeV, 2 state of 

Be could be identified in the spectrum from the ( He, He) 
Q 

reaction on Be as shown in Fig. IV-3c. The remaining strong peaks 

observed at E = 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-IeV, 1~; and 6.26-MeV, 2~ states. The peak 

i\t 7.49 MeV is an unresolved doub let consist ing of the 7.37-MeV, 3 

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

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

1 2C( 3Hc, 2He) 1 3C (Q = -2.771 MeV) 

3 2 12 

Figure iV-4a shows a spectrum from the ( He, He) reaction on C. 

The strongest peak in this spectrum arises from the transition to the 

3.85-MeV, 5/2+ state whose configuration is J C(0 +)@d . L . + , 

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 
12 13 state in the C(d,p) C reaction (Mc55), contributions from it can be 

neglected. In addition to the transition to the g.s., 1/2 with 

configuration j C(0 } (&) Pi/^ii/oj peaks are observed at 

t; = 7.60, 8,47, 9.65, 11.00, and 12.42 ± 0.07 MeV, which cannot be x 
identified with any known states due to the high density of states in this 
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1 3 C ( 3 H e , 2 H e ) 1 4 C (Q = 0.459 MeV) 

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

(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 ' = 1/2 , the transferred d* ,_ neutron couples to the 

target core giving rise to two closely spaced states with J = 3 

and 2 with configuration j Cp. . ® d$/2 ! 3~» 2~ a C E = °- 7^ 

and 7.34 Mi±V, 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 E = 11.66 ± 0.08 MeV which probably cor­

responds to the 11.9 + 0.3 MeV state seen in the (d,p) reaction 

(Aj76), but not yet assigned with spin and parity. Also observed are 
12 peaks arising from the reaction on C in the target. Whereas the 

13 weak transition to the C g.s. is well separated from those to 
14 13 
C, the strong transition to the C 3.85-MeV state interferes 

14 considerably with that to the C 7.34-MeV state. 

b . Angular distributions, DWBA analysis 
3 2 

In Fig. IV-5 angular distributions are shown for the ( He, He) 
12 - + 

reaction on C leading to the g.s., 1/2 and the 3.85-MeV, 5/2 

state and on C leading to the g.s., 0 and the 6.73-MeV, 3 

state measured at a bombarding energy of 50 MeV. Differential cross 

s>:c tions were obtained by integrating the projected energy spectra 

bet-vcen r.. = 0.4 MeV and c =1.0 McV. 
a u 
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40 60 
0 c m(deg) 

Fig. IV-5. Angular distributions from the ( He, He) reaction on targets 12 13 of C and C at E = 50 MeV leading to the g.s., 1/2 and 
3.85-MeV, 5/2+statesein 1 3 C and to the g.s.?BL '98-2742 
0 and 6.73-MeV, 3 state in C. The solid and dashed curves 
represent the results frcm an EFR and ZR DKBA analysis, 
respectively. 
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Following the discussion in Sec. II.B.l, the reaction mechanism of 
3 2 .'..& C He, He) reaction can be simplified by assuming that this 

three-body reaction proceeds as a sequential two-body reaction. The 
2 

first step involves the production of He which cons'.sts in a 

state in the final nucleus, and the second step is the breakup of 
2 • • 
He into two protons. A similar assumption has also been made in 

9 8 the analysis of the ( Be, Be) reaction (St77) at 50 MeV Since 

Ee g.s. is relatively long-lived CT ̂ 10 s) and thus travels 

several atomic diameters before it disintegrates, the production and 

decay of Be are clearly separated in space and time. Such a state-
3 2 

ment is less justified in the case of the ( He, He) reaction, 
2 since the He g.s. is quite broad. However, an indication that 

2 
production and decay of He can be separated has already been 

obtained in the successful treatment of the second step with the FSI 

theory (Snc.IV.A.2). It is therefore reasonable to try to analyze the 

fir̂ c step with conventional DWBA. 

The DWBA analysis has been performed in the EFR and ZR approxima-
2 tion under the assumption the He is bound, but possesses 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 
3 1" 

from an analysis of 50 MeV He elastic scattering on C (Ba69): 
V = 160 MeV, r.. = i.4 fm, a„ = 0.572 fm, W = 20.3 MeV, r„ = 1.7 fm, v v W 
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a„ - 0.537 fm. For the exit channel, the optical parameters were 

approximated by those obtained from 52 MeV deuteron elastic scattering 

on 1 2 C (Hi68) : V - 71.8 MeV, r y - 1.25 fm, ^ - 0.7 fm, 4W Q - 44 MeV, 

r„ = 1.25 fm, ay * 0.7 fin. In order to improve the fit to the 

data, it was necessary to increase the well depth of the surface 

imaginary potential 4VL from 11 to 44 MeV. Such an adjustment is 
2 allowed since elastic scattering of He 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 
2 He 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 A 

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 He 

(Mc70), and a diffuseness a * 0.65 fm. If D. (11-31) is calculated 

with this potential and wave function; one finds a value of -201.5 MeV 
3/2 fm . For comparison purposes, the same bound state potential was 

used to calculate D_ for the (t,d) reaction (a neutron bound by 6.26 

MeV) and the ( He,d) reaction (a proton bound by 5.49 MeV) and one 
3/2 found D R = -182.6 and -180.1 MeV fm , respectively, which is in 

3/2 good agreement with D - -183.6 and -172.8 MeV fm as calculated 

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

here to obtain the radial wave function of the transferred neutron in 
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3 He gives reasonable results, a more sophisticated treatment would 

employ a realistic interaction potential and a wave function generated 

by carrying out the integral (11-33). Because of the unbound nature 

of He such calculations are fraught with difficulties and will not 

be discussed (Ja 76c). However, since the shapes of the calculated 

distributions are very similar for both tht EFK 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 2 Using D - -201.5 MeV fm ' and C S = 1, one obtains 

^He 
for the ZR normalization constant (11-38) N = 4.1. A value of N can 

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

tions. By combining (11-35) and (11-37) one finds 

C 2S 7 (2£ + D W 2 o T r t T A 3„ LOLA 
N — £ (IV-9) 

DWUCK4/(2j + 1) 

From the four calculated angular distributions, an average value 

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

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

DWUCK4' 
Comparison between the experimental and theoretical absolute 

magnitude of the cross section must take into account the fact that 
2 Lhe data do not contain the entire He 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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k |<J(k,b)| d£ 

(IV-10) 
-1.0 

J k |$(k,b)|dE 
0.4 

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

data. Evaluating (IV-lOi for e . = 0 and e =10 MeV one finds 
m m max 

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

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

relation 

,. ,. -LOLA 
R=ii2^S2 . (iv-11) 

( d o / d n ) o e X i.o 

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

(dc/dQ) using theoretical as we 11 as experiment al absolute 
13 S-factors quoted in the literature. For C 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 
l 3C( 3He,a) 1 2C reaction (Sec. IV.B.3). In the case of the 1 4 C 

g.s., the experimental values (Sch67, Da78) are also larger than the 

theoretical ones (Co65). No experimental or theoret ical S-factors 

exist for the C 3.85-MeV and C 6.73-MeV states so S„ was set 
5 

equal to unity assuming a pure d_, 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 S and 

ratio R[Eq. (IV-tl)]for states in C and C that are 
3 2 populated in the ( He, He) reaction. 

E 
X 

J" Sth. R S exp 

13c g.s. 1/2" 0.61a 8.2 1.16' 

3.85 5/2+ 1.00b 25.8 -

14c g.s. 0 + 1.73a 7.9 2.05° 

6.73 3 1.00" 15.4 

15.4 

9.4 

•* (Co65) 

Maximum value expected from jj-coupling model. 
c (Sch67) 
d (Da78) 
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do/dfL may be obtained by multiplying the cross section measured 
He 

between e = 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 ( He,d) 

reactions. 

The excellent agreement between the experimental and calculated 

shapes of Lhe angular distributions indicates that the reaction 
3 2 mechanism of the ( He, He) reaction is well described by the DWBA 

2 theory. Apparently, the unbound nature of He does not affect the 

reaction process. The results of the calculations also show that the 
2 He optical potential is well approximated by that of a deuteron of 

2 the same energy. Although He is very short-lived, the successful 
2 treatment of both the He angular distributions and the shape of the 

relative energy spectra seems to justify the assumed separation of 
2 2 

production and decay of He and makes it possible to treat He as 
quasi-bound nucleus. 

2 4. The (a, He) reaction 
2 

Investigation of the (a, He) reaction as a potential spectro­
scopic tool to study 2n states has been prompted by the expected 

2 sirui larity between the (a, He) and the (a ,d) reactions. Studies of 

the (a,d) reaction on light targets (Ri66) have shown that this 

reaction selectively populates high-spin np states with simple con-
2 o 

figurations such as ( l d
5/ 2) 5+ and Clf?, )̂ +. This 

selectivity is caused by several reasons. Typical Q n values are 

around -̂ r3 MeV which gives rise to a large value for the angular 



62 

momentum mismatch L between the incoming and outgoing channels, which 

is defined for a surface reaction as 

(IV-12) 

where %. and & f are the partial waves of the initial and final 

channels for which the elastic S-matrix equals 0.5. For £ = 60 MeV 
a 

and A < 40, L =« 5 for g.s. transitions and >5 for transitions to tgt 
excited states. Optimum cross sections are obtained if 

AL ^ t (IV-13) 

where 1 is the orbital angular momentum transfer of the reaction. As 

a result of the large values of AL for the (n,d) reactions, transi­

tions that involve little or no 2. transfers are kinematically 

inhibited and thus reduced in cross section and appear in the deuteron 

energy spectra only as small peaks. Another 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 neighborhood that could give rise to 

configuration mixing. 
2 The same arguments hold true for the (&, He) reactions whose 

Q„-values are similar to those of the (u,d) reactions. Thus, one 
2 . . 

expects to observe in the He energy spectra transitions to 2n 

S ^ . O J with configurations such as (l^/o), + and 

(If" , ), + . (Coupling of identical particles to higher spin 

values J is precluded by the Pauli exclusion principle which allows 
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only J values that satisfy the condition (-1) = 7 0 . Only a small 

number of these high-spin states are known in light nuclei: *̂ he 

analogous (t,p) reaction mainly populates the lower spin states 

because its Q 0 values are about 20 MeV larger than those of the 
2 (ct( He) 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 2n-transfer reactions have been 
2 reported (An74a, Ha78). Therefore, the (a, He) has been studied on 

targets with A < 40 in the hope of locating some of these high-spin 

states. 

a. Energy spectra 
2 The (a, He) reaction has been surveyed on solid and gaseous 

lp- and 2sId-she 11 targets whose composi-ion, thickness or gas 

pressure are summarized in Table IV-2. In the reaction on the p-shell 

targets, one expects predominant population of states formed by 

capturing the two str ipped neutrons into the d, ,„ orbital coupled to 
+ J = 4 , whereas on the sd-shell targets, configurations involving f 

2 orbitals such as ( f 7 / ? ) f i
+ a n c* (d_ in^-t'M^K." a r e expected 

2 to be preferentially produced. Spectra from the (it, He) reaction on 
1 2 C , 1 3 C , i 4N, 1 5N, and 1 6 0 will first be discussed followed 

40 by a presentation of the results from the sd-shell targets Ca, 
38. 36. 32. 28_. 26 M 29 c. 24__ 22 w 20 M , Ar, Ar, S, Si, Mg, Si, Mg, Ne, Ne, and 

0. (This order for the sd-shell targets was taken to permit 
2 initial discussion of the (f_,_>, levels in a well known 7/2 o 

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

pressures at 25 C. 

Target Isotopic Purity Thickness Pressure 

m (yg/cm2) (atn) 

12c 98.9 350 
13c 90.0 140 

l \ 99 6 0.20 
l \ 99.7 0.20 

l \ 99.8 0.20 

l \ 97.2 0.19 
2 0Ne 99.95 0.28 
2 2Ne 99.6: 0.27 
2 4Mg 99.96 650 
26 Mg 99.42 300 
2 Ssi 99.8 410 
2 9si 95.0 500 
., 32„ 
S D 2 S3 95.0 750 
3 6Ar 99.5 0.27 
3 &Ar 95-0 0.29 
40 Ca 99.97 620 
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Because Che intention of Che present study has been co provide an 
2 incicial survey of the properties of the (a, He) reaction, rather 

Chan Co obtain and analyze detailed angular distributions, most J 

assigments made from our data must be considered highly probably 

rather than definitive. 

1 2C(a, 2He) 1 4C (Q Q = -15.17 MeV) 

Figure IV-6 shows a spectrum from this reaction at 8 , = 

12 . Except for weak populacion 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 (PI/T'U/O'T character (Tr63), whereas recent studies of 
10 8 the 2n-transfer reactions (t.p) (Mo78), ( B, B) (Ha78) and 

12 10 2 ( C, C) (An74a) have established tne (d_.„), character of 5/2 4 
+ the state at 10.72 MeV. This excitation energy for the 4 state is 

in agreement with the previously reported values of 10.736 ± 0.005 MeV 

(Ma7S) and 10.77 + 0.11 MeV (Ha78). The state at 14.9 MeV was also 

observed with comparable relative strength in the study of the 

( 1 0B, 8B) reaction (Ha78). 

13C(ct,2He)I5C (QQ - -18.90 MeV) 

A spectrum from this reaction at 6, , =12 is shown in Fie. 
lab 6 

12 13 IV-7a. Since the C and C targets only differ by a lp. , 
2 13 

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

reactions on C, but now coupled to the J = 1 / 2 target core. 

Thus, the states observed in the CCc* , He) C spectra should be 
1"* 2 15 split (where possible) into two components in the ~C(ci, He) C 

spectra similar to the splitting observed in the analogous (a >d) reac-
12 13 15 

t ions on C and C (Ri66). Populat ion of the doublet in C 

observed at 6.74 and 7.35 MeV can be interpreted as transitions to 

states having predominantly |{ C ^ 0 + H ' 1 y 2 } j i% ® ^5/5)4 | 
character. The ratio of the experimental differential cross sections, 
over the angular range 9, , = 12 to 50 . for the transitions to Lao 

thf states at 6.74 and 7.35 MeV is about 4:5 which, applying the 

(2J + l ) rule for the relative population of such states in stripping 

reactions, leads to the tentative assignments of J"=7/2 for the 
71 

6.74 y.eV :,t,̂ te and J = 9/2 Cor the 7.35-McV 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 

conflation l ^ ^ )?in) i n ® P 1 / 2 < * 5 / 2 ] 5 / 2 - and 
1 3 C 

to J = 0 and no. splitting can arise. 

Pj /-, neutron of C and the transferred p . neutron must couple 

1 / >NC,-., 2Hf) 1 GN (Q Q = -14.97 MeV) 

The j " = 1 , g.s. of N can be described as C(0 )vp . Tp ; 

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

''N(..., He) N reaction with configurations ( N(g.s.,l + ) ® (ds/,)? 
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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 N 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 

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

made. Transitions to the 2 , g.s. of N and the 3 state at 

0.30 MeV, though unresolved, can be interpreted as populating the con­

figurations I N(l+) g) P]/2
d5/2 2~*3~' r e s P e c t i v e l v - I n 

addition to these strongly populated states in N, transitions to 

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

1 3N(a, 2He) 1 7N (Q = -19.92 MeV) 

Since the neutron lp-shell is full in N, no p orbits can be 
2 populated with the (a, He) reaction on this target. Figure IV-8a 

shows a spectrum from this reaction at Q. , = 13 . As can be 

seen, the only states strongly populated are a doublet at 3.13 and 

3.63 MeV. In the simple picture which we are applying to the states 
2 populated by the (a, He) reaction, the configuration of these states 

is expected to be [ 0(0 )ply-2 ® ^d5/2^4j7/2~ 9/2~' 

In (Aj77) the state at 3.13 MeV has been assigned as J' = 7/2 and 

the state at 3.63 MeV has been tentatively assigned as J'' = 9/2 . 

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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2 2 
Fig. IV-8. He energy spectra from che (a, He) reaction at E =65 MeV 

and 0. . - 13° on a) N and b) 0. lab 
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lends credence to the tentative J = 7/2 and 9/2 assignments 
13 2 made for the 6.74 and 7.35-MeV levels populated in the C(cx, He) 

C reaction. 

1 60(a, 2He) 1 80 (QQ = -16.11 MeV) 

Figure IV-8b shows a spectrum from this reaction at 0. , -

13°. The only strongly populated state in O is the well known 
+ 2 

4 state at 3.56 MeV. The ( d c / 7 \ character of this state 
has been confirmed by shell-model calculations (Ku66, Ka69) as well as 

i ft in A i fl by a recent study of the x o0( l uB, B) 0 reaction (Ha78). It 

is interesting to note that, although the 0 , g.s. and the 2 

state at 1.98 MeV in 0 are also known to have (̂ e/o) configu­

rations, the cross sections for the transitions to these states in the 
2 (<*, He) 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 
18 10.3 MeV. The overall resemblance between the 0 spectrum and that 

18 2 20 from the 0( a, He) 0 reaction (see b-:low) suggests that 

corresponding transitions involve similar transfers. 

4 QCa(q, 2He) 4 2Ca <Q_ = -8.46 MeV) 
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Figure IV-9a presents a spectrum from this reaction at 0. , = 

15 . The only strongly populated peak corresponds to transitions to 
+ 42 

the 6 , 3.19 MeV-state in Ca. This state is known to be a 2n 
2 state of (f 7/ 9) f i character (Ka69). Transitions to the other 

members of the (f 7/ ?) > T = 1 multiplet with J77 = 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 an (̂ T/ô c/ô t configuration 
42 at 7.23 MeV in Ca, the state observed at 7.40 MeV is a candidate 

for such a state. 

38Ar(,t,2He)*°Ar (QQ = -11.83 MeV) 

38 Since Ar has the same closed shell neutron configuration as 
40 2 

Ca, che spectra of the (a, He) reaction on this target should be 
40 

very similar to those observed on the Ca target, as is demon­
strated in Fig. IV-9b. The excitation energies as well as the 

JT + + 

observed relative strengths of the transitions to the J = 6 , 4 , 
+• + 2 
2 , 0 members of the (f_. ) multiplet are almost identical 

40 2 42 to those observed in the Ca(a, He) Ca reaction. The 3.47-MeV 
40 level in Ar has previously been observed in a study of the 

ArC t,p) Ar reaction (F175) where a tentative J = 6 assign-
42 40 ment has been made. Certainly, the analogous Ca and Ar 

• ̂ i-r'ra 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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-9. He energy spectra from the (a. He) reaction on a) Ca at 
38 E = 55 MeV and 9, , = 15° and b) Ar at E = 65 MeV and a lab a 

lab - 13°. 
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40 unresolved states) between 7.5 and 9.0 MeV in Ar probably 
42 correspond to the states observed in Ca at 7.40 and 9.04 MeV, 

respectively. 

3 6Ar(*, 2He) 3 8Ar (Q = -7.67 MeV) 

Figure IV-10 shows a spectrum from this reaction at 6. b
 = 

13 . All observed peaks below 7.5 MeV could be identified with 
38 + 

known states of Ar (Ko76). Again, the transition to the 6 

state has the largest cross section. Although the J77 = 6 assign­

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

the MgC 0,2pY) reaction (Dr76), the present experiment confirms 
2 -

its tfy/o)^ character. The 5 states at 4.59 and 5.66 MeV 
are of dominant ^0/9^7/7^ character (En69). This splitting of 

— 38 

the 5 strength in Ar 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 Ar states. Their slightly different kinematic 

behavior Indicates that they might originate from an unidentified 
target contaminant. 

3 2 S O s 2 H e ) 3 S (QQ = -8.24 MeV) 

A spectrum from this reaction on an Sb S_ target is presented 

in Fig. IV—11. The known 5 state at 5.69 MeV and a previously 
34 unknown state in S at 8.45 MeV are preferentially populated. 



3 6Ar(a, 2He) 3 8Ar 
E a =65 MeV 

lab 

40 
Energy (MeV) 

.4.59,5" 

XBL 7711-11346 

Fig. IV-10. He energy spectrum from the 3 6Ar(ct, 2He) 3 8Ar reaction at E = 6 5 MeV and 6 = 13° 
ct lab 



3 2 S (a, 2Hef 4S 

E a = 65 MeV 

Energy (MeV) 

Fig . IV-
, XBL 7711-11349 

11. He energy spectrum from the S(a, He) S reaction at E =65 MeV and 6 = 15° 
a lab 
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Furthermore, 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 could net 
34 definitely be identified as transitions to S levels. 

34 The 5 state in S is known to be of predominant 
33 (d.,.f7y ) character, since the (d,p) reaction on S (which, in 

its g.s., has a 1 S(0 ) ® d., L,.+ configuration) shows a 

strong £ =* 3 transfer to the 5.69 MeV state. The state at 8.45 MeV is 

most likely of (f,,_)fi character which is in agreement with 

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

in a study of the 3 2S(t,p) 3 4S reaction (Cr73), the /' = 4 +, 

2 , and 0 members of the (f 7/ 9) multiplet were identified at 

8.42, 7.80 and 5.86 MeV, respectively, though the 6 member was not 

observed. Simple shell-model calculations (see Sec. b) indicate that 

the state observed at 10.7 MeV could be of (f_,„f ,„), 

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

limited survey. 

2 8Si(a, 2He) 3 QSi (QQ = -9.21 MeV) 

A spectrum from the (a, He) reaction at 0. , - 12 on this 

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

known (En7&) 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, do Meijer et al. (De77) published a study of this reaction 

at E., = 65 MeV, and our excitation energies for the observed levels 
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Energy (MeV) 

50 

XBL771I--.1336 

Fij;. TV-12. "He energy spectra from the (ot,2He) reaction at E =65 MeV 
on a) Si at 5, = 12° and b) Mg at 6, , lab lab 12.5°. 
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agree with their values within errors. They obtained detailed angular 
28 2 30 distributions for the Si(a, He) Si reaction which were 

analyzed with DWBA calculations, using optical model parameters from 
2 (a, d) data analysis and taking deuteron parameters for He. Their 

30 analysis established that the Si levels at 5.49, 7.04, 8.95 and 

10.67 MeV possess 2n configurations of (2s ,7*7/2^3' ̂ d3/2*7/2^5J 

2 
(̂ 7/2̂ 6' a n d ^7/2^5/2^6 c n a r a c t e r » respectively. The presence 

2 
of an (f7/9^5/2^6 configuration so close to the Cf̂ y-̂ fi 
configuration in Si is somewhat surprising, but can be explained 

by the fact that the experimental f 7/ 2 ~ ̂ s/2 s i n g * e ~ P a r t i c l e 

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

those two single-particle energies differ by about 3 to 4 MeV through­

out the rest of the sd shell (En78). 

2 bMg(a, 2He) 2 8Mg (QQ = -13.35 MeV) 

Since Mg has the saioe closed d, . -subshel 1 neutron configu-
28 2 

ration as Si, the la, He) 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 

Si, these states can be preliminarily assigned as being of 
U3l2flrfs> (f7/2}6 a n d < £7/2 f5/2 )6 character, 
respectively. 



80 

2 9Si(», 2He) 3 1Si (Q = -11.10 MeV) 

In its g.s., Si can be described as ! Si(0+) ® 2 s
] / 5 ] ] / 5

+ 

2 29 
and thus one can expect the Cct, He) reaction on Si to populate 
the same 2n states as on a Si (or Mg) target, coupled to the 

29 . 2 31 
2s ,., neutron. A spectrum from the Si (a, He) Si reaction 

31 i s shown :n Fig. 1V-]3. Three previously unknown states in Si at 

'i.Ub, *>.£*'. and 8.27 MeV are preferentially populated. The doublet at 

^.00 nr.ii '/.'+! MeV most >robably arises from the coupling nf the 
29 ( d. ,,/. . J >. Lonf igurat ion to the s. ,^ neutron of the Si 

cor*-, so that the so two states presumably "nav. J assignments of 

9/2 nnci i 1 /2 . An assigment via the simp] e (2J+1 > dependence of 

tin- cross .sec L ion cou i d not be made, since at most angles this doubl e: 

is unresolved. The state at 8.27 MeV can possib.y be explained as an 

unrt'soivod doub let of e it her 

: | - 8 s l ( o + ) 2 S l / 2 j i / 2 ® ( £ 7 / 2 ^ | n / 2 + _ . 3 / 2 , 

: f 8Si(0 +)2s ] / 2 J l / 2 ® <£7/2f5/2)6]l]/2', 13/2 + configuration; 

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 

from the (̂, He) react-Ion on Si and Mg, leads to a prefer­

ence for the latter configuration 
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Fig. IV-13. Ho ener 8y spuctrum From the 9Si (a, 2 H c ) 3 1 Si rc.icc inn at K = 65 MoV and 0 = 1? 5° 
'< Inb 



2 V ; f ', 2HeJ 2 6Mg (Q = -9.87 MeV; 

Fi cur<- IV-14a presents a spec t rum from this react ion of •'• . = ** laa 

12°. Besides moderate population of the known 4 state 'En78) at 

5.47 MeV, two previously unknown slates at 8.62 and 11.23 XeV are 

strongly populated. From the systematics discussed in Sec. b, it 

follows tnat these two states are presumably populated by 

3/i ,7/2 ,5 o m l ( f 7 / 2 ) 6 
2 

(d~, I -. ,.t)T and ^ f 7/2 ̂ 6 t r a n s i t i o n & , respectively 

/,%(-('-• , 2Hc) 2 4»e (Q Q = -14.23 MeV) 

i 3 . All states observed above the 2,3.87-MeV leve1 were 
24 previously unknown. Ne states at 6.36 and 8.15 MeV and a broad 

1 eve 1 :it 11.35 * 0.15 MeV are strongly populated. In adc i t ion, a 
22 state at 9.88 MeV is observed with moderate strength. Although Ne 

24 has the same neutron configuration as Mg, the spectra of the final 
24 26 niu- :ei ;w and Mg are not as simi1ar as has been previously 

observed in populat ing the pairs of isotones M g v s . Si or 
40 42 

Ar vs. Ca. This can perhaps be related to the fact that, 

uii 11 <ce trie Mg, Si, Ar, and Ca targets , those or Ne 

and Mg do not have closed neutron shells or subshells. As will be 
24 shown from the systematics (Sec. b ) , the state at 8.15 MeV in Ne 

i •; ---ob.-.'nly oi ^ d3/2^7/?\ character and the broad state at 

1". .35 MeV is possibly of (f , ) characti srt with the latter sug­

gestion being quite tentative. The state of 6.36 MeV cannot be 
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0 

A >.,,.•<• t ri.m f roiii I his reaction is shown in K i £. IV-]5b. I;; add i-
+ + + . , 

i i on to tin t rans 111 on s to the known 0 , 2 and 4 staU-s ^ Aj 72 J 

at U . , 1 . 0>7 and Z .'>! ! W , respect ively, previously unknown states at 
20 

7./rt, 8.78 and 10.2 • 0.1 MrV are populated in 0. Although 
con i i gurat Ions of (d, ,„d. . ), and (d_ .„ f ,„) r are expected ->fl 3/2 H 3/2 7/2 3 
in this high excitation region, no assignments can be made in this 

20 
1i miC-'d survey. A]though O has the same neutron configurat ion as 
22 2 

N.->, the spectra from the (,-(, He) reaction populating these 
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Fig. IV-15. He energy spectra from the (a, He) reaction at E = 6 5 MeV 20 18 ^ on n) Ke at 0, = 12.5° and b) 0 at 0, , =13°. l*i b lab 
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nuc: 1«i «'i;i.iin 1 ack the pronounced similarities observed in reactions 

produc i ng I sotones higher in the sd shell. 

A surr..̂ ary of the excitation energies for the (d-,.f t • _ ) , -
2 2 .ind (i-,,.,J,+ states observed in the C '->-. He) reactions is 7/2 6 

&i von i n Table IV-3 . 

b. She 11-mode 1 calculations and systemat Lcs 
2 Prod i cated on the observed selectivity of the ('i, He) reaction, 

simple she 11-model calculations have been carried out in order to 

interpret further the character of the strongly populated states. The 
24 40 T = 0 target nuclei 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 2sId and lf2p shells. 

Tht> single-particle energies f. . were taken to be the separation 

... = E(A+l,J=j) - E(A) (1V-14) 

whur.- A = A . From the dominant appropriate >, transfers in core r r * 

single-nuc!eon transfer reactions (En78), the locations of the single-

particle levels were determined. 

The pxcitation energy of the 2n states were calculated according to 

E x(A+2,J 1J 2J) = E j + Cj + <d 1j 2!v|j 1j 2> j
 + B 2 n(A +2,g.s.) ] (IV-15) 

where B„ and <j j |v]j j > are the 2n binding energy and 

the two-body matrix element (TBME), respectively. The calculated 
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i.-uy.i- ;;.ij« in the energy between the second an<i tn<- higher pure 

cull 1 i ,-.ur.*iI ions. For this reason, in the present calculations thesi-

li i ;',ii.' r ccn f i j;iu.i L i ons wfjrn neglected, whi cii reduced che ca 1 cu 1 at ion </ 

the .iitr;'iy levels to simple 2 • 2 matrix di agona 1 i zat i or.s. 

Figure TV-16 compares the calculations for Si, S and 

Ca with the energy spectra observed in the present study. Except 

for the energies of the g..c., which are very sensitive to the 1imita-

LuMi.s i.f Lhe present approach, the calculations are in good agreement 

with experiment, espec ially so for the Si nucleus, and are add i-

tiona1 support for the assignments suggested in the previous section. 

Anotner shell-model approach is given in the Bansal-French (BF) 

weak-coup ling method (Ba64,, Za65, Be72, Sh74) for computing the 

energies of particle-hole states. In studies of the (ct,d) reaction on 
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Fig. IV-16. Comparison of the calculated and experimental level schemes 
30 34 42 

of Si, Si, and Ca. Above the ground states, only the 
states observed in these experiments are presented. 
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many su-she11 nuclei (Ri66, Lu69, Na7 5, De76), a linear dependence of 
2 the binding energy B T of the np pair in the observed ( f _ / 7 ) _ 

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 

ca 1 CM 1 .'*ted and compared with the exper imental data. 

The total energy of a nucleus A„+p-h with p particles and h 

E(A Q+p-h) = E(A0)+li(p)-E(h)+ -ph;v h i p h , , CIV-17) 

where E(p) and E(h) are the energies of p particles and h holes 

relative to E(A ). In Lhe model of Bansal and French, a weak inter­

action is assumed between the particles and holes such that the values 

ot h(p) and E(h), which include the interactions of the particles and 

hoies among themselves, can be obtained empirically from the binding 

energies of the nuclei A_, A n+p and A^-h by 

E(p) = E(A )+p) - E(A ) (IV-2S) 

E(h) = E(A ) - E(A -h) . (IV-19) 

In ClV-17) the last term represents the interaction energy between the 

pj, uiclca and the holes which was assumed by Banzai and French to be 

of the following form: 



•:ph V . ( p h ) - -n l ia + b c - r pr. • p i 
( I V - . ; 

w:.t-:.: .j i s [_;:..• two-r.-"^;/ :.-..-; r r ::-: ^ - <'I..-T.: - i _ 

a v e r n ^ - d ov>;r a l l .-allowed v a l u e : . «)i J . ; ; .d 

e f t h e c e n t e r o f g r a v i t y of t h e T :~ C .-.'.id 

!• y i n s c r t : r.g ( IV- i fc t o 2u / i n ( I V-I 7 ) 11 :-,s I c r tr,• • 

KfA .T .T ) - K ( A r + p , T , T ) z U p /.;> ,T J - r . .A. . ' 

- phn + b ^ T f T ^ l ) - ': f'l t | ) - T . ( T + I ) 
• ' I p y r» i . j 

C i v - ? 

wh ' - rc r i s tin.* Conlo- .b i a U ' r / i C t i o n :;i--tw.'i-i. t r . e ?>.'•.;• I l c 

t h e h o ] i-s . wh J ch wns n e t ir .c l u d c d i n V 

The 2n b i nd i:ig e n e r g y B,, o f s t a r e s w i t h dor:.'. ;\;.;\l ( r . ,., )*" 

. . , . , 4 0 , 

c;i.ir."ct'fii in a n u c l e u s A nti.ir t h e c l o s u ~ - s n i - - i ; ::\:^ l e u s La c a n 

r e a d i l y be o b t a i n e d i ron . ( 1 V - 2 1 ) u s i n y K(A f l ) = E C " ' C a fc.s.), 

KCA0 + p ) = i : ^ C a ( I 7 / 2 ) ?

y E ( A f l - h ) = E ( A - : , g . s . ( f ) , p = 1!, h - * 0 - ( / 

and - = 0 , one t h . m f i n d s : 

^J^J^l] • hn^h^l}* 2^-A)--- ( i v - : 

BnK/2>oJ = B 2 „ [ 4 2 c - - ' ( r 7 / 2 ) o ] + 2 < 4 2 - A l a " b < 1 ' - n ( I V- L ' 1 > 
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In a similar fashion, both B_ for states with ^3/2^7/2^5 

character as well as the In binding-energy B of f 7/ 2 single-

particle states can be derived: 

B2n[ A ( d3/2 f7/2 )
5] " "anP* S W3/2 £7/2>s] * 2 ( 3 W ) ' " h ( 7 ' l i ( I V " 2 4 ) 

BnP V U7/2 )l = B n [ ( 4 1 c a ( £ 7 / 2 ) ] + 1 ( 4 1 _ A ) a (1V-25) 

2 
In Fig. IV-17, the experimental B. values of the (fj/2'6 a n (* 

(d,, f_, ) 5 states from the present study are plotted versus A 

of the final nucleus. In addition, the experimental B_ values 

(Ma70) of states with the (£..,) configuration as well as the 

B values (Ma70) of f.,... single-neutron states relative to n 11 £. 

J" = 0 nuclei are also indicated in Fig. IV-17. The solid lines 

represent B« and B calculated using the common values a= -0.30 
" 2n n 

MeV and b = 2.6 MeV. 

The observed linear dependence of B. on A is well reproduced by 

the 3F model. This indicates that a is essentially independent of A, 

as assumed in (IV-22 to 25). As Sherr et ai. (Sh74) pointed out, this 

fact is remarkable and somewhat surprising, since a contains different 
2 particle-hole interactions depending on A. For the (f7 ..) states, 

38 —1 
for instance, in the case of Ar a contains only (f .,d,, ) 

interactions, whereas, in Mg in addition the (f 7. ?s, ._) arid 

(f 7, 2
d5/2^ interactions are included. Although it is known 
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Fig. IV-17. Binding energies B for one- and two-neutron states 
possessing several different configurations a.-; a 
function of the mass of the final nucleus A. 
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(Ku68) that these interaction energies 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 
2 2 

( f 7 - „ ) 0 and dj/y^f. configurations is expected in the BF 

moJcl, since they involve the same particle-hole interactions. The 

differencns in energy of these two states is a result of the particle-

part ic le interaction, which is included in E(p^ [(IV-18)] and which 

does not affect the particle-holJ interaction. On the other hand, one 
2 

would expect that the value of a would differ for the (f_._) 

states vs. the (d_,_!._,„) states, since the latter also involve 

interactions of a d„,_ 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. It 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 B of np states with 

( 1" ) 2 caracter. Sherr et al. (Sh74) also obtained b = 2.88 MeV 

which oo.np.ires well with our value of b = 2 60 MeV. These values are 

in good agreement with those of Bansal and French (Ba64) and Zamick 

(Za65) who found a - -0.25 MeV, b = 2.9 MeV and a = -0.30 MeV, b = 
40 

2.90 MeV, respectively, for nuclei in the region of Ca. 

c. Angular d istribulions 

No detailed angular distributions have been measured for the 
2 12 2 14 

(cc, He) reactions, except for the C(a, He) C reaction at 
E-. = 65 MeV. These results are presented in Fig. IV-13. Because 2 these data were nou collected in the event-mode, only Ke energy 
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3.s.:0 + 
, 2C (a.2He) , 4 C 

E„ = 65 MeV 

1 
1 

1 

20 40 

5, 
60 80 

cm. (deg) 

XBL 798-2739 

Fig. IV-18. Angular distributions from the C(a, He) C reaction at 
E = 65 MeV for 0.4 < e < 1.0 MeV. Statistical error bars 
a 
are shown. The solid curves are meant to guide the eye. 
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spectra, but no projected proton energy spectra are available. The 

differential cross sections were therefore calculated with the solid 

angle computation program SOLJAC (see Appendix). In a later experi­

ment , the measurement of the 6, . = 15 data was repeated in the 
lab 

event-mode and cross sections were determined by integrating the 

projected spectra between C = 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 shape of these distribu­

tions with DWKA. However, no satisfactory agreement with the data was 

obtained. A more successful DWBA analysis has been reported for the 

Si('i, He) Si reaction (De77) and shows that the reaction 

roechan ism can indeed be interpreted in terms of a di rect two-nucleon 
transfer reaction theory. 

2 
5. The (d, He) reaction 

2 
Investigation of the (d, He) charge-exchange reaction xs of 

porticul.ir interest. Such studios should be a useful complement to 

other c":.arge-exchange reactions producing neutron-excess nuclei, such 
3 as the (n,p), Ct, He) and heavy-ion induced reactions, many of which 

Jiave 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 C<25 MeV). Though heavy-ion reactions 

Ce.g.,( Li, Be)) 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 learns 
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2 are read i1y avai1ab1e and there are no bound states in He, the 
2 

(d, He) reaction was investigated for its promise as a charge-
exchange reaction. 

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

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

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

spin-flip (S = 1) and non-sp'n-flip (S = 0) transitions, whereas the 
2 (d, He) reaction is always restricted to spin-flip transitions. 

Thus, the (d, He) reaction is only governed by the V,.(CI*')(T•i) 

part of the effective nuclear interaction, whereas in the (n,p) 
•+ — 

reaction in addition the ^.(T'l) part can contribute to some 

transitions. Therefore, every state populated in the Cd^He) 

reaction should also be seen in the corresponding (n,p) reaction; on 

the other hand, if transitions, which are observed strongly in the 

(n,p) reaction, are unobserved or only weakly observed in the 
2 Cd, He) reaction, this may indicate that they are favored with S = 0 

but unfavored with S = 1. Thus, by comparing the le/els populated in 

the same final nucleus by these two reactions, one may learn something 

about the character of these final states. 

Owing to the scarcity of high energy Cn,p) data which could be 
2 used for comparative purposes, the (d, He) reaction was initially 

studied at E, *= 55 MeV on the T = 0 targets Li, B and 
12 
C producing T = 1 final nuclei, since in these cases the energy 

spectra can also be directly compared with those from reactions such 

as (p,n) which produce the T = -] mirror nuclei. 
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a. Energy spectra 

Figures IV-19 to 21 show representative spectra from the (d, He) 

reaction at E = 55 MeV on targets of Li, B and C. They 

will be discussed and compared with existing data from other charge-
3 

exchange reactions such as (n,p) and (t, He). In addition, since 
_ 3 

these are T ~ 0 targets, spectra of the (p,n) and ( He,t) reac­

tions populating the mirror nuclei can also be compared to these 

(d, He) results. 

6Li(d,2He)6He (Q = -4.95 MeV) 

Although the He nucleus (Aj74) has been studied with particle-

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

are the Li(n,p) He reaction at E =14 MeV (Me72) and the , r n 
Li(t, He) He reation at E = 22 MeV (St71)),only two staces 

have clearly bjen observed so far, nam&ly the g.s., 0 , and an 

excited state at 1.80 MeV with J' = (2) . 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 

chaige-exchange reaction, 

Ac 55 MeV bombarding energy, the Li(d, He) He reaction 

enables one to observe an excitation range in He up to 25 MeV, 

thereby permitting a broad search for highly excited leveis. Bat--. 

rio.ii this reaction have been taken at five lab angles between 17 and 

40 . Figure IV-9 shows a representative He energy spectrum 
o . . 

measureu at 17 . Only the g.s. transitions and a fairly weak 
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ilc energy spectrum from the C(d, lip) II rc . ic t ion at. I'.. " 55 MeV and O j ^ " 30°. 



transition to the 1.60 MeV state were observed. Although the large 
1 2 6 -

peak from the H(d, Ke)n reaction obscures Che He excitation 

rar.ge from U to 8 XeV a* rhis angle, at the other observed angles 

there is no evidence lor He levels in rhis excitation range. Tne 

arrows in Fig. l\f-'.9 indicate the positions of possiole transitions to 

tie levels which have been previously observed (Aj7ii at i3.i, 15.3 

anc 23.2 MeV. No evidence was obtained ;^r transitions :o these 
„. .. . . . 2 . -

siati'a at tnis or otner angles. Sitsiiar.y zz tre anove »d, net 

ru?.ci:on, the (p,n) (ria66) anc \ JHe, is CCi 72 i airror react ions or. 

t-i or. i.y prodv-ci. the g.s. aad, -.ore vec^iy, L..̂  . .67-y.oV, \2't 

s t ^ t ^ or se wit."t no evidence :o r any r.gr.er <.>xc»tea s c a l e s . 

i U b ( d >

Z H e ) 1 " S f (Q^ « --2.GO tteV^ 
• — — • - — - - U 

The levej structure of * he has beer, invent Igacea with a variety 

o: reactions, out r.o detailed stuoy or tms r.uc* ice w:;h a charge-

tixchar.ge reaction has yet been reported. Data iroc the 
: : , 2 . . . 1 0 . . • • . - . 

.Ac, ne> oe rciCLLon were obtained over a iab angu.ar range 

iron 17 to 50 . Figure IV-20 preser.rs a spec: r us f rci tn»s reaction 

ac 40^. Strong transitions to the g.s. , 0 , and to the known 

vAj74; 2 ;>tate a: 3.37 MeV were observed. In addition, a string 

piiu.s was observed at £ = 5.96 MeV which code be cocposed of a 

fixture o?" cuo known states, a 2 state ac 5.95S3 MeV and a * 

state at 5.9599 MeV. 3ased on results from investigations (An/O of 
9 , .;o . + 

.̂.v; 3ei.o, J) oe reactions, the 2 state is lively to be the 
dominant component. Furthermore, there is some evidence for weak (and 
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normally unresolved) transitions to the 7.37-MeV, 1 and ?.54-M«.*V", 
* iG 

2 states. The highest excitation energy ir. Be at wj-.icr. a 

transition w*.s observed was found at 9.3A * 0.10 XeV. Tr.is pea* :* 

likely Co be an unresolved doublet consisting of che *t -.-XeV, ('-* 

and the 9.4-SeV, (2) states. 

Due to the lack of data cron other charge • xch.T.g*- reactions 

producing Be, the present spectra car. only be coapare*. with chose 

iron: reactions populating the mirror njclei.s C; the .iJlcr res«L..-. 

wore obtained via the (p,n) reaction, which was invest .,;ace<! .it 

**? = 30 and 50 XeV (C17G; and t..e i tt«*,ti re.ic.ior, >•... ^ ^. 
E- = 30 MeV (Mafeba). In a l l these rcac:>«»;*, only '-•••• g . s - . 

He 
0 ; 3.35-MeV, 2 s t a t e as well as a p r e s ^ a a b l ) 2 .»:.-. .-.; '.2 
w ,, 10 . . . . 
>,eV in i, have Deen ooserved, wnicn -.e t.-.e ar-o.o^s : • :.* &-<•., 

* + 10 
, 3.37-MeV, 2 and 5.96 HeV, 2 star-s .- ar as o...>r-.vu 

2 
in t he (d, f cHe) react ion. Alenough a state it >. Si. .̂  . --- y.cp-1.'.: •*.: 

wi i~i, s igni: icant st rength in tr. * to, r.e i r t ^ t .or., .: - -i ."6 ».*. 

C ..as not ve: oeen id*.-nt i i iej . 

*"C(d,~he'/ 3 \Q P ( = -14.61 .\e-Vi 

2 " 
figure IV-2I sr.ows a Ke energy spectrum f;^= ;..-- _tc, h>. -

'* b react ion at . . = 30 . At forward an;;las s:ror.^ rrir.st ; . T S 
* - 12 wt?re iounc to tne g.s., I ot B. rurir.err.ore, a strong peart vn* 

observed at E_ = i.. 50 • 0.07 MoV, which consists o: i:?.r<-salvcc 

c rnr.s - ; inwf, zc ^now-. states C A_| 75 "i ct -1.52 and ^.37 >u-\' -rich J = ^ 

and 2 , respectively. In addition, population of f-.u u.'O-XeV, :' 

http://re.ic.ior
file:///e-Vi
http://rurir.err.ore
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state was observed with moderate strength. The known states at 1.67 

MeV, 2 and 3..J9 MeV, 3 were only very weakly populated. 

Finally, in the spectra obtained at larger angles 

(,;, ."35°), evidence was found for a broad state at £ = 6.3 - 0.3 MeV. 
la I) x * 

wh i ch cannot be i dent i f i ed wi th any previous ly known state . 
12 Similar B spectra have been obtained in a study (Br7/./ of the 

12 1 i G'Oi.p/ k reaction at E =56 MeV. In addition to the transi-* n 
tions to the &.s.y the 0.95 MeV state and the doublet at 4.4 KeV, a 

somewhat broad peak was observed at £ = 7.7 * 0.1 MeV, particularly 

in Lhi- sp*-c tra taken at forward angles, with a strength comparable to 

that of the g.s. trans i t ion. Based on it observed energy and width, 

tnis state at 7.7 MeV is believed to be the analog of the £iant dipole 
12 12 - -

rcsonnnri- in C, whi ch has also been observed in the C( ,-, ; 
2B reaction (Bi70) at E x = 8.19 • 0.5 MeV. It is interesting to 

2 note Lhat this state does not significantly appear in the (d, He) 

spectra at any angle, which seems to confirm that it is a pure L = 1, 

S = 0 (Goldhabor-Tt:let) state (Ke68). (The Cn,p) reaction showed no 

evidi-nce tor transitions to the state observed at 8.3 MeV in Che 
2 (d, He) reaction). 

3 12 
No (:, He) reaction on C has been reported so far. The only 

12 . 12 ijih-'r charge-exchange reaction jn C leading to B was performed 

with the heavy ion reaction ( Li, Be) at E = 52 MeV 
Li 

(Ba/31. Energy spectra obtained in this reaction are similar to those 

from the (d~He) reaction, however, no states above E = 6 MeV 
x 

could be observed. 
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12 The mirror nucleus N has been the subject of several invest 1-

gat ions with charge-exchange reactions such as the C(p,n) *• N 

reaction at E =30 and 50 MeV (C170> and the 
P 

C( He.t)12N reaction at E_ = 49.3 MeV (Ka76). The latter 

study could correlate most states in N below 4 MeV with an analog 
12 state in B with reasonable confidence. For the higher excited 

.status, however, no such assignments could be made; this region do<?s 

conta in several candidates for states analogous to those observed in 
12 2 
ii 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 nuclei 

investigated herein have been done by Cohen and Kurath (Co65), it is 2 poss'ble to perform microscopic DWBA calculations for the (d, He) 
react inn using these wave functions. For the angular distributions 

] *̂ ad ing to the positive parity states of Be and B 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). 
2 

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

the spin-isospin dependent part V.. (O'-'HI'T) g(r) of the nucleon-

nucleon interaction (11-43) contributes to the transitions. For the 

radial dependence g(r) of the potential, a Yukawa form with an inverse 

range of 1 fm was used. The differential cross section is then an 
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^BCd^He^Be 
Ed=55MeV 

F i g . IV-22. 

0 r m (deg) 
XBL 79I-II8A 

Angular distributions from the B(d, He) Be reaction at 
E d = 55 MeV for 0.4 < r < 1.0 MeV. Statistical error bars 
are shown. The solid curves represent the results from 
microscopic DWBA calculations. 
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l 2C(d, 2He) 1 2B 
Ed= 55 MeV 

# a m (deg) 'cm. 
1 2 2 1 2 XBL 791-119 A 

tl'.e C(d, He) *"B reaction at 
1.0 MeV. Statistical error bars are 

snowiw The solid curves represent the results from microscopic 
DUB A calculations. 

Angular distributions 
E, = 55 MeV for 0.4 < 
d 
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incoherent sura over all allowed values of the orbital and total 

angular momentum transfer L and J and is given by 

i." = N V 2 £ ? U (IV-26) 
d.. 11 ~\ DWflA V 1 V * l 

where* V is the interaction strength, here caKen to be 12 MeV, a 

typical value (Ma73) inferred from other reaccion studies, and N is a 

normalization constant rtiich conta.ns all information on the projec-

t i Le sy stt*in such as the project i le spec troscopic ampl itude and the 

ei'iocLs of Lhe spatial extent of the projectile on the interaction 

strength (We68). Furthermore, the normalization constant takes int 

account the fact that the experimental cross sect ion does not comprise 
2 the entire He g.s., but is limited to 0.4 ^ c '1.0 MeV. Since 

intermediate-coupling wave functions were used for the target and 

re*si dua 1 nuclei, each term 0„ItT,. in { IV-26 ) is a coherent sum 
DWBA 

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

quantum numbers j and j. of t'r- iritial and final nucleus, 

respectively, with orbital angular-momentum quantum nuiJ>ers 

•1. = V. = i. These contributions were weighted by the spectro­

scopic amplitudes S (11-44), which were evaluated by Kurath (Ku78) for 

the target nuclei B and C and are listed in Table IV-4. 

The single-particle energies of the p_ . and p. ,„ neutrons and 

protons were assumed to be the same for the B, Be, C and 

B nuclei. In order to obtain values that are independent of the 

res idua1 interaction, the p . single-particle energies for a 

neutron E(vPj^2) a n d a proton E(TTP 1/ 2) were determined from the 
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Taaie IV-4 Spec t ro scop i c A#>pli::udes S ( J J - J _ ; 1 0 1 ; j . j _ ) (Ku7&) 

i 2 - i 3' 2 3 / " '"'- V 2 3/J 1/2 1/2 1/ 

•i 3 2 1 2 1 _> i i 

'.. i i ) A = i o , r = s

+ 

0* a .4136 

2* a -.5364 .4411 -.1351 .231.6 .36ol 

b .3414 -.10*6 .2623 -.1966 .6506 

c .0356 -.3775 .3797 .2306 -.0013 

d -.2996 -.0581 -.0501 .3889 -.1922 

ii) A = 12, j \ = 0* 

1* a .0539 .4881 .2399 .0412 

2 + „ -.0429 -.4808 .0600 

.0609 -.139U .02 i 6 

1191 .0083 -.03i2 

1G80 .3036 .0380 

0192 -.1513 .1323 



binding-energy differences between ~C(g.s.,G ) and 

P jCfg.s. , \i'L~) and between l 2C(g.s.,0*y and N(g. s. , 1 /2~>, 

respectively. The val'n-s for E^P-w ?> a n G ^"P*w->^ were then 

obtained from the difference between the P-wj ^ n <* Pw-> single-

particle energies as used by Cohen and Kurath (Cu65)- The bound-state 

wave func t i ons were caIculated in the usua1 way with a rea1 Woods-

Saxon well with K = 2 - ti(» fm, a = 0.65 fir. and spin-orbit potential 

V = 6 MeV. The well depth was adjusted to give the single-

par L i c !e energies. 

The opt i ca 1 mode 1 potent ial parameters to generate t:ie di s tor ted 

waves were taken from a study (Hi68J of elastic deuteron scattering 

from C at 52 MeV. For the real part a volume Woods-Saxon poten­

tial wit!) ,1 well depth V = 71.8 MeV, r = 1.25 fm and a - 0.7 fm 

was used, whereas tho absorptive imaginary part consisted of a surface-

Woods-Saxon potential with W = 11.0 MeV, r = 1.25 fm and 

a = 0.7 fm. The same parameter set was used for the entrance and 

exit choline 1 s . 
2 Results from these DWBA calculations of the (d, He) reaction on 

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. 

For the l u B ( d / H e ) l u B e reaction, the shapes of the theore­

tical angular distributions are in reasonable agreement with the 

daca. The calculated distributions to the 3.37, 5.96 and 9.4 MeV 
71 + 

states, which were all assumed to have J = 2 and were, obtained 
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Table IV-5 Summary of the values for the normalization constant K 

exiracted from a DWBA analysis using the spectroscopic 

amplitudes listed in Table IV-i. 

Heact ion E J f .1 L J 

1 0B(d, 2He) 1 0Be 

2C(d, 2He) 1 2 

g.s. 

3.37 

5.96 

9.4 

g.s. 

0*a 

2% 

+ 

2 b 

2+d 

2 

0 

2 

0 

2 

0 

2 

0,2 

3 0.45 

1 0.35 

1,2,3 

1 0.37 

1,2,3 

1 1.90 

1,2,3 

: 0 .70 

0.v5 2 2 0.59 
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with the spectroscopic amplitudes 2 a, b and d, respect i vely, (Table 

1V-4), are similar in shape except for that to the 5.96 MeV state at 

forward angles; thir, variation is probably due to different relat i ve 

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 
9 10 th*i results from studies (An74) of the Be(d,p) Bft reaction which 

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

Since the value of N for the 5.9C MeV, 2 state does not deviate 

significantly from that of the g.s. and first pxcited state, the con­

tribution to the experimental cross section from the 1 state, which 

lies only 16 keV higher, seems to be quite small, again in agreement 
9 10 

with the findings of Be(d,p) Be reaction studies (An74). Calcu­
lations were also carried out using the spectroscopic amplitudes 
2 c. They yielded a distribution similar to that of the 2 a set 
but with a magnitude smaller by a factor of about 15. Since a known 
2 state if observed with weak strength at 7.54 MeV, it is likely 
that the spectroscopic ampli tudes 2 c correspond to this state. 

Figure IV-23 shows the results of the microscopic DWBA analysis 
12 2 12 + 

for the C(d, He) B 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 distriDution is in accepta­

ble agreement with the data. The experimental cross section is about 

five times larger than that of the iJ(d, He) Be (g.s.) transi­

tion. Although the theory predicts correctly a larger value, it is by 

only a factor of about three. Agreement between the experimental and 

the calculated distributions is poorer for the pure L = 2 transition 
+ 12 

to the 0.95-MeV,2 state of B. Whereas thu experiments! 
distribution falls off rapidly at bac/.w.ird angles, the DWBA calcula­
tions predict a distribution that is quite flat between = 

1 ^ 'cm. 
30° and 70°. 

This successful description of the angular distribut ions of the 
2 10 12 

(d, He) reaction on targets of B and C indicates that the 

assumed direct one-step charge-exchange reaction mechanism is consis­

tent with the data and indicates the potential usefulness of this 

reaction as a spectroscopic tool. However, preliminary calculations 

nave Indicated that the censor force could be of some importance. 

Furthermore, exchange effects and multi-step processes such as 
3 2 c- ii**- He may havo to be considered as we] 1 , before a complete 

2 understanding of the mechanism of the (d, He) reaction can be 

obtai ned. 

'.'.-. Reactions Producing He 
4 It is well known that He does not possess any bound excited 

states. Since all excited states (d ) lie above the p-t threshold 

at E 19.8 MeV, it is possible to detect t particles by means 
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of a coincidence measurement of the breakup products p and t. Using 
2 

the same detection system that was employed to detect He 
(Fig. III-2), p - t coincidence events can be observed with relative 

4 energies corresponding to He excitation energies between about 20 

and 25 MeV. In this region, there are three relatively well estab­

lished states (Fi73>, namely the 20.1, 0 +; 21.1, 0"; and 22.1-MeVt 

2 states all with T = 0. Whereas the negative parity states, which 
3 

aiso lie above the n- He threshold at 20.6 MeV, are broad and over­
lap with each other, the first 0 excited state is quite narrow 
((Fi73) quotes p = 270 keV). 

The fact that the 0 state can experimentally be resolved from 

the higher lying states, makes an investigation of reactions producing 

He in this state (as an outgoing particle) particularly attrac­

tive. Furthermore, it is possible to quantitntively measure 
* + ot (0 ) by way of detecting the breakup products p and t since this 

decay channel is the only important one open for its de-excitation 

(r dec^y to the g.s. is forbidden for 0 -+0 transitions. The 

radiative width ^ , = 1.1 meV as deduced from the He(e.e') rad 
reaction has been attributed to internal pair production (Fr68)). 

4 Section 1 discusses the structure of the excited states of He 
* 

below 25 MeV. Data from the (a,a ) reaction will be presenteJ in 
Sec. 2 together with a interpretation of the reaction mechanism in 

terms of the direct-reaction theory. In Sec. 3, results from a 
,3., 

mo. asurement of the ( He,ot ) i. ::tion will be given and the 

implications regarding the structure of the a (0 ) state will be 

d iscussed, 
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i. St rue ture of '.j,- states below 25 MeV 

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

established so far (Fi73): the 2G.i-MeV, 0 + ; 21.1-MeY, 0"; and 

22.1-MeV, 2 states. The structure of the negative parity states is 

quite simple (De66). They belong to the configuration (Is *lp) 

V , „. In contrast, the structure of the 0 stat*- is more 

complicated. Its positive parity requires that the excitation of ti.ls 

stite proceeds ei ther by promot ion of a single nucleon from the Is 

shcli to the 2s shell, which lies two shells higher, or by promotion 

of two Is nucleons into the next higher lying lp shell. The total 

W3V.} function of this state is therefore composed of a 1 par t i d e -

1 hole (lp-ih) and a 2 particle-2 hole (2p-2h) component. It har. 

long been known (K155) that the linear combination th.it el in-.inr.ic:. 

spurious c m . moL ion is 

*'(u + -) = \ l z vUp-ih) + ,,^- .(2p-2a, . (iV-l:/) 

v V 
Assuming a harmoni c osc i i iator potential, t'.;e unperturbed energy of 

this state is 2b- , but the actual energy is lowered considerably by 

L.A1 residual part icle-hoie interaction. Using the wave funct i C M 

(.Z.V-27) and Uu, = 16 MeV Vashakidze and Mamas akh 1 i scv (Vno7) icur.r. :•. 

v.'i 1 ne of 11.2S MeV lor the residual interaction and, thus an excita­

tion energy of 20.72 MeV which is in good agreement with, the experi­

mental value of 20.1 MeV. According to (1V-27; this state possesses 

75% 1 r-! h nnd 25- 2p-2h charac ter. Randoin-phr.se appr >.;imat ion cnl m -

1 at ions **. th purely central (Sz70) and realistic forces (Sz72) pr.Vui.--

http://th.it
http://in-.inr.ic
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essentially the same result. However, it was found (Sz70) that calcu-
4 lations of the form fartor of inelastic electron scattering from He 

underestimate the magnitude considerably if such wave functions are 

used. Agreement with the data could only be obtained by lowering the 

lp-lh component in the wave function from 752 to about 27%. In view 

of this discrepancy, is is therefore desirable to obtain further 

experimental data on this state. 

2. The C ,,-A ) reaction 
* 

** study of the ('*, ' ) reaction is of particular interest since 

the reaction mechanism is relatively uncomplicated. 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 

g. s. , the scattering process only involves inelast i c exci tat ion of thc 

t particle. In the case where the target nucleus is also excited, one 

is dealing with the interesting case jf doi*Dle inelastic scattering. 

The (•> , » ) reaction is expected to populate the sane states in the 

resiuu-.I nucleus as the ( t, (') reaction, namely preferentially the 

coltcctivc states. For a target nucleus with J = 0 , the selection 

nilOb demand that only states with natural parity, i.e., states for 

which '7- - (-1) , be populated in a direct inelastic scattering 

process. (Population of unnatural parity states can only proceed 

through 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: .i parity of stnt.-s populated in the i particle itself. Except for 



tne first excited scare at 20.1 X e V , 0 , ail known excitec state* 

Ke below 25 KeV possess unnatural parity and should therefore r.. 

ut1 populated. 

,4 Projected e m (', y spi'ftrtii-

In order to cetera* ne what :.:a:i:s :r. t ;e t par*. . • le .ire populate 

in the (a,pt/ reactior a protectee e.-«t:6y » ^ e c t r - - <; /d c d ^ 
. ^ p 

w*ja tener«cea :'ror, the data of J taeasu recent oi :""«• * C i . , p t ) * C 

reaction oi i. = o> X e V using the ni rov co!'. ima:cr ^cocetry C (Tab 

. i i -1 ) and is claplayed in Fig. IV-Ji^a. it can c L«*ar ly be seer, t:.*t 

Lh rcac t ion proceeds on:y through t r»e *J ^t ate wi. L.. no 'Vtceneo :. 

transitions through rhe 0 «nd 1' states c»r<iisU'i'.t wi tr. a c* rec r 

i ne i as tic scattering m e c h a n i s e . 

Since the 0 stare ;s so w e . I ^paral~»i : t< z. .... ot:.- r . 3 A ^ . L . » I ; 

s t ates, it is possible to fi; the shape o: tne -»p«-v;;^^. -.tn : S . 

c a l c u l a t i o n s . There has been sose specular .on ,r. t:.e pasi tr..tt ;.h<-

2u. 1 -MeV, 0 state could be another caneia^to tor -r. ^..: - ~o._r.c state 

si i:ce it iv.eets, 1 ike the singlet stale o: Lr.c c.:-."..:; Ie T . system., t hi* 

v o n c : Lions for suca a state vsce S e c . IV.A.w-' :!<• - •'-.""•.: : - ^ :̂. -

re.iiZive S-stazc c.cs- to the thresi.a.c. H.>u..\,-: ... t^I .-.; p.-,;:s, 

.̂-. i f L ana iyses of Meycthof ar.^ >tc£". ear:.ey \M e o 5 ; ~ •- -ar. : a.-.d i<:;c, 

v. .» 7 i ,> h.'ive iiiovr. ; h-t c 1* i ̂  state is i.̂  >t descr - :• <.-•: as a nr*-1; L-"A .,...• 

type resonance. 

According to the FSI theory ^Sec. l l . S . ' i ) , th.- .-..-....:c o: ;...•• 

projected spec:v..;r. should be proportional t^' t'r.e a^.i^ri. of thv.- s c a t -

t e n .".£ funct ion '11-49' just as in the eise oi ""He (S- r . IV. * , 2 ; 

http://iv.ee
file:///Meo5
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however, the enert'v deoendence of tne ohase shi it - , is not parar.«--
-- ' u 

terized in the effective range approximation, but is derived from the 

R-niacrix theory (La58) firr.r given by Ereit and Wi^. or 

-- (-fe) - 4» 
wi.ert i i s the level width, - the resonance energy and i tne p 0 
li-vel shift. The Cenergy dependent) level width is defined as 

, = 2 v 2 ? CV-29) 
P *P 

•re / is the reduced proton width and the penetration factor' is 

P = — s 7 CIV-30) 

wiii'ro a is the channe 1 rad ius. The (energy dependent i 1eve 1 shi :: 

wiiic'n also taiuv; into account the nearby n- JHe ch«:.nei and thus 
2 . ,. . 

^or.Lnin.s a reduce.: iuiuiron width v"» has been defined by Vlcrntz 
2 2 ( A'I-64 ). Four parameters (y , y , r̂t* a ' determine th: s resonance. 

2 n 

i:si:ic a set of values from (Me65): y" ~ 3.35 MeV, y~ = 1.74 MeV, h 'p rn 

• = 0.64 MeV, a = 3.3 fm the shape of the resonance was calculated 

for ; < 0.76 MeV and is shown as the sol id curve normalized to the 

data in Fig. IV-24a. Other parameter sets quoted in (We62, We64, 

i-l<?6 5) resulted in equally good fits to the data. 



120 

This projected energy spectrum and the good agreement of the FSI 

calculations with the daLa not only indicate that the * C( *,pt) C 

react ion proceeds as .'in ( *, * (0 )) reaction, but also confirm the 

a.ssumplion (Sec. II.A.1J that there is no significant contribution to 

the data from other possible reaction mechznisms such as 
i 2 w ,li.*/^12f. . 12„, ^13 * r ,12. C( *,pJ # (t) C ano C ( t i t ) 1* Kpj C. 

n. Energy spectrum 

An '• -energy spectrum from the reaction C(* > t ) C at 

V. t = h J MeV is shown in Fig. lV-2^. Apart from react ions leaving the 

target nucleus in iLs g.s., transitions were observed to the well-

known collective states at 4.44 MeV, 2 and 9.64 MeV, 3 . In 

addition, the 7.b'3-MeV, 0 state, was we.il*ly populated. This transi­

tion i nvolves a monopole transition in both the projectile and the 

carget nuclei. 

c . Angul ,ir distribut Jons , DtfBA analysi s 
12 * 12 For the C(a,u ) C reaction at E = 65 MeV, angular 

70" distributions were- measured over an angular range 0, . = 15 to 

and are shown for the g.s., 0 ; 4.44-MeV, 2 ; and 9.64-MeV, 3~ 

states in Fig. IV-2fa. Like the Cd, Ke) C reaction (Sec. 

IV.A.A.c), the differential cross sections were determined using the 

program SOLJAC. The distributions were then scaled to the cross 

section of the '-1 =15 data which was obtained by integrating 

the projected spectrum (Fig. IV-24a) between ?. = 0.09 and 0.80 MeV. 
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li.c 'ii st r i but ions oi th«- 0 ai.d ? states exn i r>. z the oscilla­

tions charac t»-r i st i c o: •: i as* ;c and i n-'-i ,'ibt ic sactt-'-r ;r.g . It is 

i nt'-r.-st i nj', to i.ot-- f:..*t .'is in th»- ( , < ' .< rt-actior. fKar.'V./ the oscili^-

tiuns <>:' the distribution o; tn»: 2 .state i .•> out oi pi.as.; with that 

oi l !.•• ̂ .s. t rans i 11 *..:•. Th i:. is consistent with Blair's pnase rul*-

(ii 1 y> f wh i ch st-'. t'-s t oat .'tngu 1 ar d i st r i but i ons for scattering to 

st atr.s with th-- s.'imt- ffiiff.-r.-nt/ par i ty as th*- g. s . osc i 1'. ate out of 

piias.- (in phasi-J wi th rpspi*ct to the g. s . d i str i but iot.. The di str ibu-

tioii of i h<* 3 st.itf- which should oscillate in phase with that of 

Lin- ;.;. s, is structureless <. iir.il ar to tin- lindlrg oi ( :, , ) reaction 

stud i<-s (iia66) . 

i .-.i-or.-t i ca 1 pre: J ct 1 on of the snap*- oi the d i st r ibut ior... for the 

I rans i : i mis which on.y excites the * particle but not thr- target 

nucleus, is best performed in the framework oi the microscopic DWBA 

theory of inelast Lc scat ter i tig (Sec . II. B.2 . b/ . I: tue 20 . 1-MeV, 0 

statu is thought of as having a (Is 2s) configuration, chtr reaction 

mechan i si;: can be pictured as promo t ion of a Is nuc leon to the 2 s 

orbit. fso spin or isospin change takes place during the reaction, 

thus oa i y the (non-exchange) part V . of the effect ive interaction 

( 11-43) contributes. 

Tl.-' opt ica I-mode 1 potent ial parameters used in the calculations 

were taken from (Mo79). For the entrance channel: V = 186.1 MeV, 

r„ = 1-36 fm, a„ = 0.6'J fm, W = 53. S MeV, r„ = 1.20 fm, 

a., 0.7i fm, and for the exit channel: V = 145 MeV, r = 1.59 
W V * 

a„ = 0.55 fm, W = 29.5 MeV, r, = 1.18 fn a = 0.5 fm. In the V W W 

http://ffiiff.-r.-nt/
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'..-. . . i . va • , a 'rt',iuv4.'.-o>iA..t. wi* 1 1 Witii i\ - i . r,j '.IT. ;»..*; a ~ u.')~J I«I v a . 

:.- • : : . ; . : ;•.!•.: ; .• I ;;•• . : . i ta i >. show;-, ..s (;,isn*'<: c i r v t - *n f i ^ . i V - ? h . 

r.A. •• 1 . »-r.L r i^r . - f" , r : : ; W ! L ; . ; :••• • •>:;•>••:' .r-.-nr i n d i o.it «•*-" t i i . i l tl.*-* ,-i.;:*u;.ied 

: . '.;c i . on -cr."..i;i i •'". ; s ci ' .i:. l^i. --tu u ^ i .1 t a<- a a : .1 . d : >. 1.'. .11 . o n s o l 

: : , : . . - i t 1 ..r.*, ;.;.,,: i;. v;>. v.- .•xcii . ' iM--.-. • >: t;..- p r o ;**» t i ><• a;, we I I t h«-

L/it'/,i-i niJL'i. 1.- , -.:«• n,<iri' .i.i^p'i i .-.-;;.-.: ami c a n m u !•<-• p.-r *~ jrrr.cd wiLI. 

•;,.;',(l.*iro r c ^ c L i o.. j r u , . r . i : : . j . bo:::.' a i t > :;.pi s i .avv nei-;i ir.adi- by Kamri; . 

i':"..7'.w. Oiiiy ;JO<.:' .-t^refir.t'nt WIL . I r h«* t ; a t . i was oil L a ; m-<: ami u.ore 

t . . . H i • ! . i .-, i - I 1,1.. • a : i- I . - q u i r . - . . . 

' i . Tr.t' < iu- , ; r- -tct i 011 

i i if p i c K u p r e a c t i o n \ n e , ' > : s e s s s c l e c l i v ' 1 in p o ; . i . . a t 1 r.^ 

v:-., i ; . r i s t a t e s i n t h e . p a r t i c l e t h a n t h e ( . , ; ) r e a c t i o n . Wherr -as 

: . . Cf l a t t e r r e a c t i o n p o p u l a t i o n of t h e 2 i . l - . \ e V , 0 and 2 2 . i - M e V , 

'l s t a t e s i s ; - rec 1 u<io^, i r. t h e ( J i i i - , , j r e a c t i o n t h e ^ e s t a t e s 

L-.;;. iii- p o p u l a t e d by d-^posi t i n g t h e t r a n s f e r r e d n e u t r o n i n t o t h e I ;> 

compar \ .-.on o: Lne ( He,i*(0 T)) reaction with the < 3He,.) 

; ;•••'. 1 >;, : •. .-.; ,.:-. 1 : . < w • ;; r intcr'--.i . In ; ...• t \ t • 1 1 • -1' '> '• ••<•, '• h- ;• • -

1:7' neutron is trans ierreii into the 2s orbi t, whereas in the second 

the neutron goes into the 1 s she! 1 of the lie. Since in both reac­

tions the final particles are in a J = 0 , T = 0 stat..., identical 

sc-icct.o.. rul« ss apply. The main difference between these reactions 

http://tii.il
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lies in the fact that the Q values of the ( He,a (0 )) reactions 

are about 20 MeV smaller than those of the corresponding ( He,'*) 

reactions. This should affect the relative strengths of the states 

populated in the residual nuclei. The structural difference between a 

and • (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 i and i states according to 

3 * + (11-36). If absolute ( He,rji (0 )) cross sections are measured, 

a DWBA analysis can in principle yield a value for the spectroscopic 

factor S * of the rs CO ) state. This quantity is of interest 
a 

since it directly relates to the lp-lh component in the wave function 

(IV-27). 

a. Projected energy spectrum 

Figure IV-24b shows a projected proton energy spectrum from the 
13 3 12 
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 the minimum He excitation energy that can be identified is 20.06 
MeV. It is apparent that only a small fraction of the transitions 

goes through the first excited 0 state which is just separated from 

the peaks from the transitions through the broad and unresolved 0 

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 ( He,ct ) 
9 2 12 

reactions on targets of Be (800 pg/cm ) and C (natural, 215 
Ug/cm2) at E = 60 MeV and on 1 3C(30% enriched, 230 



2 ,:g/cm ) at a bombarding energy of 50 MeV and are shown in Figs. 
3 * IV-27 to 29. The ( :ie» t ; notation implies including transitions 

it 
through all observable excited states oi He. Figure IV-29c 

presents in addition a spectrum from thfi C( He, , (0 .j C 

rc;it t ion a lone. 

All transitions observed in these spectra involve sir.alls, 

transfers; in most cases a neutron is picked up from a p orbital. 

Accord ing to the angu1ar momentum matching cond ition (lV-13), opt imum 

cross section is therefore obtained for transitions with Q values such 

Lli.iL the angular momentum mismatch .'.L (1V-12) is sma i 1 . In these 

reactions, this conditions is met for Q 0 MeV. 

Tin: <-fiect of the matching conditions is clearly borne out in the 
9 3 8 spec Lra shown in Fig. iV-2 7. For the be( He, 0 Be reac t ion, 

Q n = 18.92 MeV which results in mismatched transitions near the g.s. 

of Be and thus reduced cross sect ions. On the other hand ( since 
3 * 9 

Q 0 = -1.18 MeV for the C He,<i ) reaction on Be, the g.s. 

transitions are well matched and the transitions to the excited states 

of Be are mismatched and reduced in yield. 
12 Comparmg the spectra obtained from the reactions on C 

(Fig. IV-28) shows considerable similarity because Q-.( He,a) = 
13 1.86 MeV. For the spectra from the C target (Fig. IV-29) the same 

9 • 3 
statements are true as for the Be target, since Q ( He,a) is 
lso quite positive (15.63 MeV). Comparing Fig. IV-29b and c no 

12 ifference in the relative population of states in C can be 

'.served in the spectra from the ( He,ci ) and ( He/; (0 s ) 

reactions. 
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3 3 * 

In all these spectra, the ( He,a) and < He,a ) reactions 

populace the same states in the residual nuclei for a given target as 

is expected if both reactions pioceed as a direct neutron pickup 

process. 

c. Angular distributions, DWBA analysis 
3 3 * + 

Angular distributions for the ( He/j) and ( He,^ (0 )) 
reactions on C were measured at a bombarding energy of 50 MeV and 

3 *x are shown in Figs. IV-30 and 31. The ( He,a ) crosr 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 E ( He) = 20.1 to 20.6 MeV. The necessary correction for 

the unobserved part of the data (E < 20.1 MeV) was obtained using 

the spectrum from the (u,n ) reaction (Fig. IV-24a). This spectrum 

was first integrated between c = 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 ±40%. More reliable 

values could be obtained from an experiment using the narrow 

collimator geometry C. However, the reduction of the solid angles and 

thus the coincidence efficiency makes such a measurement essentially 

unfeasible. A mere practical detection system would involve a 1. ge 

solid angle geometry and position-sensitive detectors. 

A DWBA analysis of the angular distributions from the { He/*) 
3 * +. 

and ( He,a (0 )) reactions has been performed in the hope to 
* + 

obtain spectroscopic information on the a. (0 ) state. According 



, 3C( 3He.a) , 2C 
E^ =50MeV 

:"ig. TV-30. Angular distributions fro-, the C( Ho.:.) ~C reaction at 
E^ = 50 MeV. Statistical . rror bars; are s'aeu-r.. The .*. 
dasac^. curves represent the results frcr. K~A a-.: Z'.i "/.-.'HA 
calculations, respectivelv. 
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to C11-36), in EFR DWBA the projectile spectroscopic factor S can 

b.- directly determined if the target spectroscopic factor S is 

K;IC•..:-.. Thus, the iol lowing procedure was chosen: f i rst the ( iu-, •• ) 

oa L .J were analysed to find the absolute target S-fact or ̂  S„ vis: ng a 

L;.«-.'T'-t ica 1 value tor S . The extracted values of S servei th^n t :•> 

a:.-r:;,ine S from an analysis of the ( hV, . (0 it data. 

itio hFR DU3A calculations of the C( tie, t/ C reaction wer»_-

;«-r: r'rn:ed using opt ica 1 model parameters for the entrance channel 
3 . 1 2 

r.-iV-.-n froir. a s t u e y of 50 iMeV He e l a s t i c s c a t t e r i n g or. C 

v a . ^ J : V = 100 .MeV, r = 1.4 fm, a = 0 . 5 7 2 fm, W = 2 0 . 3 1 KeV, 

r. - i. 7 in. a,, = 0.537 fm. For the exit channel, the parameters 
1 2 v.•:-•-• caken from an analysis of 56 MeV 't scattering on C (Ga69): 

V - UI6.6 MeV, r,T - i.3 fm. a„ = 0.58 fm, W = 28.05 Mel' V V 

I.. = i.5 fm, a,. = 0.32 :'m. The target bounc-state wave funct:nn;^ 

ut'i •• generated wi t'.i a real Wooes-Saxon potent iai with R = 1.25 • \'l 

:•• - 0 . 0 J l:;i. r'ur Lin* p r o j e c t i K- b«>un<: .t.-iL<-, r /.i-.nn.-l ry 

A = 1.86 fr. and a - 0.65 fm was used. 

"iV.o resul ts of the calculat ions are shown as sol id i ines in Vi^. 

JV-3L-. (For comparison purposes, this figure also gives the results 

ir-im ?.k DWiiA calculations which are represented by dashed lines). 

.....".. curve was individual ly normalized to the data wi I'r, the target 
2 spectroscopic factors listed in Table IV-6 using C 3 = 2 as ealo;-

Ir:tou from (II-2tf). Also given are the S-factors obtained from a 1U',,A 

.-;r*i 1 vsis of tiie data takpn at E- = 6 0 MeV as well as the theo-
he 

r.-L i ca 1 values of Cohen and Kurath (Coo5 ) . Furthermore-, relat i ve 
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13 12 

-•>:,'«'r imental S-f .idors from an an.<lysi s ot the C( p,d) C rcac-

tion (Sc7Q) are listed in Table IV-6. All relative S-factors have 

heen normalized to the 12.71->U'V, 1 state. Good agreement exists 

aetween the experimental and theoretical absolute and relative 

S-factors except for the g. s. and 4.44-Me V state. It sec* ins Ui.-it for 

Lt.osi- two states , the thenret i en 1 ly pr«*d ic r ed val uos ar«' too sma 1 ~i . 

Or. the other hand, the experimental S-factors are seme/hat uncertain; 

L ransi t ions in the ( He, 0 react ion Ioaci n& to these states suffer 

lrom angular momentum mismatch which makes their calculated cross 

heri; iJUS and part iculnrly thei r absolute magni tude very sensi tive to 

variations ot the parameters that go i.ito the DWBA. 

In the DW&A analysis of the C( He,a ( 0 + ) ; C reaction, 

tin; s.u:.,-' opt leal model ana bound state parameters have been employed 

;.;; : i he results are shown as solid curves in Fig. IV-31. Whereas the 

• • .-.-r imental d i str i but ions exponent! al ly fal 1 off wi th increas inj* 

. and arc siructureicss, the EFR as well as the ZK DWBA calcula­

tor.., which are shown as dashed curves, oscillate and only reproduce 

the genera 1 trend of the data. This di screpancy could indicate that 

the n.actlor. mechanism differs from that assumed in the present 

anilysis. 

Normalization of the calculations to the data using average exper-
2 

;mental target S-factors (Table IV-6) yielded C S * =0.14 for the 

y.s. and 0.12 for the 4.44-MeV state. Unfortunately, the uncertainty 

m tiiuse S-factors is quite considerable since their determination is 
bit-.i<:fi on (d'.'/d'v ,S and '-,,..„.. The unn.Tlnirit y in llur '-A(J s UWnA 
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cxper irr.rntal cross section and the target 3-factor*! has been discuss 

abovf. As for the theoretical cross section, it 
,3 *, + -Loo suffers from substantial uncertainty. Although the ( He,^ (0 ) / 

Lrair-ii Iions are wel 1 matched, the absolute magnitude of the predicts 

cross section is quite sensifive to parameter variations. Consider; 
2 * nil these uncertainties, the error on the average value C S = 0.1J a 

i r. .it least 50%. Based on the j j coupl ing shell model, one finds f r 
2 —1 (I1-2.S) a theoretical value C S * = 0.5 assuming a pure (Is 2s) a 

configuration. According to (IV-27), the 0 state has only 75Z 
2 

lp-ih character which reduces the value of C S * to 0.38. The 

o>:;jor icental S-f ac tor is thus about three times smaller than the 

i hi-on.-: leal one . Th is ind icates that the 1 p-lh component of th«- vav< 

iunc t ion is smaller than that assumed in (IV-27) which is consistent 

with tho result obtained from (e,e') form factor calculations. 
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V. Summary and Conelusions 

A detection system has been developed which is capable of 
2 * measuring the unbound outgoing reaction products He and Ci by way 

01 detecting in coincidence the two breakup particles p + p and p + t, 

respectively. This system has been employed to investigate in detail 

the reactions (3He,2He), (at,2He), (d,2He), (a,a*), and 

( He,'i ) in order to explore their potential u&cfulness as a 

spectroscopic tools as well as to obtain an understanding of the 

mechanism of reactions that produce unbound particles in their final 

2 3 2 
For the three reactions that produce He, the ( He, He), 

2 2 
('», He), and (d, He) reactions, proi-icted proton energy spectra 2 were generated in order to establish that one is dealing with He 

and not just two uncorrelated protons. These spectra indeed showed 

the character ist ic enhancement of the cross section at small relative 

pp energies which arises from the final-st ice interaction between two 
1 2 

protons in the S state of He, and which is well reproduced by 
the theory of Watson and Migdal. Angular distributions from the 
3 2 12 13 
C He, He) reaction on targets of C and C at an incident 

energy of 50 MeV were analyzed with standard DWBA calculations. 

Excellent agreement with the data provided further just ification for 
2 2 

treating He as a quasi-bound nucleus. The (̂ , He) reaction was 
then studied on 16 targets between C and Ca at E = 65 ind 55 

a 

MeV for its promise as potential spectroscopic tool to investigate 

high-spin 2n states in light nuclei. In this survey, it was found 
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2 that the (ci, He) reaction indeed preferentially populated in p-shell 
2 

nuclei states with (d sy 7)/. + configurations and in sd-shell 
nuclei states with dominant conffgurations (**- .£_,_).- and 

2 (f7y_).+. A lineai A dependence of the binding energies of the 

5 and 6 states was observed which was explained by the theory of 
2 

Bansal and French. A more complicated process that forms He as an 
2 outgoing particle, the (d, He) reac tion, was measured at E, = 55 

MeV on targets of Li, B, and C and compared with other 

charge-exchange reactions, such as the (ntp) and (t, He) reac tions. 

Where.is the latter two reactions may proceed by both non-spin-flip and 
2 spin-flip processes, the (d, He) reaction is more restricted, since 

2 only spin-flip transitions are possible; the (d, He) reaction is 

therefore a useful complement to the reactions induced by spin 1/2 
2 

projectiles. Angular distributions from the (d, He) 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 E = 25 MeV. In this region, there are three known 

excited states, the 20.1-MeV, 0 state and the broad 21.1-MeV, 0~ 

and 22.1-MeV, 2* states. In the 1 2C(a,a*) i 2C reaction at E = 
a 

* 
65 MeV, only the natural parity state at 20.1 MeV in a was popu­
lated as is expected for a direct inelastic scattering process. 
Further evidence for an inelastic scattering mechanism was ootained 
from the result that both the states excited in the residual nucleus 
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.is wi- . ! .is It i. o-.. i 1 l . . lory cliui'.ii'li-r oi I in* i >-su I I ;.nl -in/.u 1 u <11:1 r . 

u..:;.).-..s were .-.lmila : »J those observed in the .standard ( t , , ' ) r e a c -

t :••:;. '.-.'hereas the ( t , ) reac t i on only populated the 20 .1 -MeV, 0 

-k j * 
.-.L.-III' in i , the ( He, i ) r e a c t i o n was found a l so to popula te 

s\ r j n ^ i y thu hijjht-T lying 0 and 2 s t a t e s . A conip.'irison of thv 

9 
.•;!<• r.,;y spec era ::ie.'is::rei: al h- = 6 0 MeV on t a r ^ - t s o; Be, 

he 

' * L , . . l C with t..ose from the normal ( He, .) reaction showed 

th.it both reaction:, populated tin* sa;:i«- st.iti s in t h»- residual nucK'-

:•>.; wit n dill «-r.-fii r*'lxt i ve strengths due to the Q-va i ue dependent'*- oi 

i'.f r.-rtc l i on cross .*-«-c t i on . An iCr'K U'..'iiA .::>..! ••-, i •, u t t i,.-

' '( i Ji,. , ii an<: 'Ji.('ii.-, • (2(J.i,u )) reac I iuiij. K'.-K: i n/. to 

1 '.• >'.-.. and ',. -\U-y.K-X , 2 states in C was used to ext rac t 

s; i .. r. rosenpi c information on the 20. i-MeV, 0 state oi' He. 

':•'.:•. I en si on of the exper imentai technique employed here to the 

.;••!.••<•: i on of other unbound particles (Ko73j is straightforward. The 

;>:• *-ui system can be used without modification to st-idy reactions 

t h.; i ]>v^t\<.jci- nuc ie i such as Li (16.66, 3/2 ) - d t- He, 

"hi" (2.185, 3 +) * d + •* and 7Li'' (4.633, 7/2") - t -*• -t. 

i;.j.v-v,r, in order to improve the energy resolution, it would be 

*•:-•• r.-.:; 1 e to us<- pu:, i t ion-sens i I i vt- d«-t-c tor a that pe-'ini t a reduc I 'nr,\ 

o; tile kinematic broaden ing without loss of coincidonce efficiency. 

http://th.it
file://-/U-y.K-X
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Append J v.. Sol i d an^l P conputat i on program SOI-J AC 

Tlv program SOUAC calculates for the reaction TCP/1+2) y3 the 

lab solid ;ngle d.i into which the unstable particle (1+2) is 

emi L tfd with a lab energy E. _ before it breaks up with a f i xed 

breakup energy into the part icles 1 and 2. The ir lab energies E. 

and h art- measured with counters whose lab solid angles are d̂:, 

and tY,i respectively. 

For part i cl es that break up wi th no re Kit ive angul ar momentum, the 

cm. c ros:. sec ti on is accord i ng to (11-10) given by 

dli3-J2 J12 d Kl ^ 1 ^ 2 
(A-l) 

whrrc (1 /dK. is obtained by di f ferent i.it ing (TI-7) which yields 

d, 
diiT 

dE 
. m - , + I , 1 i — 

m l + m 2 V dE 
, /m\,a2 (E2+E1dE2/dE1),:OSrJ,i2 

/E:E. 1"2 
CA-2) 

whnre dE /dE. is given in (0hG5). 

Conversion of (A-l) Co the lab system is most conveniently 

performed by using the fact that for large values of nu and m_ the 

values of the cm. variables approach those of the lab variables. In 

the limit of m, -*• ™> and thus, also m,. -»• «% the two systems become 

indentical: 

d 0 - i-

da ~ U n\, in, 
da 
3-12 

(A-3) 



1 4 1 

/ d 2 j , . 1 d e 4lT l im -5 -r=— d j i . d ' J a t . 
1 I m -i 12 1 

( A - O 

d V 4 

( A - S ) 

F = l i m 
1 d r 

J 1 2 d E l 
( A - 6 ) 

= l i ra - l i m -rTT-
in.,-*'*' 12 in- 1 

3 3-*^ 

( A - 7 ) 

U s i n g ( 1 1 - 9 ) o n e f i n d s 

, . 1 E l ^ l i m —;— = —— 
"V" J12 \ E 1 E

2 / 

1/2 

( A - 8 ) 

d E 2 
l l m dE7 = - 1 

V" 1 

( A - 9 ) 

one o b t a i n s u s i n g ( A - 2 ) 

d c = 1 

dE m l + m 2 

/ r n 1 m 2 ( E 2 - E j ) c o s 9 ^ ' 

Shh 
( A - 1 0 ) 
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and the final result 

V w v v c o s 5i2Ww v / 2 

i y ^ 12 '"I V 1 ^ j&)" ( A - l l ) 

The program SOUAC first calculates *"-- given values for E, _, 

f, m.J m_, and counter geometry the an£ separation b.~ 

between the centers of du, and dl^. Then, E. and E- are 

computed using (II-7) and 

This requires a solution of the quadratic equation 

(A-12> 

a E + b E + c = 0 (A-13) 

where 

2 2 
(m -m ) + 4 tn.m? cos 9. „ (A-14) 

b = 2d(m1-m2) - 4(Ej + e ^ m cos 8 (A-15) 

(A-16) 

d = (mj+mj) c - m : (E J + 2 + E) (A-17) 



1 4 3 

The s o l u t i o n s of (A-13) are 

" i 2 a 
b ' ^ - ^ ( A - I 8 ) 

U-1 9 ) 

r,(,u;i I i on (A-18 ) pan susses ( re a 1) solutions on ly it b" • 4ac • Th i s 

;n::.s .i limit on thr maximum possible value of '' which is deti-r-

mi n-ti : roin the cone i t ion b"" = 4ac and is given by 

= sin . . (A-2U 

ior both solutions of E. and E„, F is calculated and summed up 

,>!-' .'ia->d tiiL* data contain contributions from both of them (two peaks 

in tii.' pro jec ted energy spectrum d ~/d -- d j-9dE, ) . The lab cross 

M Liion and solid angle are then given by 

.2 . 
4 F -T , (A-21 ) 

d l ° 2 

(A-22) 
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In the case o£ large solid angles, d'.t- and d' are divided 

i nto smaller ones: 

d.L - d;£ j m (A-2'i; 

i.ij = d^/n (A-24; 

.- - - - t _i^ - i i . ^ i ] max 
I-or eacii combination IJ the program determines 'j,i. If fj.i < -j 
K, ', E.-l • and F. . are calculated, otherwise F-- = 0. 1 ' 2 ' ij ij 
The average c ross sec Cion is then 

n 2 
£• _ 4n V V r d 

i= i i = i 

i: = in Y V F d." U-2'J) 

where M is che number of combinations ij for which 0?^ < '.™fx. 
J 12 12 

The average lab solid angle is Chen given by 

I Z Z ij d n | d n j J 
x -1=1 j - i l '-' 

dji = M / | 4 n ) \ i ' ; j — : r ) . (A-26) 

1-

lf m = m ?, Chen dS* is multiplied by two. If the breakup energy 

does not have a fixed value but follows a d istribut i on f(i) (d(-cay 

from a broad sCate), then df! is calculated as a weighted average 

/"f(c) dS2(e) de 
dQ = — ? . (A-27) 

jfic) d£ 
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