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ABSTRAcr 

The (6r.i,8r3) reactioo has been investigated on targets of 26z.1g, 2~, 

160 , l3C, 12C, llB, lOB, am 9se at a lxmbarding energy of 80.0 MeV, and 

on targets of 160 , 12c, 9Be, 7J ... i , arrl 6Li at a bCInbarding energy of 

93.3 MeV. Only levels consistent with a direct, single-step two-proton 

pickup reaction rnecha,isns were observed to be strongly populated. On 

Tz ". 0 targets, the s;pectrosoopic selectivity of this reaction resembles 

that of the analogous (p, t) reaction. Additionally, these data demonstrate 

the dominance of spatially syrmnetr ic transfer of the two protons. On 

Tz > 0 targets the (6r.i, Sa) reactioo was. errployed to locate two previously 

unreported levels (at 7.47 ~ 0.05 MeV and 8.86 ~ 0.07 MeV) in the 

Tz = 2 nuclide 2~e and to establish the l~lying lp-shell states in 

the Tz = 3/2 nuclei liBe, 9Li , and 7He• However u 00 evidence was seen 

for any narrow levels in the Tz = 3/2 nuclide Sa nor for any narraY 

excited states in 7He• 

The angular distributions reported here are ~atherfeatureless 

and decrease mcnotonically with irx::reasing angle. This behavior can 

be shCMn by a semi-classical reactioo theory to be a oonsequeoce of 

the reacticn kinematics. A semi-classical approach also suggests that 

the kinematic term in the transi tioo matrix element is only weakly 
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deperrlent lIpCI1 the angular nanentllll transfer (which is consistent with 

simple Distorted Wave Born Approximation calculations). However, only 

qualitative agreement was obtained between the observed relative 

transition yields and semi-classical predictions, using the two-nucleon 

coefficients of fractional parentage of Cohen and Kurath, probably due to 

the limitations of the semi-classical reaction theory. 

I ,,/ 
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I. INl'roDOCTlOO 

A major part of the focus of nuclear physics has been the attempt to 

explain adequately the interaction between nucleons. This nuclear 

interaction can be usefully described by a central potential with an 

additicna1 "residual interactioo" to describe detailed behavior. 'nle 

dominant component of the residual interaction in light nuclei with an 

excess of protons or neutrons is pairing correlations (Ri 68) which can be 

investigated by two-nucleon transfer reactions. Such reactions have .been 

a particularly fruitful field for nuclear spectroscopic studies (See GI 75 
, 

and An 72 for examples). Light-ioo twcrnuclecn transfer reactions have 

been used to study all types of two-particle and, also, two-hole states 

except for two-proton-bole levels. A two-protcn pickup reaction \o1OUld 

Obmplement the existing two-proton stripping reaction studies, since 

pickup reactions preferentially populate levels below the Fermi sea, While 

stripping reactions populate those above it. 

The (6Li, Ss) reactioo would seem to be the optimllll two-proton pickup 

reaction for stlrlies in the lp-shell. No lighter reaction pair is of 

general utility (due to the limitations of neutrcn beams for the (n, ~e) 

reaction and the difficulties of detecting particle-unstable nuclides in 

reactioos such as (a, Gee) ). MY heavier reactioo pair would result in 

m::>re severe kirematic oontr ibutims to the exper i.mental energy 

resolution, would often have bound excited states so that the energy 

spectra ~uld have "shadow peak" ambiguities (this would be the case for 

the (9ae ,1lC), (l2c,l40), am (180,2DNe) reactions, but not for the 

(llB,~) reaction), and would present more of a challenge to detector 

telescopes for adequate particle identification {see Section II for a m:>re 
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complete discussion of particle identification and other expernnental 

ccnsideraticns). The (6r.i,8a) two-protoo pickup reactioo is well-suited 

to counter telesoope exper iments since both 7B and 9s are particle un­

stable, which allows a clean separation of the Bs events fran other 

isotopes. '!he difficulties with these other reacticns is evidenced 

the fE?W other J;lli>lished examples of two-proton pickup (Si 72, Ch 73, Sc 74a, 

and Je 74). 

This work constitutes the first study of all lp-shell targets readily 

available in solid form. This region is particularly suited for an 

initial survey, since it has been investigated thoroughly with other two-

nuclecn transfer reactioos and the cbefficients of fractiooal parentage 

(cfp) relevant to two-nucleon transfer have been calculated (Co 70). Both 

of these results provide a convenient base for establishing the reaction 

mechanism. Of particular interest was the degree of anti-synrnetric pair 

transfer (Ku 72 and Lk 70). The· two-particle cfp for Bs -+ 6Li + 2p (Ku 75) 

indicate that there is a larger amplitude for the proton pair to be in 

a spatially anti-symmetric (3p) state than in a symnetric (In) state 

relative to the 6r.i core (see Section III). The simplest cluster transfer 

mechanism correspcnds to an internal ls state (as in the (p, t) reactioo) 

for the transferred nucleons, which for the (6Li ,Bs) reaction can only 

ar ise fran the ID cxxnpcnent. If anti-synmetric transfer is inp:>rtant, 

then the expected symnetry between the (6r.i, Bs) reaction and the analogous 

(p,t) reaction on Tz = (N - Z)/2 = 0 targets might be distorted. 

While most of the two-proton-hole states in the lp-shell can be populated 

by both types of transfer synrnetr ies, there are a few known levels 
-

which would be fed predaninantly by spatially anti-synmetric transfer, 
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arrl b.o examples of this will be discussed wi th the exper irnental results 

in Section 'IV. 

From this c:anpa.r i500 of the exper irnental data fran the (6Li , ~) 

reactioo on Tz = 0 targets to both the two nucleon cfp's and the earlier 

(p,t) results, it is possible to c1emcnstrate that this reaction has 

the anticipated spectroscopic selectivity. This selectivity in the 

pOpulatioo of states in the final nuclei was then exploited en neutron­

excess targets to indicate the location of low-lying lp-shell states 

in the Tz = 3/2 nuclei 7He , 9Li , and liBe. '1l1is series of nuclei is 

near the edge of particle stability, so that these levels pres_ent informa­

tien an the two-body interaction in a relatively unexplored region. 

Also, this reaction was employed for further study of 4a and 5s i since 

many ambiguities remain in the current description of these nuclides 

(Fi 73 and Aj 74), any new experimental awroach tavards elucidating 

more of their character is of interest. Finally, data will be presented 

for 22Ne and the Tz = 2 nuclide 2~e. These data on 2s-ld-shell nuclei 

illustrate the possible extension of this work to heavier nuclei. 
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II. EXPERIMENI'AL DETAILS 

While two-nuclean transfer reactions have been thoroughly 

investigated, this work involved an extensioo of many aspects of the 

experimental techniques employed in these earlier studies. These 

differences occurred in the productioo of a lithium beam (Sectioo A), 

detection and identificatioo of Sa particles (Section C), and achieving 

adequate background reductioo in these modest yield reactions (which was 

accomplished in part through electronic requirements--Section C--and 

partially by mbre detailed data analysis based upon multi-parameter 

recOrding of each event-Section D). Many of these differences resulted 

from the heavy-ioo character of both 6r.i and Sa. The yields placed these 

particular reaction studies as intermediate between more cawenticnal 

spectrosropic studies and mass measurement' work on relatively inaccessible 

nuclei, so that the exper imental techniques resemble more closely those 

employed in the mass measurement stooies, while the information and 

interest resemble those of conventional spectroscopic studies. 

A. Ion Source, Cyclotron, Beam Transport, and Experimental Area 
\ '\ 

These exper iments were conducted with the var iable-energy, sector'-

focused lawrence Berkeley Lalx:>ratory SS-inch cyclotron, which provided 

the required high energy beams (high energies are needed due to the 

very negative Q-values of these reactions, the kinematic conditions, 

and particle identificatioo constraints). This cyclotron can produce 

a maxinum energy of 140 02/A MeV for heavy-ions of charge state Q and 

mass A. For 6r.i+2 ions this correspoods to 93.3 MeV, which was 

employed for the stooies of the 6r.i and 7Li targets and for a portion 

-, 
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of the investigatioo with the 9se target. The remairrler of this work 

was cCl'lducted with an 80 MeV 6r.i+2 beam •. 

As there is 00 suitable gaseous lithium cnnpound, lithium ions 

have oot generally been acx::elerated in cyclotrons, so that the develop­

ment of an awropriate lithium vapor source was required for this work. 

These beams were produced at the cyclotroo by a penning Ion Gauge (PIG) 

type source (see Cl 72) with arc-heated cattroes (see Fig. II-l). 'file 

lower source cathode consisted of a mixture of isotopically-separated 

6LiF (40%) and tantalum powered (60%), which was fused at high pressure. 

In addition, a tantalum sleeve, coated with fused 6LiF was placed inside 

the anode chamber. A carr ier gas (typically 1~2) was employed to 

strike and maintain the source arc. This arc eroded the cathodes and 

heated the sleeves, thus vaporizing the lithium. 

This beam was accelerated by the cyclotron operating an the first 

harm:nic at a frequency of 8.5 MHz, so that successive beam p..11ses . 

(5-ns wide) were separated by about 120 ns. The cyclotron 6 beam 

transport systems, am the experimental area are shown in Fig. II-2. 

A beam energy analysis of dE/E - 0.14% was obtained by bending the 

~am with a switching magnet through an angle of 39.50 onto a 1.5 mn 

wide analyzing slit. Absolute beam energies were measured with a high 

precisirn analyzing magnet (Hi 69) with a dElE = 0.02%, which was 

calibrated for absolute energies by scattering IIOlecular hydrogen ion 

beams a1 l2c and observing the T = 3/2 resonance in ~ at 14.232 MeV 

(Sa 71). (This system is located in an adjacent experimental area 

am is not shown in Fig. II-2.) Typical beam spots of 1.5 x 2.0 mn2 

were obtained CI'l target in the O. 5-m scatter ing chant:ler. 



WATER 

Section Through 
Median Plane 

CAP 
eTa) 

CATHODE 
(TANTALUM) 

SLEEVE ~ 
(TANTALUM) 
liF Loaded 

. ANODE 
(COPPER) 

o 1 2 3 CATHODE 
L. b. L La L b I €o%liF +60% Ta) 

INCHES 

02468 GAS 
l l I J I I 

CENTIMETERS 

CATHODE HOLDER 
(COPPE~ 

ELECTRON DUMP 
(TANTALUM) 

Median 
------P"lane o

-

INSULATOR 
(BORON NITRIDE) 

INSULATOR 
~LUMIN~ 

WATER 

LITHIUM INTERNAL P.l.G. SOURC E 
XBL 7HO-15368 

Fig. II-I. A cross-section of the internal PIG source illustrating the doped 
cathodes and anode sleeve insert employed to produce lithium ions. 

'-i J ~ 

I 
0-

I 



r. " 

AI2 0 3 and 
viewing box 

Scale 

~=C~ ,-~---tc~"c,c~~- lc._. _=~_~_ L==..c=l 
o I 2 3 4 5 

meters 

Diffusion pump 

Radial 6 vertical 
steering magnet 

Steel shielding 

~ 

Staging line: collimation and 
centering elements 

Cyclotron 
vacuum tank 

Dee 

XBL 747-3584. 

Fig. II-2. A schematic diagram of the 88 inch cyclotron, beam transport system, 
and Cave 2 experimental area. 

I 
-...J 

I 



-8-

Wi thin this chamber detectors were nounted about 15 en fran the 

target on two independently movable platforms located on either side of 

the beam. An aluminum housing with tantalum shielding on the upstream 

side enclosed the counter telesoope, and a 600 gauss permanent magnet 
/ 

was placed in front of the collimators to deflect low energy electrons 

produced in the target. In same of the experiments the/detectors were 

cooled by a thermoelectric cooler to -200C to reduce thermal noise 

and leakage current. The scattering chamber pressure was typically 

4 x 10-5 TOrr; carbon b.lildup was reduced by employing a ser ies of 

liquid nitrogen cooled traps. 

B. Targets 

Self-supporting isotopically enriched targets were used in these 

experiments (see Table 11-1 for further details). Target thicknesses 

were determined fran the energy loss of alpha-particles fran 2l2Po 

and 212Bi • For targets of natural isotopic oamposition or those which 

were rapidly oxidized, portions were weighed on a microbalance. These 

determinatims are estimated to be accurate to about 15% due to inharo­

geneities in the target and the presence of target contaminants. The 

amamts of CXJntaminants (typically carbon and oxygen) were determined 

by comparison of either their reaction or elastic yield relative to 

weighable samples. 

C. Detectors and Electronics 

Each detector telesex>pe CXJnSisted of foor coW"lters. The first 

two of these detectors-deooted as ~E2 and ~El-were Ortec surface-

barr ier transmissicn detectors (of 34 and 24 ~m thickness, respectively). 

'!be remaining counters were fabricated at IBL. The E detectors in 
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Table II -1. Target inforrnatioo and detector geanetry. 
1 

Targets 

Isotopic Purity 
(%) 

99.3 

99.99 

100.0 

96.0 

98.0 

98.89 

90.0 

99.8 

99.7 

99.4 

'lbickness 

0.40 

0.33 

0.13 

0.14 

0.21 

0.22 

0.14 

0.12 
(160 thickness) 

0.15 

0.45 

Detector Collimation 

Angular Solid Angle 
Acceptance (msr) 
(degrees) 

0.6 0.27 

0.6 0.27 

Same as for 6Li 

0.6 0.31 

0.6 0.19 

Same as for 9ae 
Same as for 6Li 

0.7 0.43 

0.8 0.45 

Same as for 9Be 

Same as for 6Li 

1.0 0.65 

1.0 0.38 

Same as for 2~ 
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these two telsoopes were 200-urn phorphorus-diffused counters. Finally, 

a l-mm thick lithium-drifted detector was employed to reject those 

events which did not stop in the E-counter. 

Signals fram these detectors fed charge-sensitive pre-amplifiers 

CPA) (see Fig. II-3). The PA signals were then delay-line shaped 

(400 ns) into bip:>lar signals in the linear amplifiers. This form 

of shaping gives fast baseline recovery and a narrow pulse width 

(~lllS), which produced a dead time of about 5% at a counting rate 

of 20 kHz. (The dead time was rrieasured by the ratio of randamly­

strobed pulse tr iggersto the number of pulser events observed in the 

final dat'!l.) Events were limited to one beam burst by a pile-up 

rejector (PUR) with.a pulse pair resolving time of 50-ns and an ' 

inspectioo time of I-llS. Events were further limited to the particles 

of in~erest by single channel analyzer(SCA) wind~ around the energy 

signals in each detector. The SICMeSt CQllponent of the electronics, 

the particle identifier, required stretched signals (-5-llS). However, 

signals ~re stretchedooly if there was a 40-ns fast coincidence 

between SCA I s in all three amplifiers, plus a valid event signal fram 

the PUR within 40-ns, and there was 00 event in the Rej amplifier 

within I-llS. In this particle identification unit, the energy signals 

from all three counters were added to produce the total energy signal 

(Etotal) for each event. 

The resolutioo of this total energy signal was determined by a 

cnnbination of the natural level width, the spread in the cyclotron 

beam energy,' the electronic resolution, the target thickness, and the 

finite angular a~ptanoe of the collimators. All these effects can 
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be considered to add in quadrature, although sane have rectangular 

distrihutioos (M:> 66, Ma7l); typically, the daninant contrib.ltions 

were from the last two effects. The resolution in these experiments 

was usually 200-300 keV. 

The particle identifier was a Goulding-Landis three-oounter, 

double -identificatioo system (see Go 66 and Ce 66a). This method of 

identificatioo is based upoo the empirical relationship that the range 

of a charged particle is given by 

R = ~b (II-I) 

above a certain energy threshold. A is a constant characteristic of 

the particle type, E is the particle energy, and b is a constant that 

is weakly dependent upon the Z of the detected particles. For boron 

isotopes, this last constant is about'1.6 (Po 76), but the constant 

b is empirically optimized at the beginning of each experiment for 

the particles of interest. If a charged particle passes through a 

transmission detector of thickness T aOO deposits flE in this counter 

and then stops in the E counter losing E anount of energy in the latter, 

then, it can be demonstrated that 

and this T/A is an energy irrlepeooent particle identificatioo (PI) 

signal (see Go 64). 

(11-2) 

The resolutioo of this signal is obviously directed proportiooal 

to the tmiformi ty of the transmissioo detector. Detectors normally 

cannot be made with a non-uniformi ty less than 0.5-1 microo and a 



, . 
" 

t!'1 

-13-

typical limit is -2 microns (Wa 75), which will lead to- relatively 

poorer identification with 2o-um detectors than 20o-um ones as 

transmission detectors. Also, it can be dem::nstrated that A is 

proportional to MZ2, which implies poorer separation for heavier 

elements. Si~ the energy loss of charged particles is proportional 

to MZ2/E, these rather ION energy 8:s particles (in the region fran 

40 to 70 MeV) have a range of at most 300-um in silicon, so that rather 

thin transmissioo detectors (35 and 25 urn thick) were employed. Thus, 

for detected heavy-ions, the particle identifier gives particle spacings 

smailer than for lighter particles ana the t~inner transmission counters 

led to poorer particle resolution. 

One can achieve lower background by employing a second transmission 

detector, as is illustrated in Fig. II-4, so that two independent 

determinaticns of the particle type can be generated. To the extent 

that a mdsidentification occurs in either counter due to non-statistical 

fluctuations in the rate of energy loss (for example, caused by channel­

ing, blocking, or anomalously high energy loss due to the Landau 

process), then the ratio of these particle determinations will be 

anomalous. '!he particle identificatioo unit generated a particle 

identification signal (fran the sunmed energy losses in the transmission 

detectors) by an analog circuit employing a logarithmic element ana 

also a ratio signal of the two independent identifications (since each 

PI signal = T/A (Eq. 11-2) and thus, PII /pI2 ~ TI/T2' this ratio 

corresponds to the ratio of equivalent detector thicknesses). We have 

examined alternative means of gating this ratio to ~roye the particle 

identification. The gating can be performed either on-line (which 



-14-
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allows a better evaluatioo of the data dur ing the exper i.ment, but suffers 

fram irreversibility}, or off-line. With on-line gating the percentage 

of events rejected was carefully monitored, since slight gain shifts 

in either transmission detector system can cause drastic increases 

in the rejectioo rate. Typically, 10 to 20% of the events were rejected 

by this gate. 

We have examined the effects of this selection process as a function 

of energy, because of the interest in this work in both angular distri­

butioos and cross sections as a function of excitation energy. Along 

with the anomalous identifications due to non-statistical fluctuations, 

there is a general energy dependence in the particle identification 

signal. we have determined that the majority of the rejected events 

were in the low energy portim of the spectrum (E (Be) :5 40 MeV). This 

can be investigated on-line by using the E ~ to vary the energy region 

of events entering the particle identifier, or by off-line gating of 

the ratio signal. From these investigations we have determined that 

if a Sa event loses more than 15 MeV in the E counter (equivalent to 

about 45 MeV total energy for the typical.transmission counters employed), 

its particle identificatioo signal is reasonably energy independent. 

This is in agreement with theoretical range-energy calculations of 

the PI signal employing the CX!npUter code LZY (Ma 70). Accordingly, 

we will lirni t our presentatioo of data for incH vidual energy levels 

to this region. 

A typical PI spectrum is shown in Fig. II -5. AS can be seen from 

this spectrum, a clean separatioo of the Sa's fran other boron isotopes 

was readily achieved. 
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D. Data Ac:9Uisi tion and Analysis 

For each event, four parameters (either 1:$2, bEl, Etotal , and 

the PI signal generated fran the sumned energy losses in the ~I s: 

or the ratio of the PI signals, E, Etotal , and Pltotal signals) were 

sent via a multiplexer and an analog-to-digital converter to an on-

line PDP-5 computer. The energy spectra were displayed during the 

experiment an a CRT and the events were written on magnetic tape for 

suooequent analysis. In this off-line analysis on an sa:~660 canputer, 

the multi-parameter sorting and gating program CHAOS (Ma 74) was employed 

to set more stringent PI requirements and to generate the resulting 

energy spectra. These spectra were then analyzed with the peak-fitting 

program rERTAG (Ma 71), which ccrnputed the peak centroids, integrals, 

and widths. These quantities were then used in the program I.DRNA 

(Ma 71) on a CDC-7600, which calculates a least-squares fit to the 
• 

known energy calibatian points and assigns excitation energies to other 

levels •. 

Definite assigrunents of peaks to a ~ticular reaction were made 

only if they were seen at several angles with the awropriate kinematic 

shift. Early investigations were made of carbon and oocygen targets, 

so that spectra fran the basic target contaminants were well-understood. 

As an aid in the analYSis, all the data 00 each target were kinematic-

ally shifted to one angle and Sl.lllned by the program StM)HIFl' 00 the 

SCl:-660. Also, the data for unbound light syst~ (e.g., ~, ~) were 

cnIpressed by a factor of 4 (fran -100 kev to -400 keV) to inprove 

the statistical analysis of broad levels (see Appendix A for a des­

cription of same considerations in the .analysis of unbound systems). 
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Finally, the measured angular distributions will be presented with 

only statistical error bars an the data points; this indicates the 

relative error, although the absolute error could be as large as 30%. 
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III. 'lHElJREl'ICAL ~SIDERATlOOS 

While, in general, these studies represent an extension of earlier 

~nucleon transfer investigatioos to include twc>-protoo pickup, the 

heavy-ion nature of the incoming and outgoing particles adds a distinct 

character to these stooies. Much of this difference arises due to 

the possibility for transfer of two nucleons in various coupling 

oonfiguratioos. In spite of these additional possibilities, the 

observated selectivity in the populatioo of states in the residual 

nuclei suggests that the dominant configuration of the two transferred 

protons remains the ls relative state, the predominance of which is 

expected from the fundamental nature of the pairing interaction. 

While the transferred pair is an internal ls cluster, its total wave 

functioo is 1D with respect to the 6Li core; the extended nature of 

this state means that finite-range effects will be inportant in 

describing the rea~tian kinematics. These finite-range effects, 

along with the large number of partial waves (and the angular 

nomentum mismatch) of the irxnning and ootgoing particles, cause the 

reaction to exhibit characteristic heavy-ion reaction features, which 

suggest the appropriateness of semi-classica1 treatment of the reaction 

process. 

A. General Features of T'WO-Nuc1eon Transfer: Reactions 

Studies of 1ight-iantow-nucleon transfer reactions have been 

legion and the reader is referred to the numerous general articles 

discussing spectroscopic studies with these reactions (for example, 

G1 63, G1 65, Gl 75, To 69, An 72, and Br 73). 



-20-

The transition matrix element of a nuclear reaction can be 

described in terms of a nuclear structure component and a transfer 

amplittrle, the prc:rluct of which is surrmed and averaged ewer the 

appropriate quantum numbers. For two-nucleon transfer reactions, this 

includes a coherent addition of these amplitudes ewer the internal 

quantum nurrbers of the transferred nucleons. This intrc:rluces a 

sensitivity of the transition strength not only to the magnitude, but 

also to the sign of small admixtures into the wave functions of the 

"core" plus "cluster" systems (To 69). (In the case of heavy-ion 

reactions, such as (6r.i,Sa), we must consider the "core" plus "cluster" 

system in roth the target and in the ootgoing Sa.) 

Typically, the interest is in the nuclear structure factor term, 

which is called the spectroscopic factor of the transition. This 

factor is proportional to the square of the two-nucleon coefficients 

of fractional parentage (2-cfp), where this coefficient, in the case 

of pickup, describes the target ground state wave function in terms 

of states of the final nucleus coupled to two nucleon states with 

appropriate values of relative angular rocmentum between the "cluster" 

and the I. core" • 

For a single-step direct reaction, these spectroscopic factors 

are a measure of the probability of two-nucleons forming a particular 

cluster through their spatial correlation (the transition strength 

will also depend upon the probability density of the cluster wave 

function in the regioo where the transfer occurs). For ~ (or roc>re) 
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nucleons these spatial correlations arise from, not only the nucleon-

nucleon force (or the pairing interaction), but also from the angular 

l'OClmel1tum cx>uplirg (Gl 63). (For example, the spatial correlation of 

two identical nucleons with angular manentt.lll j, which are coupled to 

J, is larger if the classical orbits of these particles are co-planar 

(i.e., if J is 0) rather than tilted with respect to each other.) 
. t 

HONever, the transi tioo strength will be largest when the transferred 

pair retains the same relative state: which would select essentially 

only the ls clusters in the target for pickup into a triton in the 

(p,t) reaction, but could allow other cluster configurations to match 

the B:s ground state wave function in the (6Li , Sa) reaction. 

Although light-ian two-nucleon transfer re~tions often have a 

possible small campanent of lD as well as ls cluster transfer (e.g., 

the expansion of the tr i tan ground state wave function has a lD catpOnent, 

which offers this possibility to the (p,t) reaction), the ls state 

daninates these reactions (Br 71). In heavy-ion reactions the more 

complicated structure of the projectile-outgoirg particle-pair could 

result in transfer of "clusters" not only in the relative ls state, 

rut also with lD or 3p CXXlf~gurati~, if the structure of the other 

system contains these relative configurations. This will be discussed 

in greater detail in Sectioo III-B. Similarly, the transition strengths 

will depend upon slight admixtures in the target ground state wave 

functioo in this pickup reactian, am examples of this sensitivity 

will be presented in Section IV (in particular, with respect to the 

first excited state of 9Li). 
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B. Stroctural Features 

It is clear that the transitioo strength is dependent upon the 

strocture of both the target and~. A heavy-ion aspect of the (6Li,~) 

reaction is the more complicated strocture of the projectile-outgoing 

particle pair than for the light-icn reactioos. One of the more • 
interesting features of this reactioo is that it provides a means of 

investigating anti-symmetric pair transfer. This type of transfer 

process has been the subject of same theoretical speculation (Ku 72, 

Lk 70). There is a great weight of evidence that light-ion twcrnucleon 

transfer reactioos occur only through the transfer of a pair coupled 

predominantly in a spatially symmetric (Is) oonfiguration rather than 

a ID state. However, it would be useful to learn whether this arises 

because of the limited stroctural possibilities of the light-ion 

reactions, or because of the more prevalent nature of the Is state 

due to the pairing interaction. This test requires that the strocture, 

both of the reacticn pair an:] the target, provide an ORX'rtunity for 

anti-syrnmetr ic transfer, am we will discuss each system in turn. 

The (6Li,~) reaction is a gcx::rl probe for determining the 

importance of the spatially anti-symmetric (Jp) configuration in the 

transfer process, since ~ has a higher percentage of a 3p pair relative 

the 6Li core than a ID cluster. (See Table 111-1 for the magnitude 

of these symmetric an:] anti-symmetric transfer terms for same heavy-

ion two-nucleon pickup reactioos-the SMAG, PMAG, etc., notatioo 

will be discussed below.) This can be seen fran the groum state 

oonfiguraticns and spins of 6r.i am ~ (see Table 1II-2). '!be daninant 

ground state oonfiguratioos (2S+1L) can be camected only by 
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Table III-I. Spectroscopic factors for 1p-she11 heavy-ioo two- . 
nucleon transfer reactions. 

Symmetric Anti -Syrrmetr ic 

Reaction FMAG 0 :EKl\G'1 ]?MAG 2 
'", 

(6Li , Baor 8Li ) 0 0.032 0 0.141 0.494 

(9Be,llc or 11Be) 0 0.747 0 0.888 0.720 

(10B, 12N or 12B) a 1.354 0 a 0.039 

(11B,1~) a 2.061 a 1.806 0.472 

(lIB, l3B) 0.637 0.043 0.101 a 0.004 

(12c,140 or 14C) 0.597 0 0.101 a a 
(l3e,15o) 1.002 a 0.300 a 0 

(10s,8Li or Sa) 0 0.732 0 0.295 1.428 

(11B,9Li) 0.667 1.443 0.022 0.143 1.984 

(l2c, lOBe or 10C) 2.747 a 0.032 0 0 

(l3e,llBe) 1.959 0 0.090 0.001 0 

(14c,12Be) 1. 784 0 0.111 0 0 

(13c,llc) 0 2.061 0 .1.806 0.472 

(14c,12c) 0.597 0 0.101 0 0 

(l~,UB or ~) 0.033 2.415 0.008 0.388 . 0.361 
, .. 

(1~,13s) a 3.737 0 2.755 0.955 

' .... (~,~) 1.002 0 0.300 0 0 

(160 ,14c or 1~) 2.212 0 0.788 0 0 
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Table III-2. 2S + 1L COIlrpa1e11ts of the ground state wave functions 

of 6L1 and 8s (fran Ba 66). 

6 .' + Ll g.s.~l 
R- . + 
-H g.s.:2 

0.992 35 - 0.028 30 + 0.l20 1p 

0.922 3p - 0.242 30 + 0.060 3r + 0.241 1J - 0.148 3D 

- 0.032 3p + 0.084 5p 

(Note that in 8s the 3p and 30 configurations are repeated, since the 
group theoretic symmetries are different for the two cases of these 
configurations.) 
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(~i ®2p = Sa) 3S (g)3p = 3p ; si~e for the L-values, mly 0 + i = i, 
and two identical fermians must have S=l for odd L and T=l. Symmetric 

transfer rust ar ise through other than the daninant configurations, 

such as in 3S ®lo = 30. One can see that symmetric transfer c;an. 

only occur by a 10 ~figuration (relative to the 6Li core) since 

1 ®o (lso) :;"2. 
These c:x>nfiguratioos relative to the core can be decanposed by 

the Talmi brackets, that have been tabulated by Brody and Moshinsky 

(Br 60), into the internal relative angular m:::rnentum II and the center­

of -mass angular m::mentum II of the pair relative to the core, where 
-+ -+ -r 
L= II + 1\ (III-I) 

The 3p configuration (L = 1) can be deoamposed into only A = II = 1. 

The 10 configuratioo (L = 2) can be transformed with equal amplitude 

(12/2) into either A = 0, II = 2, or A = 2, II = o. (Since the Talmi 

. transformation brackets are for harmonic oscillator wave functions, 

they are expressed only in terms of L.) For the anti-symmetric OCIIpOnent, 

since S = 1, the L = 1 term canobrrespond to J = 0, 1, or 2, while 

for symmetric transfer each L corresponds to a unique J. 

As previoosly mentiCJ'led, for a test of the strength of transitions 

through the anti-symmetric c:::atpOnents one needs not only a reaction 

pair with a large o:rnpooent of an~i-syrrmetric transfer, but also a 

target that contains a large portion of anti-symmetric transfer strength 
. \ 

to a particular final state. The 2-cfp's for the lp-shell in a jj-basis 

have been tabulated by COhen and Kurath (Co 70) based upal their 

interme:Hate coupling wave functions (Co 65 and Ku 56). As part of 

this work (Co 70), Cohen and Kurath have tabulated the transition 

/ 
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strengths for J = L = A =0 transfer (denoted in their notation as 

SMAG or S magnitude) and for J = L = A = 2 transfer (called ~ for 

o magnitude) for a relative 1s cluster (). = 0). We .have extended this 

work of Cohen am Kurath by calculating and tabulating the analogous 

quantities for anti-symmetric transfer (with ~T=l) for their wave 

functions, which we will denote in a similar .fashion as PMAG 0, PMl\G 1, 

and ~G 2 (for L = A = ). = 1 with ~ = 0, 1, or 2 respectively). 

These values are listed in Table 111-1 for various two-nucleon 

transfer reactions and in Section Iv for the targets studied in this 

work. (A more complete listing of transitions with the lp-shell is 

available from the author.) 

This transformation consists of first ccxwerting the 2-cfpl s fran 

the jj-basis into an L·S representation, and then squaring them. Finally, 

these quantities are weighted by a statistical factor for the available 

number of pairs for the transition (IN [N-ll) where N is the number 

of lp-shell nucleons in the initial nucleus for pickup reactions and 

in the final nucleus for stripping reactions. Because of the impOrtance 

of these spectroscopic factors for this work, these relationships 

between the jj am L·S 2-cfpl s are listed in Table III-3. It should 

be noted fran this table that the ~J = 1 transitions are only possible 

through ~G 1, while ~J = 0 or 2 transitions are possible through 

either the symmetric or anti-symmetric transfer configurations. 

In fact, SMr\G and ~ a (and similarly, J:toW; am ~ 2) are 

orthogonal CXIIlbinations of the jj-basis wave functions. Accordingly, 

these states accessible through anti-symmetric transfer of two nucleons 

are fairly cammon, but they typically exist at rather high excitation 
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Table 1II-3. The conversions between the jj and L·S representations 
of the two-nucleon fractional-par entage-ooeff icients. 

e01 (ls ) = 
/2 e01 (33) + e01 (11) 

° 13 

8 21 (lD ) 021
(33) /2 21 

= 
+ 2 e (31) 

2 13 

ell (3p ) = ell (31) 
1 

e 21 (3 p ) = 
12 e

21
(33) _ e 21 (31) 

2 13 

e01 (3 p ) 
01 + l2e01 (11) 

= 
-e (33) 

° 13 

The notaticn employed is the same as in Co 70, and is eJT (lj12j2) 

for the jj-representation andJT(2S+1LJ} for the L·S representation. 
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energy. These levels are rather inaccessible because of their unusual 

configuration, so that only a few states of this type have been located. 

The symmetric states occur at lower excitation energies and typically 

have been well investigated. This level ordering might be expected 

from the sign and size of the pairing interaction, which can be viewed . 

as splitting these states. Fortunately, we fOl.ll'rl t\toO good test cases 

(in the lOB (6Li , Be) and the l60 (6Li , Be) reactions) which provide a 

good test for the ~rtance of anti-symmetric transfer. 
I 

Another type of test for the tmportance of this reaction process 

(arid also for multi-step transitions) is to compare the results of 

this reaction with that of the (p,t) reaction on Tz = 0 nuclei. For 

this type of target, the t\toO reactions populate mirror final nuclei, 

so that they are quite analogous (see the numerous discussions of 

isospin, such as Cerny (Ce 68) and references therein, for a justification 

of these expectations). If the syrrrnetry of the transferred cluster 

were different in these t\toO reactions, then a lack of correspondence 

rrcight be Observed. However, the differing kinematic aspects of the 

~ reactions will terrl to make the agreement between them inexact, 

i.e., one ~uld expect the same qualitative selectivity, rut the relative 

transitioo strengths might be quantitatively different. we will present 

exanples of this sirrcilar i ty on Gr.i, lOs, 12c, 160 , and 2~ targets. 

C. Selection Rules 

A useful way of characterizing reactions is by their selectivity 

in the populatioo of states in the final nuclei. These selectioo rules 

may suggest values for the spin and parity of IJq?l!ated levels. For 

exanple, the (Gr.i, Bs) reactioo populates stroogly only levels with 
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the same parity as the target ground state, so that data fran this 

reaction will suggest the location of negative parity states in 7He , 

9Li , arrl liSe. M:>reover, the reactioo selecti vi ty in the p:::p..1lation 

of states in the final nuclei will reflect the reaction mechanism, 

so that it is possible to differentiate most easily among direct 

reactions arrl more complicated mechanisms by the type of levels 

preferentially populated (for example, see Ce 64 and Ma 71). 

For simplicity, this discussion will be limited. to lp-shell levels, 

thus, the donUnant configuratioo of the ground state of alp-shell 

target of a~amic number A may be described as (Is) 4 (lP)A-4 J i " 

If the (6Li , Sa) reactioo proceeds by a direct single-step pickup 

mechanism on such a target, then only levels with the configuration 

(lp)A-6 J f may be populated (assuming for this discussioo that the 

Is-orbitals remain inert during the reaction, which deletes for now 

reactions an both the 6Li and 7Li targets). Since this reactioo involves 

the pickup of an even number of nucleons, the parity of the final levels 

(TIf ,.. TIi (_I)A-2) must be the same as that of the target ground state. 

Similarly, the pickup of two identical Ip-shell nucleons can change 
-+ -+ -+ 

the value of J i by at most 2, so J f = J i + 2. HOtIever, in a sequential 

transfer the parity might be changed and in the pickup of two nucleons 

in different shells the parity must be change. 

If one denotes the initial state in the target nucleus and the 

final state in the residual nucleus by their total angular nonent~ 
-+ -+ -+-+ 

and i sospin quantllIl nl.lTlbers (J i' T i) am (J f' T f) respectively, and 

also describes the single particle orbitals of the transferred nucleons 

by their orbital and total angular nanenta (iI' 3"1) am (i2, 32): 



-30-

then with only the assumption of a direct reaction one can again 

der ive (see To 69) that 

(III-2a) 

For the pickup of two lp-shell protons this relationship is 

If one denotes the orbital angularmamentum, intrinsic angular 

mcrnentum, total angular IIrnlentum, and isospin quantLml numbers of the 
-+ -+ -+ -+ 

transferred pair by L, S, J, and T respectively, then (To 69) 

-+ -+ -+ -+ -+ 
L = 11 + 12 = A + A (III-3) 

and 
-+ -+ -+ 
S = sl + s2 (III-4) 

and 

-+ -+ -+ 
T = tl + t2 (III-5) 

-+ -+ -+ -+-+ 
J = jl + j2 = L + S ·(III-6) 

and for the transfer of br.u protons 
-+ -+ 
T = 1 (III-5) 

These relationships have one solution for symnetric transfer and 

another for anti-symmetric transfer, since the fermion nature of the 

two protons requires for an anti-synmetric (with respect to change) 

total wave function that if L is even then 

S + T is odd (III-7a) 

and if L is odd then 
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S + T is even 

Then for symmetric transfer 

so either 

or 

and 

so finally 

-+ -+ -+ -t 
L=2=A+J\ 

r = 2, A = 0 

r = 0, A = 2 

-+ -+ 
S = 0 

-+ -+ -+ 
J = L = 2 

and for anti-symmetric transfer 

so 

and 

so finally 

-+ -+ -+ -t 
L = 1 = A + 1\ 

-+ -+ -+ 
A = II. = 1 

-+ -+ 
S = 1 

-+ -+ -+ -+ -+ -+ 
J = L+S = >-+11.+1 

(III-7b) 

(III-3) 

(III-4) 

(III-G) 

(III-3) 

(III-4) 

(III-G) 

The necessity of retaining the same cluster configuration in both 

systems of core plus cluster requires that 
-+ -+ -+ -+ -+ -+ 
J f = Ji + J = Ji + L + S (III-B) 

am so for synmetr ic transfer 

(III-B) 
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The exper irnental results irrlicate that only s~tr ic transfer 
-+ -+ -+ 

occurs, so J f ~ J i + L. The allowed L-values are identical to those 

of the (p, t) reacticn.There are few cases in which more than one 

Irvalue will be allCMed, am where the spin-orbit interaction would 

cause a coherence in the reacticn amplitude • 

. The (6r.i,8a) reactiai data provide a test of whether the relative 

transi ticn strengths simply ar ise fran a "crwirrlc::M" effect (which is 

unlikely at these beam energies am values of the Sammerfeld parameter 

(see Secticn D». The best matching of the irxxxning and outgoing Coulanb 

orbi ts occur at sane optimum Q-value (see Awendix B-1 for the formula 

for Oopt). For this reacticn all the Q-values are negative, while the 

most favored Q-values would be positive (except for targets with Z 2. 5). 

This oould lead to transiticns with lCMer Q-values being enhanced. 

As a test that the relative yields do not simply reflect this kinematic 

hirrlrance, we have employed two cases (lOs and l3C, see Sectioo IV) 

where an excited state should be pop.l1ated more strongly than the ground 

state (due to spectrosoopic CXX'lSideraticns), which was in agreement 

with the experimental results. While there should be a general dependence 

in the transfer anpli tude upa1 the Q-value of the transi tioo (see Sections 

D and E), the relative transition strengths do not arise completely 

from this effect. 

Another aspect of the reaction mechanisn that can be exPlored 

from the selectivity of this reactioo in the populatioo of states in 

the final nuc~eus is the strength of multi-step transitions which involve 

an inelastic excitaticn of states in the initial (or final) ru=leus 

-. 
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before (or after) the two-proton pickup. By canparisoo of the form 

factors and a coupled channel calculation, S¢renscn (SjZ) 74) has prcposed 

that these imirect processes are an important canponent of transitions 

to excited states in the 2% (16o,14C) 285i reaction. These processes 

could be imicated by the lX'PUlatioo of unnatural parity levels, 

as the excited states would by populated proportional to their collective 

strengths. Although the 2~(6Li, Bs) 2~e reaction is an awropriate 

test for this mechanism, since several multi-particl~hole levels in 
/ 

2~e are k.YJWI1 (01 71, En 73) to be very collective, we found no evidence 

for these transitioos. This is in agreement with the lp-shell results 
.-+ -+ -+ 

(.6TI = +, J f = J i + 2), sirce the observed selection rules were derived 

assuming only a direct singl~step pickup of the proton pair. 

D. Kinematic Considerations 
. 

The spectroscopic selectivity of the (~i,Bs) reaction demonstrates 

that it is predominantly a direct, singl~step pickup reaction, which 

\«)uld be expected by the high energy (over 13 MeV/nucleon) enployed 

in these studies. This selectivity illustrates the import.arx:e of 

kinematic aspects in determining the features of the reaction. We 

will explore in this 5ectioo the effects of kinematic variables on 

the angular distribtions of this reaction, arrl in the fol1CMing Section 

their effect upa1 the transfer amplitudes. 

Kinematic effects upa1 angular distributions can be seen in two 

extreme limits of the degree of localizatioo of the incc:ming wav~packet 

Sc 73, Sc 74b, Sc 75). A light-ioo direct reactioo bas an exten1ed 

prOjectile, enphasizingthe p:rrticule's wave nature. This extended 

projectile, alcng with the limited L's of the transition, leads to 
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a diffractive angular distriooticn. "Traditicnal" heavy-ioo reactions 

have possessed a localized incx:ming wave-packet, emphasizifXJ the 

projectile's particle character. In these heavy-ion reactions the 

wavelength of the projectile is much less than the interaction radius 

(Rint) (which is slightly larger than the touching radius of the two 

spheres) and Rint is large enough so that the effective potential felt 

by the ircoming and outgoing particles is primarily the COulanb potential. 

Accordingly, the transiticn yield is maximized by the greatest ov~rlap 

of the ircoming and outgoing Coulanb orbits. (This matching CXX1dition 

differs in emphasis fram the conditions of Brink's formulism, which 

will be discussed below. In the present CifProach, the Coulanb orbi ts 

of the incident and outgoing particles are well matched, while in the 

discussicn below the orbits of the cluster, with respect to the core in 

the initial and final systems, ,are matched. In general, the requirements 

of these two CXX1ditiens are different, although in many cases the conse­

quences are similar.) Interactions that occur at a distance closer 

than Rint are absorbed into the cx:upound system, while for those further 

out than Rint the transiticn probability is reduced by the exponential 

fall-off of the nucleon probability densities. This leads to a 

bell-shaped angular distriootion, with the maxiJm.ln probability at a 

radius oorrespcnding to the grazing angle (e c) • 

These conditions for either a diffractive or a Gaussian angular 

distributicn can be expressed in terms of kinematic variables. '!be 

critical variables are the wavenuni:>er (k), Rint' the grazing U-values 

(roughly k·Rint) or the number of CXX'ltriooting partial waves, and 

the Sommerfeld parameter (n). (These kinematic parameters are'defined 
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in Appendix B-1.) A Gaussian distribution arises when the wavelength 

is much less than Rint or equivalently k • Rint »1 (am accordingly, 

there are many contr ibuting partial waves) and when there is a well 

defined Coulomb orbit for the incoming and outgoing particles, or 

n»1. 

For high-energy heavy-ion reactions, such as (6r.i,~), on light 

targets the angular distributioos follow a simple, m:notonically 

decreasing pattern with ircreasing angle as sham in Fig. III-l (see 

Bi 67, Na 73, Yo 73, Do 65, Do 66, Gr 70, and An 74). In these cases 

k ORint » 1, but n ~ 1. This distr ibution shape might be viewed as 

ar ising fran the grazing angle being at an inaccessibly forward angle 

or equivalently fram the localized particles again either forming a 

coirpound system below s:Jme Rint or beyond Rint sampling the expooentially 

decreasing nuclear tail density, b.Jt with no fccusing of the projectile 

onto a particular Coulomb orbit at Rint for a certain ec because of 

the low n. 
. 6 SL 

The ( Li, -H) reactioo exhibits this nalOtonically decreasing angular 

distr il:)!Jtioo on light targets (see Section IV), as might be expected 

from its kinematic parameters (see AR>endix B-2 for a listing of the 

variables of interest for same representative targets studied with 

this reacticn). For the (6r.i, Bs) reaction en lp-shell targets, 

" k·Rint - 30, n· - 1, ec - 50 (c.m.), lIe min - 100 (c.m.), and L - 7. 

Finally, it soould be noted that 00 the ImJCh heavier target 14~d, 

where n was quite large, the angular distr ibution was the expected 

.--'-' 

bell-shaped peak at the grazing angle (We 75). Aocx>rdirw:Jly, the angular 

distributions of the (6r.i,Bs) reaction only reflect the kinematic aspects 
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of the reactioo, instead of oonveying structural- information. Spectro­

soopic informatioo can be obtained fran this reactioo only in the 

relative transition strengths. 

E. Relative Kinematic Hindrances 

To extract spectrosoopic structural information fran the relative 

transition strengtrhs, it is necessary to be able to estimate the 

dependence of the transfer anplitudes upon the J (or ! .. ) of the reaction 

and the particular Q-values of the transition. In this Section we 

will discuss an approach that provides an estimate of the relative 

-hindrance factors of transit.ions as a fl.U'X::t.ioo of the properties of 

. the final states in the residual nucleus. 

These hindrance factors are analogous to the transfer amplitudes 

of the transi tim mat! ix element that were discussed in Section A. 

In light-ion two-nucleon transfer reactions the transfer anq:>litudes 

are calculated by Distorted Wave Born Approximation {DWBA} cc::np.lter 

codes, such as ~K (Ku 74a). We will not employ this awroach because 

the degree of nanentum mismatching calls into questioo its utility: 

moreover, ber"-ause of the oovelty of high-energy lithiun beams, the 

appropriate optical model parameters are unavailable: and, finally, 

the magnitude of the recoil terms (finite range effects) in these 

systems indicates that a more sophisticated (and costly) DWBA code 

such as lOLA (DP- 73), which includes recoil effects, shoqld be employed. 

A brief test of DWUCK confirmed that it did not reproduce the experi-

mentally determined angular distributions, and suggested that the 

kinematic term in the transitioo matrix element is only slightly 

-
dependent upoo the J of the transitions. (TheSe will be described 
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as simple calculations since, they employed optical model parameters 

fran 135 MeV 6Li scattering on 28Si (Go 75) for both the 6r.i and ~ 

particles in this reaction on 12c, ignored finite range effects, 

treated both 6r.i and ~ as spinless particles, and were not optimized 

by varying the parameters to describe the observed, angular distributions.) 

It has been suggested (An 74) that~ with the asslDTlption that the transfer 

occurs near the surface of the target nucleus, the magnitude of the 

quantity ko·~ (where ko is the wavenumber of the transferred cluster 

and ~ is the target radius) provides a check of the size of recoil 

effects, since this quantity is approximately equal to the phase factors 

(which contain the recoil effects) in the transition matrix element 

of the formalism of Dcx:1d and Greider (Gr 70, Ib 65, Ib 66). Recoil 

effects are negligible if ko·~ is much less than 1, but for the 

(6Li,~) reaction on lp-shell targets' this quantity is about 5. 

All of these difficulties are circumvented by employing a semi-
, ' 

classical treatlnent (SCI') of the transfer amplitudes. This approach 

has been generally successful for reactions with simdlar kinematic 

CCIlditians (An 74), although these conditions might seen to indicate 

that a SCT would oot be crlequate (see Section D). 'Ibis theory is based 
) 

upon a series of criteria that have been proposed as a measure of the 

relative hindrance (Br 72). These rules are for a reaction 

where a cluster "k" is transferred fran a beam "al" to a target "c2" 

forming a final nucleus "a2" and an outgoing "cl". (To treat pickup 

reactions in this formalism ale uses the time-reversed reaction.) 



-39-

The initial and final states of the cluster with respect to the core 

are descr ibed by 

for k in al and 

for k in a2' where ul(rl ) and u2(r2) are radial wavefunctions and 

Yl AI s are sph~r ical harmcnics. For this reaction system, the optimum 

kinematic matching occurs when 

1. o (III-9) 

where ko is again the wavenumber of the transferred cluster, the Ails 

are the substates of the cluster's total angular momentum relative 

to the cores, and the Ri' s are the radius of the beam and the target. 

The atove equatioorequires that the y-canponent of the rnc:mentum of 

the transferred cluster should be almost conserved (see Fig. 111-2 

for the coordinate system employed). 

where the expression for Qeff is listed in Appendix B-1. This condition 
" 

ra;luires that the change in the z-o:::mponent of the total angular manentum 

be almost 0, or that the total angular m:mentllll be CXXlServed wi thin 

the lllnitations of the uncertainty principle. 

3. 11 +Al = even 

12 + ~ = even 
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Fig. 1II-2. Co-ordinate system employed in this semi-classical approach .. 



.. 

-41-

where 11 and 12 are the total angular momentum of the cluster with 

respect to the cores (for a spinless cluster) and Al and A2 are the 

magnetic substates of these vectors in the initial state (11 AI) and 

in the final state (12 A2) •. This condition requires that the transferred 

nuclecn be near the reactioo plane, or that 61 = 62 = 7T/2 and ¢=O in 

the wavefunctions ~1 and ~2' since YIA (7T/2,O) = 0 unless l+A is even. 

Given these equations, one can derive an expression that incorporates 

these conditions and calculates relative hindrance factors. The transition 

probability from an initial state (11 AI) to a final state (12A2) can . 

be expressed (An 74) by 

P(A2,Al) = po(R)IYl A (7T/2,O) Yl A (7T/2,O)12 x 
1 1 2 2 

(III-g) .' 

where .6K and tll. were defined in concH tions 1. and 2., the widths of 

° 1 and 02 are roughly 7T and (YR) 1/2 respectively, with y2 = ~ C;n2, 

and C is the average of the binding energies of the clusters. in the 

initial and final nuclei (but both are typically treated as adjustable 

parameters with 01 = 02 - 2.5) r R is the touching radius, and Po(R) 

is a functioo of the radial wavefunctions and R. 'Ibis assumes that 

the cluster k has zero spin, the centers of the nuclei cl and c2 '. 

move along well defined classical paths, and the z-axis is perpendicular 

to the reaction plane. 

This awroach can be extended to ioclude the general case in which 

the cluster and the cores both have non-zero spin (see An 74). For 

a cluster with spin Sk and isospin Tk and angular momentum configurations 
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(LIJIMI ) and (LzJ2M2) in the initial and final nuclei, the transition 

probabili ty is 

2J + 1 a
2 L: 1 L P21.= 2J + 1 (2J

1 
+ 1) (2J 2 + 1) 

c
2 J

1
M

1 LIL2LkTk 
J

2
M

2 

(i) This expression consists of the spectroscopic amplitudes for the 

decomposition of a ~ c + k for particular states of k described by 

Li Sk TkJ i' Clebsch-Gordon ex>eff icients {symbolized by (Ta T3 I Tc T3 TkT3 » 
I al I c l k 

for coupling the isospin vectors, and a transfer amplitude factor BS T 
k k 

fo+ each transi tim term between states (JIL~I) and (J2Lf12). This 

transfer amplitude factor is relation to expression (III-9) by 

L (JIMIILIAIS~s) 
AlA-lIDs 

(III-Il) 

with sane nore Clebsch-Gordan (X)€fficients and another sum CNer magnetic 

substates (see An 74 for a more detailed derivation). 

This expression (111-10) is evaluated by the computer code HIPROB 

(Hu 75). The quantity Po(R) in expression (III-9) is calculated by 

a standard Coulanb ba.md-state wavefuoctim routine. 'nle results of 

these calculaticns will be discussed in Section IV: employing the 

parameters listed in Table 111-4. 
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Table III-4. Inplt perameters for the program HII-"PDB. 

For illustratia'l we will ~loy the 12c (6r.i, 88) l~ reaction. Since this program is designed for stripping 

reactims, this case is calculated as the 6r.i(l2c,lOaeJBs reaction with an appropriate (c.m.) beam energy. 

~l = u2 = 2.5 , ro = 1.4 fm 

CbCe Plus Cluster System Bound State wave Function (Voll.l1le ~ Saxon Potential) 

L Jcluster Jcore 
.. 

Jfinal Nodes L J S Vr ro ar Voo Vso 

J ... 0 

Initial 0 0 0 0 1 0 0 0 -1. 1.25 0.65 25.0 0 
, 

Flnal 2 0 1 2 0 2 2 0 -1. - 1.25 0.65 25.0 0 

J ,. 2 

Initial 2 0 0 2 0 2 2 0 -1. 1.25 0.65 25.0 0 

Final Same as Above 

"I' 

This quantity is not a direct inplt parameter. 

I 
~ 
VI 

I 
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It is possible to qualitatitivelyevaluate conditions 1 and 2 for 

their effects upon the reaction selectivity. Expression (1), 

&. = ko - Al/Rl - A2/R2 - 0 (1) 

for this (6r.i, Sa) reaction on Ip-shell target can be reduced to 

kQRl - Al - A2 - 0 

since Rl - R2• Typically, the equivalent striWing reaction for 6Li 

on Ip-shell targets has a kQRl - 5,. so we have 

5 - Al - A2 - 0 (1) 

Similarly, expressioo (2), 

can be reduced to 

Both expressioos, if solved simultaneously, are zero for Al = 0 and 

A2 = 5. For allowed values of both A'S,. expression (1) is smallest 

ifA2 = Al = -2, and expressioo (2) is smallest if A2 = -AI = 2, which 

are rutually exclusive. The minimum value of the SLltl of expressions 

(1) and (2) is when Al = 0 and A2 = 2. The transitioo strength will 

be proportional to the negative exponent of the sum of the squares 

of these expressioos and other terms will not be very significant. 

Since pickup reactions are treated by their equivalent striwing reactions, 

A 1 is the mc:gnetic substate of the ~protons with respect to the 

actual target core, and therefore, relative transition strengths will 

be carparable for L=O or 2 (or 1). HCMever, with higher excitation 

energy Oeff irx=reases, so that expression (2) will becane misnatched. 
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Therefore, there will be a general decrease in relative transition 

strengths with increasing e~citation. 

This kinematic dependence is in contrast to the stripping reactions 

reported in An 74, since in these cases the hindrance was minimized 

at same higher excitation energy. The "transition probabilities for 

these stripping reactions resembled Gaussian distributions and the 

peak in these calculations correspcnded to the observed daninant 

transition. Moreover, in these stripping reactions, lCMer J transitions 

were hindered relative to high-spin states. For these pickup reactions 

the transition probabilities are simply the tail regions of the Gaussian 

distributions. The slight differences in the transition strength for 

the various spin transitions is reproduced by exact calculations of 

expression (111-10) and also by DWUCK calculations. 

In sunmary, we have demonstrated that the transfer anplitude term 

in the transition matrix element enhances lCM excitation levels and 

depends only slightly upon the spin of the transition. Accordingly, 

the observed transition strengths within a limited range of excitation 

energy are a reasonable measure of the relative spectroscopic factor. 

This is useful to oote for Section IV, where the energy speCtra will 

be presented. Also, in Section IV, we will present sane calculations 

of the 'total transitioo strength (expressioo 111-10) and canpare these 

with the observed relative yields. 



-46-

rv. EXPERIMENrAL RESULTS 

As discussed in the previous section, the observed relative yields 

to levels in the final nuclei of the (6Li , Sa) reaction are roughly 

indicative of the two-protart spectroscopic amplitudes of these states. 

The energy spectra, which will be presented in this section, will 

indicate these relative transition strengths, since these relative 

yields are irrlependent of angle •. The selectivity of the two-proton 

transfer will demoostrate that this reactioo proceeds primarily through 

a direct, single-step pickup. In general, the daninant observed transi­

tiOns are only to levels with a significant predicted two-nucleon 

spectroscopic factor. The observed angular distr ibutions, which will 

also be presented here, illustrate the lack of any obvious spectrOSQOpic 

utility of this aspect of the reactioo. A sUIITllary of the experimental 

investigations is presented in Table IV-I. 

Excitation energies and the associated spins and parities of the 

levels POp.llated in this reaction were obtained by c::arparing the observed 

excitat~ai energies to the previously measured ooes (tabulated in Aj 74, 

Fi 73, En 73, etc). The uncertainties in the measured excitation 

energies irrlicate primarily the extent of reproducibility in these 

observatioos. Similarly, it soould again be noted that the uncertainty 

indicated in the angular distr ibutions represents ooly the statistical 

error: the absolute error could be as much as 30%. 

As a measure of the strength of anti-symmetric transfer we will 

enploy both the 1+ levels in 14c arx1 ~i arx1 overall cmparisoo of 

the spectroscopic selectivity of the (6Li, Sa) arx1 (p, t) reactions. 
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Table IV-1. Summary of experLmental investigations. 

Angular Range Observed Energy 
Q-Value Beam Energy Stooied (deg) Levels 

Target (MeV) (MeV) (6c•m.) _ Final Nucleus (MeV) 

6Li -21.17 93.3 31-46 4n 0.0 

7Ll -25.02~ 93.3 27-40 5n 
gee -23.5974 93.3 32-49 7He 0.0 

9ae -23.5974 80.0 22-40 7He 0.0 

lOu -17.7300 80.0 22-44 ~i 0.0,1.0,2.2,6.5 

llg -25.1330 80.0 20-32 9Li 0.0,2.6,4.4,6.4 I 

12c lOse 
~ 

-21.4429 80.0 18-49 0.0,3.3,5.9,7.5,9.4,11.8 -...) 

12c -21.4429 93.3 18-29 10ee 0.0,3.3,5.9 \.,' 

13c -25.8865 80.0 18-36 11ee 0.3,2.7,4.0 

160 -16.5914 80.0 17-29 14c 0.0,6.1,6.9,8.3,10.4 

160 -16.5914 93.3 15-25 14C 0.0,6.9,8.3,10.4 

2~ -14.7410 80.0 14-30 2~ 0.0,1.3,3.4,4.5,5.4, 
5.9,6.3,6.9,7.5 

2~ -19.1002 80.0 11-28 2~ 0.0,2.0,3.9,7.5,8.9 

r-
This Q-va1ue is for, transitions to a final 5n system with zero binding energy for 

breakup to t + 2n. 
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Other tests are possible, such as the predicted 23+ state in lOse 

(see Table IV-2), but this work seems to have utilized the most 

satisfactory test cases~ The results for the Sr.i case are particularly 

unambiguous since the location of at least the 11+ state is well 

established (unlike the cases in 1lBe and 9Li ) and this level is at 

a ION excitation energy so that the configuration should be reasonably 

p..1re (unlike the 23 + state in lOBe where even the 22 + strength is 

fragmented). While the 1+ level in l4c is not definitely located and 

is at a high excitation energy, it has a very large predicted transi-

tion strength so that it should clearly be in evidence (see Table IV-3). 

Finally, the overall CXIIIpa:! ison between the spectrosoopic utility of 

the (6r.i, Sa) and (p, t) reactions does not depen::'3 Upc.n anyone level, 

so that it removes the ambiguity associated with the uncertainty in 

the configuration of any particular level. 

This sectien is divided into foor parts. The first portion 

consists of data for the Tz = 0 lp-:she1l targets 12c, 160 , and l~, 

which will be o::xrpared to the earlier data fran the analogous (p, t) 

reaction on these targets. The second part contains data fran reactions 

on the neutron-excess targets 13c and llB, which will be cx::npared with 

data fran the (t,p) reaction leading to the same final nuclei. The 

third portien oonsists of data for reactions en ~, 6r.i, and 7Li targets, 

which lead to unI::x>uOO final systems that have yet to be cx:mpletely 

characterized in a non-cantroversial and unambiguous fashion. (Aj 74, 

Fi 73). It should be noted that the hierarchy amc:ng the three lp-

shell sections reflects a trend towards an increasing neutron to proton 

ratio with a correspooding decrease in the kJX:IWledge of the final system. 
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Finally, the fourth part consists of data for the 2s-ld-shell targets 

2~ and 2~, which represent an example of the possible extension 

to heavier targesof the work presented in the earlier parts. In all 

cases these results will be canpared to available theoretical 

spectroscopic amplitudes and level predictions. 

A. !z = 0 lp-Shell Targets 

1. The 12c (6Li , Sa) lOse Reaction 

An energy spectrum of the l2c (6Li , 8B) lOse reactions is shawn in 

Fig. IV-la. These data were collected with an 80.0 MeV beam fran a 

0;22 In3/an2 target. This particular spectrum is a c:x::xrposite of data 

collected between 81ab = 12.80 am 16.80 , in which the data were 

kinematically shifted to 8lab = 15.80
• Data were also collected with 

a 93.3 MeV beam energy as a calibration for the studies employing 

6Li and 7Li targets; both the selectivity and the yields were 

essentially una 1 tered by the difference in beam energy (as is expected 

for a direct reacticn at similar bc:Itt:>arding energies). 

As irrlicated by this spectrum, the dcminanttransitions are to 

the 0+ ground state am to the first excited level, at 3.36 MeV (21+). 

The next peak (22+ at 5.96 MeV) probably corresponds to the 2+ member 

of the 2+, 1- cbublet at this exci tatioo energy, since the 1- level 

must have a cross-shell configuratlcn and this type of state would 

be unlikely to have substantial parentage in the 12c ground state wave 

functim. weaker transi ticns are seen to a state at 7.54 MeV (23 +) , 

a probable 2+ level at 9.4 MeV (Aj 74), and a known state at 11.8 MeV 

excitaticn. 'lbese experimental results are slmDarized in Table IV-2. 

The rather featureless angular distriootioos of the first two transitions 
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Fig. IV-l. (a) A composite spectrum of the 12C(6Li,8B)10Be 
reaction between Slab = 12. SO and 16.0° (wi th E (6Li) = 80 MeV) , 
in which the data were kinematically shifted to 6lab = l5.So. 
(b) The l2C(p,t) 1oC reaction induced by 54 MeV protons at 
Slab = 19.5° (as 75). (This angle lies at the first minimum 'in 
the lDC g.s_ angular distribution.) 
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are sl'x:7,tm in parts (a) and (b) of Fig. IV-2. 

One sees a streng similarity between these results and those of 

the 12c(p,t) IOC reactioo (As 75, Be 67), which are shown in Fig. IV-lb. 

These data were collected at the first minimLlll in the IOC ground state 

angular distr ibutioo. The canpa.r ison between these energy spectra 

suggests the location of the analog levels in these two final nuclei. 

Both of the higher excited' levels at 5.28 and 6.60 MeV in laC have 

angular distr ibutions which are consistent with L = 2 (As 75). In 

the first case this supports the suggestion that the 5.96 MeV level, 

populated in the l2c (~i, 8B) lOae reaction, corresponds to the 2+ member 

of the 2+, 1- doublet (denoted by 23+). In the second case, it supports 

the suggestion that the 6.60 MeV level in laC is the analog of the 

knOwn 2+ state (23 +) at 7.54 MeV in lOae. Finally, analogs of the two 

higher lying transitions (at 9.4 and 11.8 MeV excitation in lOBe) were 

seen as a by product of the l4C(p,t)l2c investigation (As 76) due to 

l2c target contamination .. Although the differing transfer emplitudes 

lead to a relative enhancement of the yield to higher lying levels 

in the (~i, Sa) data CCIlpared to the (p, t) reaction, there is a stroog 

similarity in the selectivity of these two reactions. 

The var ious theoretical predictions for both the energy levels 

and the transi tioo strengths for twcrnucleoo transfer are also SlDlJnar ized 

in Table IV-2. (As the transfer amplitudes are ignored, the comparison 

between these predicted transi tioo strengths and the cbserved yield 

is meant to be very qualitative.) One sees reascnable qualitative 

agreement between the var ious level predictioos am the experimental 

results. Major disagreement between theory am experimental results 
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Fig. IV-2. Angular distributicns forreacticns induced by an 80 MeV 

6r.i beam: (a) l2c(6r.i,Bs)lOse g.Sd (b) l2c(6Li,Bs)l°Be* 

(3.37 Mev, 2+): (c) l60(~i,Bs)l4C g.S.f and 

(d) l3C(6r.i,Ss)11Be* (0.320 MeV, 1/2-). 
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afPears for the transi tim to the 23 + level (at 7.54 MeV), which is not 

an expected lp-shell level; also, the 22+ state at 5.96 MeV l)as a large 

spectroscopic factor (relative to the 21+ level), but a relatively weak 

tIansitioo strength. The 23+ state is felt to be primarily an sd-shell 

"intruder"'level (AI 69). Its population in this reaction might indicate 

that the predicted 2
2
+ lp-shell coofiguration is split among the observed 

22+ arid 23 + states, which could explain the observed transition strength 

to the 22+ level. 

The close correspondence bet~n the theoretical predictioos and 

the experimental ,results would suggest that the theoretical 23+ state 

corresponds to the probable 2+ level at 9.4 MeV excitation arid that 

the theoretical 02+ state corresponds to the 11.8 MeV peak; this would 

be oonsistent with these levels beirr:j populated, along with the other 

transitioos seen in this work, in the 7Li(7Li,a)lOae (G17l) and 

9Be (p,n +) lOBe (Da 73) reactions •. While the 23+ state may be populated 

by anti-symmetric transfer (see Table IV-2 for the predicted relative 

magnittrle of the symmetric and anti-symnetric transfer CXl1lfx)uents), 

it is more likely that its possibly relative enhanced yield reflects 

either the effect 00 the transition strength of either admixtures in 

the l~ ground state wave function or configuration mixing in the 

final level. Of course, these two transitions oould also oorrespond : 

to the predicted two 1+ levels, whose locations have not been experi­

mentally determined, but this is rather lmlikely, as will becane 

obvious fran the discussioo of similar states in l4c arrl 8Li. 

'to 
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2. The l60 (6Li ,Sa}14C Reaction 

An energy spectn.1Tl of the 160 (~i, Sa) l4c reactioo is shown in 

Fig. IV-3a. These data were collected with a 93.3 MeV beam fran a 

16% oxidized (by atcm) 0.34 In3/an2 7Li target at 8lab = 13.5°. car~ 

contaminatirngave rise to the lOBe states; the spectrum is cut-off 

before possible transitions could arise fran the 7Li CCllpOI1ent of the 

target. Data were collected at 80.0 MeV with both a 0.21 m;/an2 Si02 

target and a 100% oxidized (by a tan) l4~ target. The reactioo yield 

and selectivity again were essentially unchanged with the different 

beam energies. 

The dominant transi tien is to the l4C ground state and the next 

strongest transitions are to a series of 2+ levels at 7.01, 8.32 and 

10.0 MeVexcitatioo. In this particular spectrum the lOae contaminant 

state o05cured possible further tr ansi tions to the 1- level at 6.09 MeV 

and a 0+ state at 6.58 MeV (which is predominantly an sd-shell level 

(Al 69)}, but these transitions were seen in the investigations with 

the other targets. By analogy to the 160 (p,t)140 reaction (F171), 

shown in Fig. IV-3b, one ~uld expect that the peak near 7.0 MeV 

correspc::rrls to oot only the 2+ state at 7.01 MeV, but that is also 

has an rinresolve.O cxmponent correspcnJing to the 3- level at 6.73 MeV 

(this is consistent with both the measured excitatioo energy and width 

of this peak, which was often barely resolved fran the transition to 

the 0+ state at 6.59 MeV). The experimental results are suumarized 

in Table IV-3; the ground state angular distribltioo is shown in 

~~ig. IV-2c. 
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Fig. IV-3. (a) An energy spectrum from a partially oxidized Li 
target for the 160(6Li,Bs)14C reaction. These data were 
collected at alab = 13.50 with a 93.3 MeV 6Li beam. Carbon con­
tamination gave rise to the lOse states. (b) The 160(p,t)140 
r~action induced by 54.1 MeV protons at a1ab = 270 (Fl 71). 
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As can be seen from Fig. IV-3b, the dominant transitioo in the 

160 (p.' t) 140 reactioo is to the 140 ground state. This level is follCMed 

in strength l:¥ the tr iplet of 2+ states. Finally, the two cross-shell 

1- ~ 3- levels and the sd-shellO+ state are also populated; thus, 

these higher-shell configuratioos are components of the 160 ground 

state wave functions. 

The theoretical predictions of the energy levels and transition 

strengths are also sumnarized in Table IV-3. The theoretical predictions 

of the energy levels are not completely comparable, since both Boyarkina 

(Bo 64) and, also, Cohen and Kurath (Co 70) employ calculations with 

only a lp-shell basis, while both True (Tr 63) and Lie (Li 72) included 

configuration mixing fran 2s-ld-shell levels. These latter calcu­

latioos agree ~e completely with the known levels. One effect of 

these higher configurations can be seen in the triplet of 2+ states, 

which is felt to arise from the strength of the 2+ configuratioo being 

split amcng these three levels (F17l, Tr 63, Li 71). This ronfigura­

tioo has a very large spectroscopic factor, so this suggested frag­

mentatioo of the transitioo strength leads to better agreement between 

these results (and those of the (p, t) ,reactioo (Fl 71» with the 

predicted spectroscopic factors (Co 70). 

Reactioos 00 this target also provide a cxllwenient test for anti­

symnetr ic transfer processes. The predicted 1+ level can only be 

popllated l:¥ anti-symnetr ic transfer (sirx:e 6J = 1). It has been 

proposed by Kaschl (Ka 71) that this state is located in l4c at 

11.29 MeVexcitatioo (based upcl'l results fran the ~(d,3ae)l4c reaction). 
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This regioo is obscured by a contaminant peak at the angle shcMn in 

Fig. IV-3a, but no streng transition is seen to this level in any of 

the other spectra, indicating that anti-symmetric transfer does not 

play an inportant role in this reaction. 

3. The 10s(6Li,Sa)8Li Reaction 

An energy spectrum of the lOs (6Li , 8B) 8Li reaction is sha.m in 

Fig. IV-4. These data were collected with an 80.0 MeV beam fran a 

0.14 mg/cm2 target; this particular spectrum isa composite of data 

collected between· Blab = 9.7° and 20.3°, in which t.l-te data were 

kinematically shifted to Blab = 9.7°. The l4c levels arose from 160 

contaminatirn of the target. 

The dcminant transition is to the 3+ level at 2.26 MeV. Weaker 

transitioos are seen to the 2+ ground state, a 1+ level at 0.98 MeV, 

and to the known (Aj 74) state at 6.53 MeV excitation. These exper~ental 

results are summarized in Table IV-4; the angular distributions are 

shown in Fig. IV-5. 

The same qualitative selectivity in the relative transition strengths 

was observed in the lOs (p, t) 8:s reaction (Sq 70), which is not reproduced 

here. This (p,t) stooy could ooly observe the lower-lying transitons, 

so that the analog of the 6.53 MeV state was not observed . 
• 

The various theoretical predictions of the energy levels and 

transition strengths are also sunmarized in Table IV-4. In general, 

the theoretial calculations indicate that there should be an extremely 

high level density in 8Li (and Sa), but relatively few states have 

been lcx::a ted. Hcwever, 8Li is unbalnd Clbo<.7e ::: 2 MeV, and sever al of 
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E 6 Li = 80 MeV 
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AngUlar distributic:ns for reactioos induced by an 
80 MeV 6r.i beam: (a) l~~6Li,8s)8Li g.s.; 
(b) 10B(6Li ,Ba)8Li* (2.26 MeV, 3+), and 
(c) IDs(6r.i,Bs)8Li* (6.53 MeV). 



'l'abl. VI ..... _, of _1081t..l .., thoor.tlcal r.....,lts for 1Ir.1. 

Predicted ~ls Tr_ltlon 9tr~ 

It"""" r-elo~ o:t.... on! Iluroth :..,..... 
~l8" In this IIOrt IIOrton on! o:t.... 'c.a. - 2of' 

J' """ - + toY J' Boyarklnob IIBrt",C lI ... rt! Got_re :::.'.thf III'G IJWl ~o _I _2 ~b/. 

2+ 0 0 r 0 0 0 0 0 0 0.112 0 0.295 1.421 2.] ! 0.2 

I' 0." 0.95 411 1+ 1.2 0.81 0.92 1.5] 0.91 0 0.002 0 0 0.4011 0.5! 0.1 

l' 2 •• 2.24 411 ]+ 2.1 2.09 2.19 1.92 1.6] 0.750 1.]05 . 0.011 0.069 0.171 5.1! 0.4 

].21 1+ ].0 2.65 4.211 5.17 2.78 0 0.021 0 0 0.87) 

0+ 1.1 2.119 ].95 4.32 5.32 

fr.)", 5 •• 2+ ) .. 2.96 •• 05 4.05 2.95 0 0.00] 0 0.001 0.120 

)+ 
I 

•• 5 5.59 0.27 0.482 0.015 0.009 0.05] a-
1+ 

N 
4.6 4.)) 5.7. I 

l' S.2 1.39 6.15 

r 5.4 4.74 5.)) 6.15 

'.1 2+ 6.2 

)+ 6.) 6.51 7.11 

&.S) 6.52 150 4' I.' 5.57 S.79 6.39 5.55 0 0.)4' 0 0.010 0.3) l.6 ! 0 •• 

7.1 

(9. , 

• iIot. IIj 7 •• 
b lief.'" M. 
c lief." 66. 
t! lief. Itu 7 ... 
• "f."" 71. 
flier. 0> 70. 
9 III'G"''- _ flm lief. f. _ O. _ 1. on! ~ 2 are frao this _t. """ _to 
h 1'hI!> dlffH~lal er~ MCtIOl'8 decrMtle JII010tmtcally _Ith .-.rfl~, M"e ted .• 

./ 

.. 



-63-

the ~ states are quite broad, so that it would be difficult to 

identify many of these levels. 

This nucleus provides a good test for the importance of anti­

symmetric transfer, since both of the low-lying 1+ levels can be 

populated essentially solely through spatially anti-symmetric transfer. 

However, since the 1+ level at 0.98 MeV is weakly populated, little 

evidence for this transfer mode is seen. Similarly, if one assume 

that the second 1+ state corresponds to the known spin 1 level (Aj 74) 

at 3.21 MeV, then this oonclusioo is further confirmed. Finally, one 

sees fram the transition strengths that the 3+ state's strong population 

relative to the ground state also provides supporting evidence that 

anti-symmetric transfer is unimportant (since this 2+ level has a larger 

possible 2i1'iti-symmetr ic canponent than the 3+ state). In surrmary, 

then, we have seen no evidence for anti-symmetric transfer either in 

the yield of the 1+ level in l4C, or the known 1+ state in 8Li , or 

a possible 1+ level in Br.i, or in overall c::x::J'l'q?arisons between the 

(6Li ,8:s) and the (p,t) reactions. 

The relative transition strengths of the ground state and the 

3+ level indicate that the observed population ratio reflects the 

spectrosoopic factors, instead,of solely the reaction kinematics. 

The only other cases in the Ip-shell where an excited state should 

be populated more strongly than the groond state are in transitions 

leading to liBe (which will be discussed below) and tl'x>se leading to 

l2Be (in this last case, data fran the l4c (6Li , 8B) l2ae reaction (Wi 74), 

which was euployed in an attempted mass measurement, were oc:nsistent 

with the populaticn of the first excited state, bIt ooly an ~r limit 
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could be determined for the ground state transi tioo). 

Fran the spectroscopic factors of Cohen and Kurath (Co 70), ooe 

could suggest that the 6.53 MeV level is either a 3+ or a 4+ state, 

,and these high spins would be coosistent with the known (Aj 74) narrow 

width of this level «40 MeV) • 

B. Tz > 0 lp-Shell Targets 

1. The l3C(6Li ,Be)llse Reaction 

An energy spectrlJIl of the l3C (~i, Be) llBe reactioo is shown in 

Fig. IV-6. 'ttlese data were collected with an 80.0 MeV beam fran a 

0.14 rcg/an2 target; this particular spectrum is aCXl1pOsite of data 

Collected between elab = 9.40 and 20.30 for a total of 32,900~C, in 

which the data were kinematically shifted to e lab = 14.30
• 'ttle l~ 

and l4C levels arose from the l2c and 160 contaminants in the target, 

respectively. 

The donUnant transition is to the first excited state of llBe, 

a 1/2- level at 0.320 MeV excitation, which is the lowest lp-shell 

level (Aj 75). 'ttle predaninant population of this state, instead of 

the Knc::Mn 1/2+ ground state (Aj 75), was established by the known 

lOBe contaminant transi tiens. r-Dre weakly populated levels are seen 

at 2.69 and 4.0 MeV (this last peak may corresporrl to both members 

of the kJ"a;m doublet near this excitation). 'lbese experimental results 

are s\.lll1larized in Table IV-5; the angular distributioo of the first 

excited state is stown in Fig. IV-2d. 

The, selectivity of this reaction can be contrasted with that of 

the 9ae (t,p) llBe reaction (Aj 72), which populates all the known levels 

in llBe •. While the (6r,i,~) reaction can only populate ~shell levels, 
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A oomposite spectn.vn of the 13C{GLi,~)llBe reaction 

collected between elab = 9.40 and 20.30 for a total 
of 32,900 ~C (with E(GLi) = 80 MeV), in which the 

data were kinematically shifted to elab = 14.3°. 
Oxygen rontaminatioo gave rise to the l4C states. 
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Fig. IV-7. Angular distr ibuticns for reacticns imuced by an 

80 MeV 6Li beam: (a) llB(~i, 8B) 9Li,g. 5., and 
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which must have negative parity, the (t,p) reaction can also populate 

states with higher configurations and positive parity. An example 

of such a level is the 1/2+ ground state of llBe. This unusual,level 

ordering of a 2s-ld-shell state below the lp-shell levels has been 

explained ~ Talmd and Unna (Ta 60) as a consequence of the differing 

interaction energies of the 2sl /2 and lPl/2 neutrons with thelp3/2 

proton. The lack of :pofOlatioo of the llBe ground state by the 

l3C (~i,~) llBe reactioo is additional confirmation that the level 

at 0.320 MeV excitation is the lowest lp-shell state in llse. Finally, 

by the comparison of these two reactions we can suggest that the known 

levels at 1.79 and 3.41 MeV ndght have positive parity, since they 

are not populated in the (6Li,~) reaction. 

These results can' be compared with the predicted level spacings 

and transition strengths shown in Table IV-5. We have located three 

lp-shell states below 5 MeV excitation, which agrees with all three 

calcu_lations (g i ven the lowest level at 0.320 MeV excitation). All 

three calculations predict a level order of 1/2-, 3/2-, and 5/2-. 

While the predicted strength of the p:>pulaticn of the 3/2- state is 

quite small, these transition strengths are quite sensitive to small 

admixtures in the target around state wave functicn (Ku 76). 

2. The lIB (6Li , Sa) 9Li React ion 

An energy spectr\.J'[\ of the lIB (6Li , B:s) 9Li reacticn is showri in 

Fig. IV-S. These data were oollected with an 80.0 MeV beam fran a 

0.21 ~/c:m2 target: this particular spectrum is a catpOSite of data 

oollected at Blab = 12.40 and 16.4°, in which, the latter spectrum was 

kinematically shifted to Blab = 12.4°. The l4ctransiticn arose fran 
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the 160 comtaminant in the target. 

The daninanttransitioo is to the (3/2)- grOU1'X3 state of 9Li. 

Weaker transi tioos are observed to levels at 2.69, 4.31, and 6.41 MeV. 

The other knONn state, at 5.38 Me~ excitation, is not' awreciably p0p­

ulated. While this oould irrlicate that this level has positive parity, 

a more likely explanation for its absence is that it has negative 

par ity, but a small spectrosoopic factor. These data are summarized 

in'Table IV-6; the ground state angular distribution is shONn in 

Fig~ IV-7a. 

These results can be canpared with those of the 7Li (t, p) 9Li reaction 

(Yo 71), which pop..1lated all of the kn:lwn levels in 9Li. Fran a can-

parison of the observed level spacing and widths with their predicted 

values by Barker, alc:og with a cx:rnpar ison between the predicted and 

observed transitioo strengths in the (t,p) reaction, it was suggested 

(Yo 71) that the 3/2-, 1/2-, 5/2-, 3/2-, and 7/2- states correspond 

to the observed levels at 0, 2.69, 4.31, 5.38, and 6.41 MeV, respectively. 

It soould be ooted that the pop..1latioo of these levels by the (~i,Bs) 

reaction stroogly suggests that the populated states have negative 

parity (altOOugh we cannot suggest any spin assignments) and that both 

reactions generally agree an the location of thelp-shell levels in 

9L ' 1. 

These exper imental results can be cxnpared with the theoretical 

predictioos of the energy spectrl.El and transitioo strengths, which 

are also S\mtlar ized in Table IV-6. While there is reasooable agreement 

amoog these predictioos as to the number of low-lying lp-shell state, 

there are differenoescalCerning their order. KlJIlar's work (Ku 74b) 
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is an inproved versioo of Barker I s (Ba 66); it €!'!ploys the same 

theoretical techniques, but is based upoo more recent experimental 

data. '!he level ordering of Boyarkina (Be 64), Kumar, arx1 Norton and 

Goldhanmer (No 71) agree, but differ with Cohen arx1 Kurath (Co 70) 

(and also Barker) as regards the order of the first two excited states. 

The probable 1/2- assignment to the first excited state (Aj 74) ag·rees 

with the majority of these calculatioos. If this level is indeed a 

1/2- state, then its transitioo strength is much greater/than might 

be expected fran its very small spectrosQ:JPic factor. However, a 1% 

admixture in the lIB ground state wave function would increase this 

strength to 0.15 (Ku 76). Similarly, the observed pc::p.1lation of the 

possible 7/2- state at 6.41 MeV rather than the possible 3/2-level 

at '5.38 MeV (Yo 71) could arise fran the sensitivity of the transition 

strengths to this admixture. In summary, while this reaction does 

'not establish the spin of unknown levels, it does strongly indicate 

their par i tYi the (weak) populatioo of the excited state is potentially 

extremely sensitive to any configuration-mixing in the target ground 

state wave function. 

c. Unboond Final Systems 

This secticn can, for the most part, be viewed as a continuation 

of the investigation of the light Tz = 3/2 nuclides (i.e., the earlier 

IlBe, 9Li, and J'lO¥.1 7Se, Sa, arx1 finally 3n (see Ce 74 for the 3n portion 

of this stlXJy); rut rot 4s which has Tz = 1). B<::Jwever, these unbound 

nuclides are discussed separately fran liBe arx1 9Li, since the inter­

pretatioo of these results ID.lSt exnsider ];ilase-space distributioos 

and final-state interactioos (see AWendix A). M:>reover, unbolmd levels 
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have broad widths, so these energy spectra are foor-channe1 sums of 

the original data. Transitions can be ol:scured not only by the broad 

widths of these states, but also by the tmder1ying breakup continuum. 

1. The 9Be (6r.i, Sa) 7He Reaction 

An energy spectrum of the 9se (6Li , Sa) 7He reactioo is shatm in 

Fig. IV-9. This particular spectrum was collected with an 80.0 MeV 

beam fran a 0.13 lD9/cm2 target at 81ab = 9. ~ for 9200 fle. '!he smooth 

curve in this figure corresponds to the phase-space distribution for 

the three-bcrly breakup reacticn 6r.i :.. %e -+ ·Bs + Gse + n. Four and 

five bcrly breakup reactions can also contribute to the underlying 

cOntinuum aboIJe their indicate thresholds. The relationships amoung 

these thresholds are indicated in Fig. IV-10. 

The grotmd state of 7He, which is 1mbo.md to Gse + n by 440 keV 

(Aj 74), is clearly populated. This reactioo was investigated not 

only for a range of angles (fran 8lab = 9. ~ to 180 ) with an 80 MeV 

beam, but also at ~ angles ( 8lab = 1So and 180 ) with a 93.3 beam. 

These studies shc:M w indicaticn of any sharp excited states in 7He 

below -10 MeV excitation. However, weak transitions to a possible 

broad excited state in 7He \I«>Uld have been obscured by the breakup 

continuun. The experimental results are sl.mlllarized in Table IV-7i 

the angular distr ibuticn is stx:Jwn in Fig. IV-7b. This nuclide has 

been investigated by the 7Li (t, Jae) 7He (St 67) and the 7Li (n,p) 7He 

(Li 73) reactions, which also failed to locate any sharp excited states 

in 7He. 

These negative results can be contrasted with the predictions 

of excited levels of 7Be, which are also sham in Table IV-7. BCMever, 
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if a level near 3.6 MeV excitation in 7He (corresponding to the pre-

dieted 5/2- state, which has the largest transition strength of the 

excited levels) has the same fraction of the ground state strength 

as seen in the similar lIB (6Li , Sa) 9Li reaction (-10%, see Table IV-6) , 

then it would be difficult to discern if it were broader than -1.5 MeV. 

Only the predicted 3/2- ground state (see Table IV-7) should have a 

relatively large transition strength. The population of the ground 

state in this two-proton pickup reaction strongly suggests that this 

level has negative parity, as expected. 

2. The 6r.i(~i, SB) ~ Reaction 

An energy spectrum of the ~i (~i, Sa)~· reaction is sl10tm in 

Fig. IV-lia. This spectrum was collected with a 93.3 MeV beam fran 
. . 

a 0.40 ID3/cm2 target at 8lab = 14.70 for 950 llC. The sm:x:>th curve 

in this figure corresponds to thephase-spaoe distribution for the 

three-bOOy breakup reaction ~i + 6Li -+ Sa + t + n. Four and five 

body breakup reactiCtlS can also contril:ute to the under-lying continuum 

above their irrlirected thresholds. 

The observed enhancement above the three-body phase-space dis­

tributioo can be attributed to the kInm (Fi 73) (t + n) final-state 

interaction, which would correspond to transitions to the 2- ground 

state of 4a along with possible contributions fran transitions to probable 

1- and 0- levels in -ta, since all these states are broad. This enhancement 

was seen wi th awropr iate kinemaics at all four angles studied (fran 

elab = 110 to 1,0): additionally, its intensity eliminates contaminants 

as a cause. Assuming that all of the CX>\.D'1ts above the Plase-space 
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Fig. IV-11. (a) An energy spectrum of the 6Li(6Li,8B)4H reaction 
co11ec.ted at 81ab = 14.70 for 950 llC (with E(6Li) = 93.3 MeV). 
These data are four channel sums and the smooth curve 
corresponds to three-body phase space. The excitation 
scale is relative to the t + n threshold. (b) An energy 
spectrum of the 7Li(6Li,~)5a reaction collected at 
81ab = 14.70 for 6200 llC (with E(6Li) = 93.3 MeV). These 
data are four channel sums and the smooth curve corresponds 
to four-body phase-space. The excitation scale is relative 
to the t + 2n threshold and lOBe and l4C levels arose from 
target contaminants (see text). 
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curve correspc:::rrl to this transitioo, then the observed yield is 

equivalent to 4 ~b/sr (c.m.). This cross-section is roughly constant 

at all angles studiErl, altb:>ugh these might be a slight enhan::ernent 

at 'more backard angles. These data can be OCllpared to the analogous 

6Li (p, t) 4Li reactioo (Ce 65) and both spectra show very similar structure. 

Although little has been established in ~, it has been studied through 

numerous reactioos (Fi 73). 

3. The 7Li (~i, 8B) Sa Reaction 

An energy spectrum of the 7Li (~i, Bs) Sa reaction is displayed 

iIi Fig. IV-1lb. This spectrum was collected with a 93.3 MeV beam fran 

a 0.33 mg/c::m2 target at e1ab = 14. ~ for a total of 6200 ~C. The sm:x>th 

curve drawn in this figure corresponds to the phase-space distribution 
I 

of the frur-bcdy breakup reactioo ~i + 7Li .... Bs + t + n + n. '!be 

thresholds for the higher-excitatioo breakup channels are also indicated~ 

Transi ticns to levels in lOBe and l4C arose fran 12c and 160 contaminants 

in the target, respectively (these states provided useful calibration 

points) • ('!be four-channel sunmiD3 of the original data obscures these 

contaminant peakS, but Fig. IV-3, shotm for the 160(~i,Bs)14C reaction, 

is representative of the higher energy portion of the original spectrum.) 

Counts abo\1e the phase-space curve may be attributed to either 

these target contaminant reactioos or to other multi-bcdy breakup channels, 

such as the three-body breakup Bs + t + (2n) or Bs + "H + n. Unlike 

the 6Li (~i, Bs) ~ reactioo (am all the others studied in this work), 

no obvious evidence is seen for a strong final-state interaction in 

Sa at any of the angles stu1ied (fran elab = 110 am JS». As a measure 

of the experimental sensitivity to possible Sa levels, the yield at 
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1""", exci taticn energy abcwe the ~se-space curve corresponds to 

-100 nb/sr-MeV, which may be CCI'Ipared with the cross-section of the 

final-state interacticn in ~ of 1 llb/sr-MeV. In surmnary, this 

investigation, as was the case in the 9Be (a,Ss)Ss data (Me 68), the 

~{t,P)Ss stooy (Yo 68), and pioo-irrluced reactions en 7Li targets 

(Mi 69), has proouced no evidence for any sharp Ss states bel""", 10 

MeV excitaticn. A negative firrling was also the result of the earlier 

investigation of the 7Li (7Li ,1lc) 3n reaction (Ce 74), where for the 

lowest possible Tz = 3/2 nuclide--3n, there was no evidence for a 

narr""", state below at least 10 MeV excitation. 

D. '!he 2s-ld Shell Targets 

While the remainder of this work was devoted to Ip-shell targets, 

these final two targets will provide an illustratioo of the possible 

extensions of this work to higher shells. The study of 2~eand 2~e 

is of particular interest because the neon isotopes exhibit a gradual 

decrease in deformation fran 2~e to 2~e. This decrease in deformation 

with the crlditicn of neutron pairs has also been noted in the sodium 

isotopes, where 26:Na can be successfully described by a spherical shell­

m:rlel calculaticn (FI 74a) .M:>reover, this region is valuable for 

allowing the conpar ison of var ious microscopic and macroscopic 

calculations, particularly sirx::e a spherical shell-ncdel approach with 

a full 2s-ld shell basis has becane feasible (Co 74a, Co 74b). While 

-exact" shell-rocdel calculaticns can reproduce these trends in rotational 

character of the· spectra, it would be more generally useful if this 

regioo oould serve as a guide anal9 the various Hartree-Fock calculations. 

To adequately explain this regioo in the Hartree-Fock frc.nework it 
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is necessary to allow for pairing correlations (Ma 73) and possibly 

nshape-mixing" (or shape "co-existence") (Kh 71). Shape mixing occurs 

when the prolate solution (which can be associated with a small neutron 

energy gap and a large proton gap) has approximately the same energy 

as the oblate soluticn (correspcrlding 'to the solution with a small 

proton energy gap and a large neutrcn gap) (Kh 71). Since the reduced 

energy gaps enhance pair ing correlations, reactions studying th,e two­

particle configurations in these nuclei could provide an interesting 

test of these various theoretical models. Finally, 2~e is a Tz = 2 

nuclide, so this study illustrates the applicability of this reaction 

to stOOy such nuclei by enploying Tz = 1 targets such as l4c, ISO, 

2~e, 30Si, etc. 

1. The 2~ (6Li , 8:s) 22Ne Reaction 

An energy spectrum of the· 2~ (6Li, Sa) 22Ne reaction is shown in 

Fig. IV-12. These data \lilere collected with an SO.O MeV beam fran a 

0.15 IR3/an2 target; this particul.cir spectrll1l is a cx:rrposite of data 

·00 collected between 8lab = 10 and 22 " in which the data were 

kinematically shifted to 8lab = ISO. Transitions to lOse and l4c levels 

arose fran l2c and 160 CXIlItaminants in the target, respectively. 

The daninant transitioo is to the gr0urx3 state of 2~e. Also 

transitions were clearly resolved to the first excited state which 

is a 2+ level at 1.27 MeV, the 4+ level at 3.36 MeV, and another 2+ 

state at 4.46 MeV excitaticn. At higher excitation the density of 

final states (see Table IV-S) adds ambiguity to the transition assign­

Dents, but our analysis of these data suggests that the peak near 6 MeV 

exci tation corresponds to barely resolved transi tiens to the 2+ level 



·, 

E6
Li 

= 80 MeV 

80 
I 

24 Mg (6 Li , 8 8) 22Ne 4+ 2+ 
22Ne* 

"I 
J I I ~2 Ne ,g·s. 60~ ~ n 

en 22Ne* +-
2+ c: 

14C· J ::J 

~ '4
f 

r I IIII 840 I 10 

1 
lOBe· I ~. 

.. : ~ -~~ 
r-, I 

I 

20f- ~ 
,JI ,J ... ,J 1 ,J 1 1 1 " 

j\J'<" ' 
I 

0 
14 12 10 8 6 4 2 0 

Excitation energy ( MeV) 
. 12 . f h 24 (6. 8 ) 22 . b F~g. IV- . A compos~ te spectrum 0 t e Mg L~, B Ne react10n etween 

Slab = 100 and 220 (with E(6Li) = 80 MeV), in which the data were kinematically 
shifted to 81 ab = 180 . Transitions to lOBe and l4c levels arose from l2c and 
160 comtaminants in the target. 

XB L 7610-4286 

J ~ 



Tobl" IV-8. _.yof -.- of ~ "IlP"rlowtt.1 .... thoor@tlcal ."""Itll for 2'-. 

Pr""lct"" '-I_ 

,-"LyI"9 tevoolll 0M0r_ 
Pr_ .... erOllll S«:t I.,.,. .),c ._. , f 

Rrom ~lfja 
In this __ 

IfUdl!nthalb NAI~k:;""'ad ....,c:~t.:~ 'c .•. - 2 
CralqC 

J. "'" "'" !:_@y J. .b/ ... 

O· 0 0 O· 0 0 0 0 5.5 !; 0.4 

Z· 1.21 1.21 40 Z' 1.14 1.0 1.2 1.4 1.7!0.2 

4' 3 •• 3.16 40 4' 3.21 2.8 3.5 3.5 1.0 !; 0.2 

2' 4.41 4.45 50 2' J.5J J.8 6.9 4.5 0.7 !; 0.2 

r 5.14 J' 4.51 4.48 5.4 
I .- n.2,+ 5.M 2' 4.n 4.6 8.0 4.8 00 
~ 

r 5 •• 5.J? 70 0' 4.95 6.4 6.0 0.7 !O.Z 

4+ 5.52 I' 5.18 4.5 5.0 

J' 5.64 r 5.n 5.1 6.0 

2'" 5.'1 6.r/' 100 I' 5.45 6.5 1.7 !; O.i' 

2'· 6.U 4+ 5.54 4.6 5.5 

0" '.24 6' 6.30 5.' 7.1 6.4 

,+j '.30 O· 6.81 

.+j '.M 3' 6.2 6.J 

10-4" '.64 4' 6.8 6.4 

(.,.t) 6.69 6.69 eo 2' 6.1 O.l.!; O.Z 

2' 6.82 



... ' 'J 

'ftobl. IV-I. <Dltlruod. 

IDo-Lyt..., 
J"""" Loov.I'" 
J' IIeV 

~ ... 
II-l'- 1 .• 

1.M 

1-1 1." 

7.~ 

14,5'+ 1.54 

• _ ... n. 
b IIl!f. ft 72. 
c .... f. Q n. 
d IIl!f. lOt 71 • 
• IIl!f. (b 14a. 

LAw Ie CIIeM..., In Thl. __ 

M!Y • toY 

7.49 100 

"" 

Pf_ ..... 
IIIl<!onthalb 

Cni,l' 

P"."Icb!/! """,,I. 

Nal~k:~a" Cbl@# Watt# 
"""""It.~ 

f ",. "Irr .. _lal etCIIlI ~lcna cJoer_ ~Icall, with ""'11&, __ to 
V _. lID 72 _.ata that U. 5.91 -. I_I multi be a 1- or ~- .t.ot~ ,otl1M then. 2+ 1 ..... 1. 
" ",1. ~k ,.,.,t IIk"ly COI',~ to _. thon on. ', ..... Itlon. 
I 110"'" I$>M ,..f. rl 74b ..... 110 72. 
j 110_ upon R.f. '1 74. 
k ~ ......... 1"",,10 •• ". "",Itt"" b8causo of u. "'911 _ltV of .t.ot .. , ..... RIof. a. 

cr""" S<!ctl,"", Ic ••• ' f .c .... - 2t> 
,.bier 

1.0 ! O.l 

I 
00 
V1 



-86-

at 5.91 MeV and a 0+ state at 6.24 MeV. HCMever, while the width and 

centroid of this peak indicate that it corresponds to I'OC>re than one 

transi ticn, we cannot definitely determine its canposi tien. weaker 

transitions might correspond to the 2+ level at 5.36 MeV, a natural 

parity state at 6.69 MeV, and a 1- level at 7.49 MeV. (These assign­

ments are consistent with the higher-lying states populated by the 

(a,a') reacticn (01 70), which is to be expected, since these inelastic 

scattering expertments measure the deformaticn parameter, and this 

deformaticn ar ises fran the quadrupole interaction, which is in turn, 

based upon the two-nuclean spatial correlations (and these pairing 

interacticns are reflected in the two-nuclean transfer transition 

strengths) (Br 70).} These expertmental results are sumnarized in 

Table IV-8; the ground state angular distribution is shown in Fig. IV-13a. 
, 24 2i._ 

These data can be crnpared with those fran the analogous M3 (p,t) L"J3 

reacticn (Pa 74), sOOwn in Fig. IV-l4. Unfortunately, while these (p,t) 

data have better energy resolution than does the (~i, Sa) reaction, the 

level structure of ~ is pcx:>rly known c::ampared to 2~e, so that this 

catpa.r ison suggests the spins and par i ties of several levels in 2~ 

rather than clarifying the (6Li ,Bs) data by identifying the isolated 

analCX3 transitions. Fran this analogy one can suggest that the 

3.31 MeV state in 22r-1g (a 4 (?) (En 73» oorrespcnCis to the analog of 

the 4+ level at 3.36 MeV in 2~e and that the state at 4.40 MeV in 

24Mg (a 2(+) level) is the analog of the 2+ state in ~e at 4.46 MeV. 

As might be expected fran the lp-shell oc:upar isons, this work indicates 

that there is a strong similarity between the selectivity of these 

two reactions even en the relatively more cx:mplex 2s-ld-shell targets. 
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Comparing the known and observed levels in Table IV-a, it is clear 

that this reaction is quite selective. While the resolution of this 

study precludes placing stringent limits on their p::pllation, no evidence 

is seen for the population of the multi-particle-hole levels at 5.14 MeV 

(a 2- state) and 5.64 MeV (a 3+ level) ,or for the 6+ state at 6.30 MeV 

all of which would be forbidden in a direct single-step pickup. This 

selectivity will provide same bounds on the possible spin and parity 

of the ~ previously unreported levels in 2~e. 

The variety of the theoretical approaches to this region can be 

seen in Table IV-B. Preedan and Wildenthal (Pr 72) employ an approxi­

mate shell-mcrlcl approach, while Cole et ale (Co 74a) use a spherical 

shell-mcrlel with a full 2s-ld shell basis. Craig (Cr 74) uses a 

Nilsson m:::rlel. Khadkikar et ale (Kh 71) employ a Hartree-Fock frame-

work with shape-mixing. This list is by no means exhaustive of the 

theoretical awroaches to 2~e. The. state at 5.92 MeV is generally 

considered to be an intruder level (Cr 74, Pr 72) and the 2+ state 

at 6.12 MeV is considered to be a 2s-1s shell state, which might disagree 

wi th our results. However, there is a large uncertainty in the results 

at this excitation because of the difficulties in unfolding the overlapping 

transitions. Alternatively, it has been suggested that the state at 

5.92 MeV is either a 1- or a 3- level (Ho 73). It would be difficult 

to believe that there is soch a large cxmponent of a cross-shell level 

in the 2~ ground state. If the level at 5.92 MeV excitatioo were 

-
a 3 octupole vibration, then i ts str~ popllatioo by this reaction 

is possible (as is the case in the 54Fe (6Li , Sa) 52cr reaction (We 75)). 
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This possibility is supported by the· inelastic scattering data (01 70). 
2 

2. The ~ (6r.i, Sa) 2~e Reaction 

; An energy spectrum of the 2~ (6Li , Bs) 2~e reaction is shown in 

Fig. IV-15. These data were collected with an 80.0 MeV beam fran a 

0.45 ng/an2 target; this particular spectrum is a CXlllposite of data 

collected between 8lab = 8° and 21°, in which the data were kinematically 

. shifted to 81ab = 17°. Levels of lOBe and 14C arose fran the 12c and 

160 cantaminants in the target, respectively • 

. The cbminant transiticn is to the 0+ ground state. Along with 

a w~ker transiticn to the first excited level, which is a 2+ state 

at 1.98 MeV excitaticn, a peak is observed to 3.88 MeV, which probably 

correspc.trls to both members of the 2+, 4+, doublet near this energy 

(whiie the measured excitatioo energy agrees well with the 2+ level, 

this peak is noticab1y broader than the other transitions in a high 

reso1uticn preliminary observaticn of this reaction (We 75». 

Transitions to two unreported states (En 73) at 7.47 arrl 8.86 MeV are 

a1ro observed. Finally, sane evidence is seen for the weak population 

of the knaom level at 5.58 MeV, rut the contaminant peaks in this region 

precluded a definite oanfirmaticn of its kinematic shift. These experi-

mental results are stmnar ized in Table IV-9. The angular distr irutions 

n>= sane of these levels are sh::lwn in Fig. IV-16 , fran which (as before) 

it is apparent that these distrirutions do not offer a means of dis­

criminating arocng the possible spin changes of the various transiticns. 

It is of sane interest that the grCll.lOO state transiticms to 2~ and 

2~e have alm:st identical cross-sectims (arrl angular distr ibutions) , 
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Fig. IV-16. Angular distributions for transitions induced 
by an 80 MeV 6Li beam in the 26Mg(6Li,Ss) 24Ne reaction: 
(a) g.s., 0+; (b) 1.98 MeV, 2+; (c) unresolved transitions 
to the 3.87 MeV, 2+, state and 3.96 MeV, 4+, level, and 
(d) 7.47 MeV. 
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altOOugh the Q values differ by -5 MeV. A sirrple MCK calculation 

reproduces this trend. These experimental results can be canpared 

with t.hoSe of the 2~e(t,p) 2~e reactioo (Ho 70), which identified 

all the known levels, but could not have observed the two higher-lying 

states. 

Same of the theoretical predictions for 2~e are also summarized 

in Table IV-9. Cole et al. (Co 74b) employ a spherical shell-model 

calculation with a complete 2s-ld-shell basis, while Robertson and 

Wildenthal(Ro 73) use a spher ical shell-model calculation with a truncated 

basis. Khidkikar et al. (Kh 71) employ a Hartree-Fock calculation 

with shape-mixing, while Macdonald et al. (Ma 73) use a Hartree-Fock­

Bogoliubov calculation (which inCludes pairing effects) with number 

projectioo. The two levels foond in this ~rk might provide an interesting 

test for these various models, if their spins and parities could be 

determined. HONever, we can ooly limit them to having spins .::.4 and 

natural parity (which is the only allowed possibility for the transfer 

of two identical 2s-ld-shell nucleoos). 

The structure amplification factors of Robertson and Wildenthal 

(Ro 73) are c:x::rtq?ared with the observed transi tioo strengths in 

Fig. IV-17. Several higher-lying levels are predicted that might be 

observed in this reactioo. (Again ooe should oote that slight ad­

mixtures in the ground state wave function might have a dramatic effect 

00 these predicted "transition strengths" for weak transitions.) It 

should be noted that the Preedcm-Wildenthal interactioo (which was 

employed in this calculation) predicts too high an excitation for low­

lying levels and too low an excitatioo for high-lyir¥3 ones in 2~e, 

( 
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Fig. IV-17. A comparison between the observed relative yields 
of the 26Mg(6Li,8s)2~e reaction (with E(6Li) = 80 MeV) and the 
predicted relative structural amplification factors (Ro 73). 
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and if this were the case in 2~e, then the agreement with our results 

would be reasonable. 

E. Conparisons With Other Reactions 

In principle, there could be rather dramatic differences in the 

pop..1latirn of levels in the final nuclei between the (6Li ,8B) and (p,t) 

reactions since the differing wave functions of the outgoing particles 

could select different cluster configurations from ~ target ground 

state wave functions. HCMever, the observed similarities between the 

spectroscopic selectivities of these two reactions for the Tz = 0 l2c, 

160, lOa, 6Li, and 2~ targets demonstrate a related sbnple pickup 

reactirn mechanism and suggest that any differences in the relative 

yields' simply arise from the two reactions sampling the ls cluster 

probability density at different interactirn radii (and over different 

ranges of radii). 

Agreement in the a:mparisons between the (6Li ,Ba) and (t,p) reactions 

producing the same final nuclei (e.g., llBe, 9Li, and 2~e) leads to 

the anticipated CXElplementary nature of their spectroscopic selectivities 

in studies of neutron-excess nuclei. Any differences in the population 

of levels in final nuclei between these two reactions indicate possible 

. configuratirn differences (e.g., predominant particle or hole states). 

Investigations of two-proton pickup reactions are still rather 

sparse, so that only limi ted carpa.r isons are J'lOr.7 feasible. As the 

lightest expeximentally feasible two-proton pickup reaction, (~i,Ba) 

is best suited to studies of Ip-shell targets and these targets provide 

a convenient means of determiniD3 the reactirn mechanism. we have 
2 . 

also obtained data from two heavier targets-2~ and ~-to 



-97-

facilitate cross-comparisons with this particular reaction. 

'Jlle usefulness of these various reactions is measured by the 

combination of experimental difficulty, the presence of bound excited 

states, spectroscopic selectivity, a.rrl relative yield. As mentioned, 

particle identification based upon counter telescopes is particularly 

suitable for the (6Li,Sa) reaction since both 7B and 9B are particle 

unstable. A requirement that the ootgoing particle not have any bound 

exci ted states wol-ld eliminate several possible reactions, as can be 

seen from Table IV-IO which also lists the spectroscopic amplitudes 

(Co 70) and two-protoo separation energies. While the (180 , 2~e) 

has a relatively high yield, its spectra are oamplicated by the large 

transition strength of the bound 2+ and 4+ "shadow peaks" (Si 72, Ch 73, 

Ke76). Exper imental results are available for the 26z.ig (lIB, l~) 2~e 

reaction (Sc 74a). Carparing data fran the (6Li ,Bs) and (llB,l~) 

reactions an the 2~ target: 

. both reactioos have similar spectroscopic selecti vi ty, 

• the (llB,~) reacticn has a (c.m.) yield about three times 

higher than the (~i , Sa) reactioo. (however, the (lIB, l~) 

reaction data were oollected at the grazing angle). 

'!he higher relative yield of the (llB,~) reaction might be expected 

from the larger spectroscopic anplitude, IlDre positive o-value, and 

greater proton pair binding energy in the outgoing particle for the 

(llB,l~) reaction (see Table IV-IO). Similarly, either the (lOa,l~) 

or the (l~,l~) reactions might have a higher yield -than the (~i,Sa) 

reaction, while still lacking any shadow peak ambiguity • 

• 
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Table IV~ 10. O;:rrparison amcng sane of the p:>Ssible two-proton 
pickup reactions. 

TwO-Proton Strengths** 
Bound Excited Separation 

Reactioo J. 
1 Jf States Energy* (MeV) ~ J:'MAG 

(6r.i I Bs) 1+ 2+ No - 5.744 0 0.032 

(9ae, llc) 3/2- 3/2- Yes -15.277 0 0.747 

(1~,~) 3+ 1+ No - 9.287 0 1.354 

(llB,~) 3/2- 1/2- No -17.901 0 2.061 

(12c,140) 0+ 0+ No - 6.570 0.597 0 

(l3c,150) 1/2- 1/2- Yes -14.843 1.002 0 

(1'\:,160) 0+ 0+ Yes -22.335 

(180,1~e) 0+ 0+ Yes -20.838 

'Calculated as 6f - 6i - 62p. 

**The ootatioo and values are fran Co 70 I except for (6Li , Bs) which 
is fran Ku75. 

\ 

.. 

/ ( 



-99-

F. catparisons With Semi-Classical Reaction '!beory 

we have already seen that the (~i,8s) reaction strongly populates 

only those levels with a significant predicted two-nucleon spectro­

scopic amplitude and that these transition strengths reasonably reflect 

gross differences in the predicted relative yields. However, several 

transition strengths appear to be significantly different fram their 

predicted relative yield. In particular, same configurations with 

rather large predicted transition strengths seem to be fragmented among 

several states. (Of course, this splitting would be JOOSt obvious if 

the configuration possessed a particularly large transition strength.) 

Several configurations that had'rather small predicted transition 

strengths were noticab1y populated, probably indicating the effect 

of configuration mixing in the target ground state wave function. 

As previously mentioned, the transition matrix element can be 

described as depending upoo both the spectrosoopic amplitude and a 

transfer emplitude factor. we have attemptErl to describe this kinematic 

deperrlence by a semi-classica1 reaction theory (Br 72, An 74) with 

the computer code HIPROB (Hu 75). This approach involves in part the 

description of the target and outgoing particle (for pickup reactions) 

as core plus cluster systems with the spins of the core and the cluster 

coupling with their relative internal angular m::mentum (L) to form 

the total angular m:mentum (J). In Table IV-il, we list the observed 

relative transition strengths along with the predicted transition strength, 

the relative kinematic hindrance, and the total predicted relative 

transi tim strengths for sane spin zero targets. These results are 

less than inpressive, which seems to indicate that this approach has 
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Table IV-ll. Q:mpar isoos between the observed and predicted relative trans i tion 
strengths. 

Level <bserved Relative Predicted 
Final. acr7an Kinematic 

. ~~:~R)g.s. Nuclide MeV J'" lacr/di"iig.s. g.w;a ~ Birmance .. 
10 0+ Be 0 1. 2.75 0 1. 1. 

3.36 2+ 0.60 0 1.22 0.48 0.21 

5.96 2+ 0.26} b 0 4.54 0.35 0.58 
0.36 

7.54 2+ 0.10 0.28 

9.4 (2+) 0.15 0 0.004 0.22 3 •. 2 x 10-4 

11.8 (0+) 0.11 0.004 0 0.18 2.6 x 10-4 

14C 0 0+ 1.0 2.21 0 1. 1. 

7.01 2+ 0.35 0~34 

8.32 2+ 0.16 0.61b 12.71 0.29 1. 73 

10.4 2+ 0.10 0.23 

2~e 0 0+ 1.0 c 1. 1. 

1.27 2+ 1. 0.68 

3.36 4+ 0.18 0.34 

4.46 2+ 0.12 0.27 

5.36 2+ 0.13 .0.25 

6.0 0.3 

StrlX:ture AlIplificationd 

Factor 

2~e 0 0+ 1. 0.36 1. 1. 

1.98 2+ 0.22 0.015 0.42 0.018 

2+ 0.09 0.27 0.068} 
0.086 

3.9 4+ 0.17 0.03 0.21 0.018 

5.6 (2+) 0.04 0.003 0.19 0.016 

0+ 0.01 0.32 0.009 

7.5 4+ 0.13 0.04 0.12 0.013 

8.9 2+ 0.05 0.025 0.13 0.009 

a Fran Ref. ().:) 70. b Pre:Hcted strength is fra.;pented. c Not available. 
d Fran Ref. Ro 74. 
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limited utility for this reaction, ~ accordingly we have not attempted 

any more complicated spin situations. 

It is possible that this serni-classical approach is inappropriate 

for this particular situation because of ION values of n. Further 

it is likely that this poor agreement reflects the inappropriateness 

of functional forms of o-value dependence in this particular approach. 

This possibility is supported b¥ the Oxford approach of empirically 

varying the input parameters to shift the relative probability curves 

vs excitatioo energy to achieve satisfactory agreement (Me 76). 

No variation of the input parameters was attempted in this work. 

This possible deficiency can be generalized to the inadequacy of the 

assumed Gaussian functional form of the kinematic matching criteria. 
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V. crNCLUSlOOS AND ~ 

Results fram the first broad survey of a two-proton pickup reaction 

have been presented in secticn IV. This stOOy was uOOertaken to determine 

the utility of the (6r.i, Sa) reacticn as a spectrcscopic probe of neutron­

excess nucle i. A systematic feature of these data is that the (6Li , Sa) 
reaction populates strcngly only states for which a significant two­

nuc1eoo cfp is predicted. The spectrcscopic selectivity of the (6Li ,Sa) 

reaction on Tz = a targets resembles that of the analogous (p,t) reaction. 

The observed selectivity in the populaticn of states in the final nuclei 

demonstrates that the (6Li ,Sa) reaction proceeds prilnarily through 

a direct, single-step pickup of two protons. r-t:>reover, these data 

indicate that the predominant canfiguraticn of the two-protan cluster 

is a relative ls state. No evidence was seen for the transfer of the 

protcn pair coupled to a spatially anti-symmetric configuration. 

By establishing an llI"rlerstandiD3 of the observed spectroscopic 

selectivity with Tz = a targets, it has been possible to employ this 

reactirn an Tz > a targets to locate lOtI-lying lp-sheli levels in 

relatively inaccessible Tz = 3/2 nuclei, such as liBe , 9Li , and 7He • 

However, 00 evidence was seen for any narrCM excited states in 7He• 

Also, no indication was observed for a strang final-state interaction 
5 

in H, altOOugh the k1'lC7im t + n interacticn oorrespcnHng to the 4a 
ground state was readily apparent. Two previously unreported levels 

(at 7.47 :!: 0.05 ~V and 8.86 :!: 0.07 MeV) were identified in the 

Tz = 2 nuclide 2~e. 

The measured angular distr iootioos were all rather featureless 
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am decrease JOCnotonically with irx::reasing angle. '!his feature can 

be explained by a semi-classical approach to the reaction kinematics 

in terms of the localization of the incoming wave packet at a relatively 

large interaction radius without strong focusing into a particular 

CoulCmb trajectory. Similarly, simple ~ calculations indicate that 

the angular distributions should not be very oscillatory, although 

these ca1culaticns 00 not descr ibe very well the envelope of the observed 

distributions. Both the semi-classical reaction theory and the DWBA 

calculatia"ls indicate that the kinematic term in the transition matrix 

should be only slightly dependent upon the transferred angular manentum. 

However, while the observed relative transition yields agree qualitatively 

with the spectroscopic predictions of Cohen am Kurath (Co 70), good 

quantitative agreement was oot obtained. 'l11is oould indicate the 

inappropriateness in the present situation of either the semi-classical 

reactioo theory or its awroximatic:n for the functional form of the 

Q-value dependence. 

The (6Li , Be) ~proton pickup reactim has been deIocnstrated 

to be well suited to counter-telescope techniques am most appropriate 

on light targets. However, due to the higher yield one might expect 

that future studies of two-proton pickup an heavier targets will employ 

. other techniques, such as the (llB,~) reaction. NON that this 'tK>rk 

has demonstrated the broad utility of two-protan pickup reactions, 

ooe might alro expect further two-nuclecn transfer studies to focus on 

two-proton transfer reactions. For example, two-protoo pickup reactions 

can be erployed in investigations of neutron-excess systems for mass 

measurenent studies with neutron-excess targets such as 36S am 70zn 
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as well as spectroscopic studies of the levels of Tz = 2 nuclides by 

reactions on Tz = 1 targets. Finally, spectrcsoopic studies on heavier 

targets might permit investigation of proton pairiD3-vibration states 

by stooying a series of targets such as 48ca, 50Ti , 52cr, am 54pe 

or l40ce, l4~d, am l44Sm. 

.. 
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APPENDIX A. UNIOJND FINAL SYSTEMS 

An crlditicnal element of canplexity oco.Jrs in reactions of the 

type 

1+2-+-3+4+ ••• +n 

(where I' is the beam, 2 is the target, 3 is the detected particle, 

and 4 through n are unobserved). While these reactions obey the same 

laws of Conservatim of energy,' linear Iianentllll, arrl angular m:mentum 

as do two-body reactions, the multi-body nature of the final state 

means that mea.surement of the angle and energy of particle 3 no longer 

completely specifies the reaction kinematics. In an ordinary two-body 

final system, the energy and laboratory angle, e, of me of the particles 

Uniquely determines the energy arrl angle of the unobserved particle. 

Fornulti-body final systems, the additicnal cnrplexity,is that the 

center-of-mass energy of the final system is distriwted amcng three 

or IOC>re nuclides, and for any detected energy arrlangle of ooe particle, 

the unobserved nuclei can experience a range of relative energies. 

The CXX1sequences of. this crlded freedan in the residual system 

can be explored by writing the differential cross section of the observed 

particle as 

(Al) 

where ~l is the reduced mass of the initial system, kl is the relative 

momentum between the target (2) and the projectile (1), IM(E3,n3)1 2 

is the matrix element determining the interactioo, and P(E3,ri3) is 

the phase space or density of final states (see Go 71 am references 

.. 
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therein for a uore detailed discussien). One might expect that effec"ts 

due to the multi-body nature of the final state could arise through either 

the {Xlase space factor or the matrix element. We will discuss each in 

turn belOW. 

1. . Phase Space 

One can see fran Eq. (Al) that the cross section is proportional to 

the density of final states. The division' of the available energy between 

the unobserved particles can be considered (in a s~le picture) to depend 

not 00 the re:sidual nuclei, but en the rumlber of ways in which this 

division can be accomplished. (Of course, a streng interaction among 

these nuclei can cause an enhancement of the yield atove this s~le 

statistical distributioo through the matrix element; such as enhancement 

could irrlicate the existence of a state at this relative energy (see 

Section 2 below).) 

For a system such as the 3n final state, there are very few 

orientations allowed which provide low relative energy aII01g all three 

neutroos, while still cx:nservin; linear and angular nanentlml with the 

observed particle. On the other hand, there are many ways of distribu­

ting 10 MeV exci tatien analg these three neutrons. Accordingly, one 

would expect the yield at 10 MeV excitatiooto be greatly enhanced 

CNer that at 0 MeV. From this sinple argument, ooe can derive an 

expression for this relative enhancement by counting the number of 

values of the linear manentlJIl penni tted the observed particle while 

integrating over the coordinates of the uoobserved nuclei within the 

limits of the oonservatien laws (see Ba 69 and Go 71 for sane siIrple 

examples of this derivation). This result is generally familiar fran 

• 
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8-decay, where the shape of the detected electron spectnmt is si.rrq:>ly 

that of three-body phase space. 

. In the case of non-relativistic particles, the phase space 

distr ibution in an n-particle final state can be solved in general. 

In the center-of-mass frame 

. en ~ 4) 
• (E

3
») (A2) 
, c.m. 

where 

is the energy available in the center of mass framei (E3)c.m. is the 

center-of-mass energy of the detected final particlei and Mt is the 

total mass of all the particles in the final system (Ba 73). TO convert 

this quantity fran the center-of-mass to the laboratory frame of reference, 

ooe uses sinply the inverse of the Jaoobian. 

At sane excitation, most systems beo::Jne unbound to several decay 

channels. For exanple, Sa is \.Dlbound to (d + 3n) at 6.3 MeV above 

its threshold for breakup into (t + 2n), while at 8.5 MeV, it becanes 

unbound to (p + 4n). ttle ratio of the awropriate phase space dis­

tributioos with more than one channel ~ will be equal to the ratio 

of the decay widths. For the systems that we have investigated 

(Le., 4a, Sa, and 7He), the ratio of these decay channels as a function 

of energy is \.Dlkoown. One would expect that the cpening of additiooal 

breakup modes will reduce the normalizatioo of the previous phase space 

'. 
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distribution, an the assumption that the cross section is either a 

constant or smoothly varying function of the excitation energy. 

Because of these cxxnp1exities, we have not atterrpted phase space fits 

that are a oonposite of several of these distributions, but have only 

fit the less arrbiguous portions of the spectra. Such a fit is achieved 

by an arbitrary normalization of the expected shape to the experimental 

spectrum. Even with fixed proporticns of the various distributions, 

it would be difficult to perform composite fitting with much confidence, 

since in a situation of several breakup modes, the regions near the 

various thresholds may be distorted by the additional final state 

inter actioos ~ 

Deviations from these phase space distributions can arise from 

ei.ther a final state interacticn, or from the reacticn mechanism. As 

an example, the reacticn could have a knock-out mechanism. 

2. Final State Interactions 

An enhancement of the yield above phase space is often called 

a final state interactioo. Any state will cause such an enhancement, 

but not all of these final state interactions correspond to states 

in the system to interest or to cnly ooe particular level. (A resonance 

will also cause an enhancement, but then is typically described as 

a resonant interacticn rather than a final state interaction.) For 

example, if cne were studying the 7Li (6Li, ~) ~ reacticn and saw an 

enhancement above J;i1ase space, then this effect, if it were oot an 

artifact of the reacticn mechanism, would be a final state interaction. 

However, this additional yield could arise from the matrix element 

corresponding to the t + n + n interactions (Sa), or to the n + n 
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interacticn (correspcndir¥3 to 20), or to the t + n interactioos 

(~) ,or it might be a canbinaticn of all of these systems. Similarly, 

at the higher breakup thresoolds, enhancements might ar ise fran d + n 

or p + n interactioos, respectively. Also in 4a there is knovm final 

state interacticn between the t + n, but it is felt to correspond to, 

not only the ground state of 4a, but also to the three other ICM-Iying 

levels (since all these states are quite broad). 

There are two ways of r€!OC)ving this ambiguity. Interactioos in the 

mass 2, or 4, or 5 systems all have characteristic kinematic shifts so 

that by collecting data at several angles one soould be able to decide 

which interacticn is present. Alternatively, if one employs a coincidence 

experiment, in which all but one of the final particles is observed, then 

one \tiIOuld oote on correlation plots that the enhancement corresponds to 

particular relative energies between sane group or groups of particles. 

... 
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APPENDIX B. RFACl'IOO DYNAMICS 

1. Definitions and Relationships of Same of the 
Kinematic Parameters 

we will employ the following subscript convention 

T(I,O) F 

where T is target, I is the incident beam, ° is the outgoing particle, 

and F is the final system. Then for these calculatioos 

(B. 1) 

kI = (2·M·E )1/2jh 
. I c .m. (B.2) 

(B.3) 

(B.4) 

v = k • him 
I I I 

(B.5) 

R, = 1 65(A 1/3 + A-l/3) lnt • I --J.' (B.6) 

(B.7) 

(B.B) 

. (B.9) 

(B.IO) 
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where: lI'k = transferred mass 

V = the relative velocity. 

2. Tables of Kinematic Parameters for the (6Li ,8e) reaction at 
80.0 MeV on Some Representative Targets 

(B.ll) 
l-' 

(B. 12) 

(B.l3) 

I •• 
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