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ABSTRACT
. : . 12 1k 16
Alpha-particle energy spectra from (d,2) reactions on C" ', N and O

have been obtained using 24-MeV deuterons. The development of a high-resolution

»

~ semiconductor E-dE/dx counter telescope made possible the observation of alpha -
particle groups arising from the formation of final stateé of higher excitation .

~than previously studied by these reactions. Angular distributions corresponding

to resolvable final states are presented. Marked variation in the relative cross'
sections of final states was observed in the energy spectra. In an effort to
explain the nature of this preferential populétion these final states are cor-

related, where possible, with their expected configurations. A DWBA analysis'

was made for several of the transitions; the outstanding characteristic of this

analysis was the strong preference for L=2 transitions relative to L=0 transi-

tions.
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I. INTRODUCTION
The removal of ?WO nucleons from the térget nucleus in a direct regction
should favorably excite-levels in tﬂe produc£ nucleus whose conf&guration cor- .
resﬁonds.to £WO holes in:the target. Thus, states not strongly excited inv
single-nucleon transfer réactions can be investigated. Although many (d,@ﬂ_
reaétions.in the light elements have been studied, most of them have involved

either the use of. single-counter systems or very low bombarding energies and -

. consequently the observable excitation in the residual nucleus was severely

limited. The development of a semicondﬁctéf counter telescope system; has

enabled us to investigéte the formation of states of higher excitation.

N

A measurement of the relative cross sections to the levels in a’given

‘nucleus made by different reactions—e.g., C2(c,a)v Y, W ¥(o,a )W ana
Ol (d,a)Nlu—-can give information conecerning both the configuration of the levels

- and the reaction mechanisms involved. ?t should be emphasized‘that'these fwo

\

facets ‘are inherentlyAtied together. -Several such comparisons‘aré_discusséqbin

thiS‘WOfk.v

II; EXPERIMENTAL
These (d,Q) reactions were induced by the 24k-MeV deutefbn.beam of the
late Crocker Laboratory 60-inch‘cyc10tron. The beam was brought out through an
iron magnetic channel, focused by a quadrupoie magnet, aﬂd directed by a small
steering magnet through a L4.8-mm diameter graphite collimator‘and a 4.8-mm
diame»terb ténﬁalum baffle co‘llimator into a 91.-cm dfameter séattering cha.mber.
The general experimental appératus has been described previously.

Particles were detected by a counter telescope -that éonsisted_of two   {

semiconductor counters: a 2.7-mil phosphorous-diffused silicon transmission ..

COunterl_backed'bywahbﬁhehzfphosphoroUs-diffused Siliconwdounter55'Which“had a
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depletion thickness of 67 mg/cm .when a 240-V reverse bias was applied. When

2
) studying reactions producing alpha particles hav1ng a range greater than 67 mg/cm

L
(25 MeV), 1ithium- drifted p-i-n Junction silicon detectors of various thicknesses

were used. The counter telescope was placed from 20Ato 32 cm from the target.

The diameter of'thercollimator that preceded the transmission counter was usually '

1.5 mm.
To compensate for -the loss of resolution in the stopping counter due‘
to the (nonuniform) transmission counter, the pulses from the two counters were .

added in the appropriate ratio. . The'optimum resolution of the added pulses was

"J'about 2&0 keV for solld targets which was probably limlted by the approx1mately

i.O 75% energy ‘spread in the cyclotron beam ‘The slmple passive pulse-adder cir-’
' cuit is shown in the block diagram of the countingvequipment, Fig. 1.

| The reaction products were distinguished by.an.analog pulse multiplier.

i\ multiplier spectrum with optimim HeB-Heu separation'is shown in Fig.' 2. BEven:
though the transm1ss1on counter was very thin the low-energy alpha particles

leaving a highly exc1ted residual nucleus depOSited a large fraction of their

" energy in the AE detector. However, the multiplier apparently worked properly '

(ile., the multiplier output signal'remained essentially constant) when asjhuch
as 95% of the alpha‘energy was dropped in the AR counter. “ |

| Generally thevHe5-Hehseparation'was not sufficiently goodvto permit
complete remoral of He5 peaks from the'alpha spectra uithout also discriminatingg
against some alpha particles. Consequently multiplier_pulsesx corresponding to
both‘He5 and Heu ions, were, in most cases, used to'triggerra‘RIbL hod-channel
pulse-~height analyzer which recorded a single energy spectruonf both kinds'of
particles. However, several energy spectra uere“obtainedrwhen the lower
‘-discriminator corresponded to the center. of the HeB—Heh valley. This is dis-

cussed more thoroughly later.

IR s

¥
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Carbon targets about 0.3 mg/cm2 thick were prepared as described pre-
viously.5 Natural nitrogen and oxygen gases were bombarded in the gas-holder
target assembly described previously. The gas pressures ranged from 45- to

73-cm Hg at about 18°C.

ITT. RESULTS

A. The c*2(a,)B'° Reaction

Previous investigations of this reaction have been carried out at bom-

barding energies up to. 20 MeV.7"8"9 Most of these studies were done with single-

. : ) : . 10
‘counter systems and consequently the observable excitation in B was usually

restricted to about 5 MeV, and usually no levels above the 3.58-MeV level were

We have obtainéd alpha-particle energy spectra corresponding to an

- excitation in Blo up to about 12 MeV. The angular range studied ‘covered from

6.3 to T1.ht deg (1ab). Figures 3 and 4 show alpha-particle energy spectra at 45
and 16 deg; respectively. Table T presents a comparison of the Blo levels observed

‘with those previously reported.

A
J

One of our reasons for investigating this reaction‘was to test isospin

‘conservation at this energy. Many (d,OO’isospin "forbidden" transitions have

been previously ihvestigated, butvmqst'of the specific transitioﬁs'studied have
been O+, T=0 — O+, T=1 reactionsland fér these transitions it ié.iMPoséibleatd’
conserve angular momentum and parity, in'additiqn_té requiring.nonéonservatién o
of isot0pi¢ spin.2 Consequently; if one desires to test the iséspin selection

rule via the (d,q) reaction, transitlions other than O+, T=0 - O+, T=1 must be

Lstudied.

The transitions to the 2+, T=1 and 3-, T=1 levels at 8.89-MeV excitation

satisfy the above conditions and, furthermore, these 1evelé are sufficiently
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separated from any known T=0 levéls that their peak in the alpha-particle energyf -

spectra would be completely resolved if no complicating factors entered the pic-
o 5

(

' ' 1 11 :
ture. Unfortunately a peak arising from He5 ions from the C d,HeB)B ground- ~

state reaction fails in the regién of interest on the~energy spectra, as shown in
Figs. % and 4. To remove this peaﬁ from the energy spectra the lower discriminator
on the multiplier pulse was adjusted to correépond to the center of the Hej-He
valley. Figures 5 and 6 shov the energy épectra obtained when the gétes are
adjusted for Héu and He?,;respectively. Although the He5~HeLL separation obtained '
' 3

with the multipiier was not sufficiént to completely remove the He _peaks ffom_ N

the alpha-energy spectra without also losing a few alpha particles, it was good

enough to make the He5

peakva secondary problem. As Fig. 5 illustratés, an
alpha—particle continuum arising from several-bbdy breakup begins at a position
in the energy spectra corresponding té an excitation of about L.5 MeV., Th;s
continuum would obscure a level made with relatively small cross section at 8.89-

3

MeV excitation. However, none of the energy,spectfa obtained when the He” ions
were gated out show any indication of & peak rising abové the continuum in the
- 8.89-MeV excitation region. |
Precise anélyéis.of the énergy.spectra above an excitation of about 6 MeV‘
is'severely hampered by the,coﬁtinuum, and ﬁo angularidistri%utions were obtained
for levels above the 6.0h—MeV level. The engular distributions of the alpha
particles corresponding tb fofmation of.thefBlo ground'state, 0,717—? 2.15-,
3.59-, h.77-,‘5.18-, and 6.04-MeV levels are presented in Figs. 7, 8, and 9.
The error bars shown are typical and represent counting statistics onl&; thé
angular acéuracy in all cases is-about 0.3 deg. Table‘II lists the integrated_
" cross sections for thé eight BlO 1eveis anaiyzed. | o
-Bince the %.77—MeV level is made wifh a large cross éection in this and 4
previous (a,q) investigations;lo5llk the doubtful isospin éssignment8 of T=0 is

certainly correct. The levels at 6.0&, 6.67, and 7.05 MeV also have T=0 since

they are formed with a relatively large cross section in our work.
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‘.At no éngle was an alpha particle group corresponding to formation of

the O+, T=1 level at 1.7k~MeV level observed. The absence of this group is
expeéted, as discussed earlier. An upper limit for this transition can be set at

about 1% of the ground state cross section.

1h
(

2 .
B. The N d,a)Cl'.Reaction

Previous investigations of this reaction have been made at bombarding

7,8 The large positive Q value (13.57 MeV) allows one

' 2
to use a single counter and still observe fairly high excitation in Cl . Our

energies up to 21 MeV.

'investigation was accomplishéd.primariiy with a single,counter since fhé study
of this reaction waé"essentially completed before thé thin transmission counters
wvere developed. Energy spectra were obtaiﬁedIOQer the éngular range ffom 10 to
130 deé.- The observabielexéiﬁation (6 < 50 deg) reéchéd about 13 MeV when the
- single counter was used, but as shown in Fig. 10, this range was extended to
about 22 MeV for the spectra obtained using the multiplier. Péaks correspond-
ing to He5 ions from the Nlu(d,He5)013 reaction enter the spectra at‘Cl? excita-
tions greater %han 15 MeV. A‘compérison of the'C12 levels observed with those
bpreviously reported is presentéd in Table iII. As Fig. 10 illustrates, én alpha
particle continuum begins gt a position in the energy spectré'corresponding to
an excitation of abéut 7.5 MeV. A . ,;; .

| The anguiar distributions of the aipha particles éqrresponding to forma-
tion of the 0}2 éround state, L.43-, 7.66-, and 9.64-MeV levels are presented in
Fig. 11. Tﬁe'erroy-bars_shown-are typical and represent counting statistics
only; the circles used to represent the h.hB-MéV-level.usually éncompassed the
statistical uncertainty. The uncertainty of the absolute values.of the differen~
tial cross sections to the grqﬁnd state and L.43-MeV. level was ¢stimated to be

" less than 10%, waever, the alpha particle continuum prevents such a precise
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analysis of the 7.66- and'9.6h—MeV levels. The integrated cross sections for

the transitions to the ground state and 4.43-MeV level were 0.52 mb((lj.O to
137.6 deg c.m.) and 3.50 mb (13.1 to 138.1 deg c.m.), respectively. No angular
uistribution is presented for the lQ.?l-MeV level because it was not observed over
a wide range'of angles, and oecause the alpha continuum and the nearby He5 lons

make it very difficult to determine accurate values. However, the differential

cross section to the 12.71-MevV level appears to be comparable to the L, hﬁ-MeV level.

I+ is noteworthy that the two highly populated levels (k. hj- and. 12 7l—
MeV) are both mainly (p3/2) (pl/2 l configurations whereas the two O+ levels
8 2
. ound state and 66-MeV are mixtures of the and con-
figurations.12 Yo statistical factor is included when comparing the cross
sections of different levels made by a given pickup reaction since this factor

a0 ¢ ore
1

where ili, and iI' afe the spins of the incident and‘outgoing:particles, res;

pectively, is independent of the spins of the initial and final nuclear levels.

Formation of the 3~ level at 9.64 MeV would require raising one ~p shell’

nucleon into a 4 shell in addition to the removal of two nucleons. However,

_ 5/2 ,
this level is observed, and in considerably larger ‘yleld than the 7.66-MeV

-

level.A Unless the Nlu g?ound state contains an appreciable d5/2 admikture this
level must be formed primarily by a knockout mechanism if one assumes that.these
transitions, which involve relatively high incident and outgoing energies, go
entirely by a direct process. | o

Table TV shows the approximate relative cross sections for several 012

1o(a d)ClQ (1&)

levels made via the B
and their dominant configurations. For the (a,d) reaction the cross section to

each level is divided by (27 +l), relative to the ground state cross section

13-

12
(a a! )c (15) and Nlu(d,OOC reactions,

il
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divided vy (27 < +1) to remove the statistical factor for stripping reactions.

This is the only (d,&) reaction studied that strongly favors the population of

excited states relative to the ground state transition.

C. The 016(d,OON1u Resaction

Previous invéstigations of this reaction have been carried out at bom-

barding energies up to 20 MeV,7f8’9 but the observable excitation in Nl was

usually‘réstricted to & MeV at the most. In our work alpha-particle energy

, spebtra correépondingvto excitation in Nlu up to about 13 MeV‘have been obtained.

The angpiar range studied covered from 9.6 to 90 deg. Figures 12 and 13 show
alpha-~-particle energy speétra at 22 and 61 deg, respectively.

}

The large broad peak that appears at an excitation between 11 and 12 MeV

~in Fig. 12 must be an alpha peak because all other possibilities can be elimina-

ted. The first-excited state in N 1ies 5.28 MeV above- the ground state; thus

' ' L - 16 3y 15% s
the observed peak cannot arise from a O~ (d,He” )N transition. A large peak
o ‘ ™ * (16
at about this excitation is also observed in the reaction 1\1.1,1*(0!,0:‘)I\T]'LL .(16)
Observation of the levels at 8.47 and 9.41 MeV in this reaction indicates

that these leveis have T=0. Further evidence for the T=0 nature of'these levels

: 2 L N '
~comes from a recent study of the ot (oc,d)l\l:L reaction.5 Angular distributions

. 1h :
of the alpha particles corresponding to formation of the N - ground state, 3.95-,

‘u.91-, and 5.10-, 5.69-, and 5.83%-, 6.21- and 6.4k~ and T.03-MeV levels are

shown in Figs. 14 and 15. The three "doublets" were treated as a single peak

since the experimental.resolution was not sufficient to allow these levels to be
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. analyzed separately. Typical error bars, which represent counting statistics
_ . - ' i
only, are shown. Table V presents the integrated cross sections for the Nl levels
analyzed; the uncertainty of the absolute values of the différential cross sec-
tions was estimated to be less than 10%.
| o 1h 12,17,18

Extensive theoretical studies of the N nucleus have beié made.

: ' y .
Consequently the observed selectivity in the formation of the N levels via

| . ; Sk

different reactions is especially interesting. For example, N levels formed
strongly in the reaction 03"6(d,0£)1\1121L should be those whose configurations are

) : ‘ ~ 16 .
such that they can be produced by simple removal of two nucleons from O if the

' : : ‘ 1
reaction proceeds by double pickup. One wquld not expect to form N levels in .

~ which one or more nucleons are in the 251/2 or 1d5/2 shells, since the amplitudes _

for such configurations are probably not large in 016. The Cle(cgd)Nlu reaction
should populate the Nlh levels whose configurations are‘aﬁ unchanged 012 core
plus two nucleons, and the Nlu(a,a‘)Nlu* reaction should show ﬁhich NlLL 1e;els
can be made by the excitation of a single nucleon. Table VI bresents the rela-
tive cross sections for é numﬁér'of Nlu levels and their dominant configurations.
For the (¢,d) reaction the cross seétﬁdn of each level isldivided by (2Jf+1),
relative to the ground state divided by (ng.S.ﬂ).

In general the (&,d) results are in excellent‘é;reeﬁentlwith the shéli-
model assignments.5 However, fhe (4,0) results are more difficult to understaﬁd,
The doﬁble closed—sheli configuration of Ol6,c6;ld, by removal'of two nucleons;}f
produce the levels ath,}5%95,maﬁd77;95%MeV. But forma£ion of ﬁhe 1evéls at
k.91, 5.10, 5.69, and 5.83 MeV wguld require raising one'pfnuéleon into'an -

or d shell in addition to the removal of two nucleons, and formation of the

-~ levels at 6.21 and 6.4l MeV would require réising two p nucleons into the. s

and/or 4 shell. These last six levels were observed, although in slightly resy~ -

. _ . - 2
duced yield. All these levels could arise from an admixture of [p 2(51/2) +

-2 ) 2 16 | ' .
g d ‘ i d state. h uld also be
P (51/2 5/2)+ pv (d5/2) ] in the 0 ground state These levels co
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vappreciable fraction of the plO states. Thus the spectroscopy of the final
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formed by a)va compound nucleus mechanism; b) knockout of an alpha particle
from the (pE/Qy? (pifé)ﬁ:configunationﬂand capture~oféone or: bothsnueleons of the
incident deuteron in the s or d shells. To eliminate.compound nucleus i am
formation, this reaction could be studied at higher energies to see if the (sd)
states are still strongly populated..

Additional-information on the'nature of the NlLL levels and/or the

I .
configuration of the O ground state is provided by the analogous two-nucleon

lh

pickup reactions, 016(p,Hb5)N} and O (He , LT )N . Figures 16 and 17 show

energy spectra we have-recently obtained from these reactions, using 43, 7—MeV
5) lL
spectrum it can be seen that states at 0, 2. 51 3.95, 7.03, and about 9. 15

MeV are strongly populated. These states are the only ones of configuration 1@%9

through 9.4 MeV excitation, and none of the (sd) states are populated to an

3

states observed in the (p,HeB) reactionAsupports a simple pickup mechanism
and negligible_(sd)'admixture in the O16 ground state.

On the‘other'hand the 016(Heu;ﬁi§$Nlud spectra appear more similar . to
the (d;%)}results.‘-The (sd) states are populated fairly strongly, espec1ally
at:larger angles. Consequently, assuming a specific O'~6 ground state configura-
tion,one.could arrive at. very different conclusions regarding the reaction '
mechanism depending upon wnich of these three supposedly analogous two—nucleon
transfer‘reactions he studied (1gnoring expected differences in population of T= l

v

final states)
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IV. DISCUSSION

AL Pseudo Detailed Balance

Time reversal invariance implies a detailed balance between nuclear
' ' 20
reactions,,although the inverse statément is not always. true. "If a detailed

balance'is'to be,observed'in_the reactions
A#2 +dCA+a
" the bombarding energies must be adjusted so that the exc1tat10n of the compound

System is the same in both directions. However, for a shnple plane-wave treatment

“the energy dependence of - the differential cross section enters only through the"

momentum,transfer. For a given momentum transfer-the differential,cross sections |

;
R

- .are related by-

. (2J G2 +1) -
faal e = e e A+2+17 (Pd]do‘.(Pd]a a (%'d;'d -

‘Thus a pseudovdetailed.balance can be made by varying the angles at which_the'dif—

-ferential cross sections'are to be compared so. that the momentum transfer‘oféthe

two reactions‘is.equal Similar comparisons were first made by Legg.21 |
Figure 18 shows a comparison of the angnlar dlstributions obtained with

25 8-MeV deuterons [O (d OON ] and 46, 5- and M2 Mev™ 1h alpha particles

16].

(a a)o The corresponding compound system excitations are 28.6, ho 5, and
37 1 MeV, respectively, 80 that the energy matching conditlons are far from
satisfied. For this comparison, and for the comparisons 1llustrated later, the
momentum transfer was calculated on the basis of pickup and stripping kinematics.

for the (d,0) and (@,d) reactions, respectively. The magnitudes of the (;d) cross

sections were multiplied hy the factors needed to satisfy the above equation.

-~ et

o
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Figure 19 shows a comparison of the.N1h+d Zicl2+05angﬁlar disfributions
obtained with.23.8-MeV deuterons and L8-MeV alpha particles.2 These relative
ehergieéAare almost appropriafe for a‘detailed balance Vith compound-systemA
excitations of ¥1.7.and hB.i MeV, respectively.  Consequently Fig. 19 compares
the cross sections directly without adjusting to get ekact ﬁomentqutfansfer ,
equality. The shift needed to obtain exact eqﬁality is about 1.5 degyin the
difection of better aéfeemeﬁt.

A comparison of the C12

+d ZiBlO+a angular distributions obtained with
24,1-MeV deuterons and 42-MeV alpha p.arti‘clesllL is shown in Fig. 20. -With com-
- pound-system excitations of 31.0 and 41.6 MeV the energy matching coﬁditions are
- far from ﬁeing satiéfied.

The‘Nlu+d 22012+a syéﬁem.définitely exhibited.the‘best égreemenf; as
expected since it came neérest'to éatisfying the relative enéfgy requirements.
1.ﬁowever, all the comparisons showed fairly good agreement, especiaily at small
angles, which suggests that é plane-wave tféatment has some merit for those

transitions. This agreement also indicates that the absolute values of the (a,q)

cross sections are probably quite accurate.

B. Distorted-Wave Calculations
The general form of the diffefentiai.érOSS Sectioh'for two-nucleoﬁ trans-~
fer reactions has been derived and diséuésed eXteﬁsiQely by_Gleﬁdenﬁinél3.and'
consequently will not be’fepeated here.~‘An optical-model pfogram writtén by br,
N. X. Glendenniﬁgiwas used for the optical-model aﬁalysis. iny a summary of
this analysis will belfresented here (Ref. 22 contains a more completé discussion).
] The parameters used are 1isted in Tabie‘VII,and typical fits'are shown in Figs. 21

and 22. Many of the "fits" obtained could undoubtedly be improved if a more extens=

sive analysis were undertaken. It was felt, however, that such an ahalysis was not
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warranted at the present time because of the amount of compﬁter time that would be
réquired, with little to gain as far as the'calculation of (d,8) angular distribu~
tions was concerned. |

The DWBA calculations were made with another‘progfam written by Glendenning.

.. These calcﬁlations are based on the épproxiﬁations that the reaction-occurs only at a
specific radius (this position istOﬁmonly called the surface), and that the two
nucleons are picked ub as a 1ump,'i.e:, reference to the single-particlé orbits ffom'
which thé<nucleqns‘are picked up is suppressed. 'Therefofe, thé‘fgaction,is charagé.
terizedAby thé total énéular momentum L Athét.is transferred andbthis ié the only
inférmafion that can be obtained:from fittiﬁg the angular distribﬂti&ns‘with fhis ’
simple code:" \ :

Calculations were made atva series of'interaction rédiivtoldetefmine whét
radius gave the bestvfit.‘ The optical-ﬁodel parametersvwere then %aried to see if
a better fit céuld be obtained. In no cése was aﬁ improved fit-found. -Since the
calculation did not give the absolute magnitude of ﬁhégcfogs'section,'thé fits
shown involve an arbitrary normalization. ” |

The specific fits are now“discﬁssed individually.. The allqwed L values
for the N-'(a,0)6 2% (4. 43-MeV) transition are O, 2, and 4. However, if p-shell -
nucleons are being picked'up, L;h is not allowed since two p nucleons can couple to
a maximum of I=2.  Sin¢e the calculstion is pefformed withoﬁt'reference to the shells
" from which the nucleons are picked up,'L=h is included»asAa'possibility with the hope

that L=4 will give an inferior fit. Figure 23 shows the best fit obtained. Although

different relative intensities of the allowed L transfers were tried, the best fit

e

2

¥

corresponded to nearly 100% L=2. No combination of different interaction radii and/br y

~optical-modell " parameters that were tried gave any indication that a befter fit
could be obtained by usirng an admixture of L=0 and/or L=bL. Cf&cqurse, small admix-
~tures, up to about lO%}iéould be included without definiﬁély-produCing-an inferior

fit. However, the fit presented is for pure L=2.°

t

'4
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The allowed 1, values for the Nlu(d,a)c12 groﬁnd state transition are QO
and 2, and once agaiﬁ the best fit corresponds to almost 100% L=2 (see Fig.:2h).
As in the above case.éﬁd for all the dther transitionsuanaljﬁed,né combination of
difféfent interactiqn radii and/or opticél—model parametefs that was tried gave
any indicationAthat a better fit could be obtained by using an appreciable admix-
" ture of 12, Fits to the 0°°0(a,a)n ™ and ¢12(a,0)B0 grownd state transitions, shown
. in Figs. 25 And 26, also show a strong preference fér'L:é. |
The outstanding feature of these caléulations is that L=2 transitions are
k strongly enhanced ovér L=0 transitions. This is notrsurpfising if the reaction
takes place primarily at the surface, becaﬁse only partia;'anes in the entrance
| and exit chqnnels in the vieinity of Ld=de and ya:$d3?'re§pggtiveyy, %ill be
’;eipected to contribute stronglj; Since the angular momentum transferred to the

core is given by

S
,_i: .

|

= =
Ly - Iy
. the reaction will be inhibited when fhis equality is not satisfied. Calculations

.of f?over the appropriate angular region for all the transitions analyzed give

N
—

values greater than 2, and thﬁs L=2 transitions would bé expeqted to be favored,

~ compared with L=0 transitions. Furthermore, the momentum transfer fof these (d,0)
reactions does not change appreciably as a function of Bombarding energy, and.
'-thus L=2 should be favored at all bombarding energies. :

The enhancement of L=2 over L=0 transitions is also in acdord with preQ

25 :
Z- for two-nucleon trans-

dictioné based on the coupling scheme used by Glendenning
.~ fer reactions. The nuclear structure factors afiéing-in_this model for (d,a)
reactioﬁs pefmit‘only';?S‘rconfigurations for thé picked-up nucleons when the

o initial'énd finai éfétes-éfé described ‘in pﬁre J=3 éoﬁﬁlihg.»‘The rééul£é féém

- these calculations indicate that L=2 transitions would .be strongly enhanced even

[l
. -



-1k - © UCRL-11947

Iﬁprovemeﬁts in the art of making distorted-wave calculations will undoubt-

edly allow one to garner more informatién from fitting angular'distributions than
was possible with the relatively simple program used. here. At présent, however,
the study‘of two-nucleon transfer angular distributions doés not appéér,to be as

valuable a spectroséopic tool as the iﬁveétigation of the pfeférential~population

of final states.
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) Table.I. Comparison of ]3:Lo levels observed in this experiment with those
previously reported.?
. ' Levels identified (MeV) : Previously reported levels
Energy (MeV) J" T
o : 0 34 0
0.72 + 0.02 . 0;717 i+ 0
1.7 o0+ 1
2.15 ¢ 0.02 : 2.15 1+ 0
3.59 * 0.02 3.59 2+ o
4,77 + 0.03 4,77 (2+) (0)
5.11 (2-) (0)
5.16 (2+) (1 g
5.17 *.0.05 5.18 1) 0
(5.37)
5.58
o 5.92 24
6.0k = 0,05 - 6.0L b
6.16
? 6.42
6.67 + 0.11 6.57
6.77)
? 6.88
7.05 * 0.10 6.97
B ' (7.19)
"{.11;7 24+
7.48 2- 1
7.56 - O+ (1)
6.0 =
(8.66)
8.89 24+ 1
8.89 (3-) (1)
N 9.7 (1)
10.7 (1)

®References 7 and 8.




Table II.

-18= - - UCRL-11947

; 10
Integrated cross sections for B . -

Level (MeV)

0.717
2.15
3.59
ho77
5-17

~ 6.04 -

" Cross section (mb) Range of integration

(in deg., c.m.)

L.8 * 0.3 o - 86
17+ 0.2 9.4 - 86,4
1.2 + 0.2 9.5 - 87
1.3 = 0.2 9.6 - 87.7
1.5 % 0.3 9.7 - 76.7
1.0 = 0.h 9.8 - 77.
2.2 % 0.5 9.9-77.5
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Table ITI. Comparison of C;Q levels observed in this experiment with those
o ’ previously reported.® -

Levels identified-(Mev) ‘ Previously reported levels:
Energy (MeV) 7 T
0 c : , ' 0 | O+ 0
L.W3 + 0.03 | } k133 2+ 0
7.66 + 0.05 | 7.65%6 o+ o
9.6k + 6.05 A ' 9.6h 3. 0
| | 10.1 (o9 0
10.8L (1) |

11.83 ;. »" (1-)
12471 * 0.07 . - 12571 | () o

| 13.3h

8References T»and 8.
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Table IV. Shell-model configurations and relative cross sections for the formation
L. LT ‘j‘ Of ClglevelSo DT -

Level . ’ . ‘ S
—_— Dominant , Relative cross sections

MeV =~ oo . configuration® (,d) (o) (a,x)

o on, 0 ()P ena (g )0y )% 1 -- 1

4433 2+, O (P5/2)7(P1/2)l 03 1 9
- 8 6 2 . |

7.656 0O+, O . (p5/2) gnd (p5/2} (pl/g) 011 B 0.025 | 0.3

9.64 3-, 0 . '(p5/2)7(d5/2)1 0.2 0.5 : 0.8

aReference 12. -
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- " Table V. Integrated cross sections for Nlu.

Level (MeV) Cross section (mb) . : Range of integration
' ‘ L - " {4in deg., c.m.)

0 : 1.97 . 11.3 - 100.2
3,95 ' 3,16 ~ 11,5 - 101.2
gifé 1.29 ‘ 11.5 - 82.2
5.69 1 6 | | 11.6 - 82.5
5-85 . * . ) v - .5

- 6.21 : c

6.k . 1.28 11.6 - 82.6

- 7.03 S o1 S 11.6 - 82.9
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Table . VI. Shell-model configure.tionsl‘a.nd relative cross sections ,
for farmation of NI levels.
Leve'l Dominant Relative cross <asec‘c.ior'u;
MeV P T configuration® (Ot,d)b (o,) (a,a)
o 1+ 0 (pl/e)2 1 - 1
231 o+ 1 (91/2)2 e e e
3.95 1+ 0 (ps /2)'1(p1 /2)'1 0.3 otrong 1.60
ko1 [¢23 0 Py /0B .
1/2%1/2 0.8% strong 0.72
510 2- © Py /a%s/2
. 5.69 le [¢] P. 8 .
1/2°1/2 0.5':1 strong 0,94
58 3 0 Py/e%s/2
6.05 ? e e e
6.21 1+ 0 (51/2)2
0,5 very weak 0.72 4
[N 0 51/2‘15/2
7.03 2+ © _(p3/2)'1(pl/2)'l 0.2 strong 1.19
T7.%0 v ? . e e e
7.60 ? e e e
7.97 -2 [o] . p1/2d3/2 0.2 weak weak
8.06 1- b3 - /2211 /e e ‘ e e
8.47 0.” ? £ veak fairly
’ e ) strong€
8.65 .0+ 1 (51/2)2 e e e’ ¢ s
8.71 O= 1 p1/251/2 e e e
8.01 3= 1 pl/zd,}/a e e e
8.99 1+ (o) K : ? e e
9.00 5+ 0 (a55)° 1.6 e e
. ) - .
9.17 2+ 1 (5,0)+(py 15) 1(P1/2) e e e
9.k1 1- - Pq /58 (43 0.8° weak falrly
1/275/2 strong
9.51 2« 1 P1/2d5/2 e h e
9.71 1+ (d5/2)2 ok h very weak
10.09 0 'sl/2d5/21 | 0.5 e weak
10.22 1- T e e weak
20.k2 2+ 1 51/2d5/2 e e e

®References 12, 17, 18.
hRef‘erc:nce 5.

Reference 16.

dAssumi_ng equal population of each magnetic substate of the unresolved pair of levels.

Not observed.

L~

fIi‘ spin 45 1, this velue is 1.1, if spin 18 2, the values is O.7.

P
Bohzoured somewhat by He? peak.

. P .
hObst;ured by He” pesk arising from the Nlb(a,]{eB)le ground state transition.

1’I.'me asgigned configuration is wrong 1f the spin of this level is 1+ as recently reported,

instead of 2+ as previously thought.

13




‘ : . a
Table VII. Optical-model parameters used for fits illustrated.

—¢a-

Reaction E§2§2§Z§ng Sty -V iw‘ a b r o
(Mev) (MeV) (Mev) — (F) (F) () (mb)
_0;2 +a o vé8 o .1120 | 59.26 12.92 6;617 0.60  0.75 .865
a +a | 20.9 1.20 "5u.18 .73 | 0.612  0.65 0.75 970
LI | 27 | 120 5&.62'  10.0 0.716 0.70 0.75 926
-ol6l+ a | 263 120 55.90 12?6h« | .6.6554 0.55 0.75 _» 955
;cmf{a :' ST i. 1.30 60.0 6.0 o0 0.65  1.20 Boe
Cig +0 '. 38.1 _ 1.%0 - 32.6L . ©9.00 0.47h4 - 0.60 1.20 | 893
it +a : L '_25.f 71 ; | 1;50' | 35.25'-1 7.12 o.u§5 | o?6o ;.éo 923
#olume absorption is used for all sets; 1, = ry-

W

LA6TT-TE00
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Figure Captions

Fig. 1. The passive pulse-adder 01rcu1t, ‘shown with complete electronics ‘block
diagram."

Fig. 2. Multiplier spectrum at a scattering angle of 15 deg from bombardment
of O;6 with 2h-MeV deuterons. | | - 4 |

L -Fig. 3. _Alpha particle energy spectrum from the C (d,qOBlo reaction.

. Fig. 4. Alpha particle energy spectrum from the C :(d,OOBlO reaction.

"Fig. 5. .Alpha particleAenergy‘spectrumhfrom the Clg(d,oOBlo reactionf_.

.Fig. 6. He5 energy spectrum from the C (d He B)Bll reaction.

Fig. T. Angular distributions of alpha particles from formation of the grcundi
state, 0.72-, and L.77-MeV levels of B O. | A

. Fig. 8. Angular distributions cf alpha particles‘from formation'cf the 3.59-i

and 6,04-MeV levels of 50, ‘ : : . K

Fig. 9 Angular distributicns cf alphs particles from formatibn:of the 2.l§--
end 5. 18-Mev levels of B0 | | o |

- Fig. 10.. Alpha particle energy spectrum from the Nlh(d,OOCle-reacticn;.

Fig. 11. Angular distributions of alpha particles from fcrmation'cf‘the ground
state, L.h43-, 7. 66-, and 9.64-MeV levels of C12 |

Fig. 12. Alpha particle energy spectrum from the O (d aﬁﬂ reaction. .

Fig. 13. Alpha particle energy spectrum from the’ ot (d OON 1k reaction.

Fig. lh Angular distributions of alpha particles from formation of the ground o

state, 4.91- and 5.10-, 5.69- and 5.83-, and 6.21- and 6. hu-Mev levels of Nll*

Fig. 15. Angular distributions of* alpha particles from formation of the 3.95- '

and.7.03-MeV levels of Nlu .
Fig. 16. He5 energy spectrum from the O (p,Hea) lh reaction.’
. 6 : . . b 60 1k ,'
. Fig. 17. Li energy spectrum from the O (He ,Lic)N; ‘reaction.

Fig. 18. Comparison of angular distributions of deuterons and alpha particles

from the Ol6 + 4 ZZNlLL + o system.
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Fig. 19. Comparison of angular distributions of deuterons and alpha particles

: 5 .
from the Nlu +d4d 2 Cl + O system.

Fig. 20. Comparison of angular distributions of deuterons and alpha particles

10 A
from the 012 +4da2 B + Osystem.

1u.(25)The

Fig. 21. A plot of o/ for 20.9-MeV deuterons scattered from N .

Ruth

solid line is the predicted value of o /o obtained using the optical-

Ruth

model parameters listed in Table VIT.
: ‘ A ' ) _ 12 (2k)
Fig. 22, A plot of G/cRuthvar %8.1-MeV alpha particles scattered from C™ .
The solid line is the predicted value of G/URuth obtained using the optical-
model parameters listed in Table VII. v
o . ot S C oAb, 12% o
Fig. 23. Angular distribution of alpha particles from the N~ (&,a)C (4.43-MeV) . -

transition. The solid line was calculated for L=2, interaction radius =

5.25F, and the following optical-model parameters:

v W a b ro rl'
deutéron . -55 -1l 0.65 0.65 1.20 0.75
alpha 33 -9 , _o.h? .0.60  1.30 1;20

‘Fig. 2Lk, Angular distribuﬁion of alpha particles from the Nlu(d,oOCl? ground
state transition. The solid line was caiculatea for L:é, interaction fadius =
5.25F; and the same optical-model parameters éé in Fig. 21.

Fig. 25. Angular distribution of -alpha particles»froﬁ thevol6(d,oONlu ground
state transition. The solid line was calculéﬁed for*L=2, interaction

radius = 6.00F, and the following optical-model parameters: =

A | W | a b T rl.
deuteron -56 -12 0.65 0.55 1.20 0.75. -
alpha -35 -7 0.5 '0.60 1.30 . 1.20"

Fig. 26. Angular distribution of alpha particles from the_Clg(d;QOBlo ground -
state transition. The solid line was calculated for I=2, interaction radius = .
L.80F, and the following optical-model parameters:

A W a b rO rl

‘deuteron - =59 =13 0.60 0.60 1.20 0.75
alpha -60 -6 0.k 0.65 | 1.30 ° 1.20
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A.

Makes any warranty or representation, expressed or

“implied, with respect to the accuracy, completeness,

or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. v

As used in the above, "person acting on behalf of the
Commission™ includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






