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ABSTRACT

The energy spectra of deﬁterons from the (a;d) reactlon on 012,

; , Lo i
Nlu, Nl?, 016, Nego, Mggu, Mg26, Si28, 852, Ar ~, and Ca 0 have been

observed. These reactions were induced by alpha particles rahging’in

~energy from 42 to 53 MeV. All the energy spectra were dominated by one

or more preferentially populated levels. Evidence that these levels have

a common configuration is obtained from (a)'the relationship betwéen their
Q values of formation and the mass’number_of the recoil nuclei, and (b)
the similarity of their angular distributions. It is proposed that the

-

levels preferentially populated are of a‘[JT + (jpjn)J,]J configuration,
with the proton-neutron pair captured in the 4 or f shell, and

(v pEeReR pair cap - 52 7/2 :
that the maximum final spin (5, 6, or 7) is favored.

A self-consistent energy-level scheme for the low-lying levels

“ho
of Sc is also proposed.
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I. INTRODUCTION

In terms of a direct stripping mechanism, the (@,d) reaction will
populate levels that cogrespond to a proton—neutron‘ﬁéir eeupled éo an
undisturbed target core. Turther selectivity will arise from the degree
of similarity existing between the wave function of the proton-neutreh
pair in the captured state and the wave function of the proton-neutron
pair in the alpha particle.

In a previous.investiéation of the (0,qd) reaction.on the target
nuclel Clg, Nlé, Nl5, and 016 the presence of preferenﬁially populated
levels was reporfed.} it was concluded that these levels>arose from the

proton-neutron pair being captured as a ”deuteron” in the 4 - shell

5/2

corresponding to a [JT + conflguratlon, where JT—-the angular

'5/25J

momentum of the target nucleus-—-lis coupled with the spin brought in by

the captured particles, giving J—the spin of the final state(s).

The Clg(a,d)Nlh, Nlu(a,d)ol6, and 016(a a)F 8 reactions have now

been observed under better experimental conditions, and levels of (d

20(

.
5/2>5

character have also been observed in the Ne a,d)Na22 and Mggh(a,d)Alg6

reactions. This investigation was also continued to the . f shell to

T/2

extend‘the usefulness of the earlier-ideas.l Preferentially populated

levels which probably correspond to [Jﬁ + (d5/2 f7/2)6]J and/or

[J + /2 7 g configurations were’ observed in the (a d)Na 22
(a d)A126 (a d)A128 (a a) 30, 552(a d)ClBh (cx,ét)s,cl’L2
and ‘l\rio(cx,d)KlLe reactions.
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IT. EXPERIMENTAL

The L2 to 53 MeV beams of alpha particles used to induce the
various ((,d) reactions were provided by the Berkeley 88-inch spiral
‘ridge cyclotron. The general beam transport system has been described

. 2 '

previously.

For all these reactions the particles were detected by a counter-
telescope that consisted of two lithium-drifted silicon cfystals. In the

20 ho 40
( (

case of the Ne a,d)Nagg, Caao(a,d)sc , and Ar a,d)Kue reactions

the signals from a 1.25 mm transmission counter and a 2.25 mm stopping
counter were added and sent to a 400 channel RIDL pulse-height analyzer.
The particle identification was . performed eléctronically by an analog

' . : )
pulse multiplier. For the (,d) reactions studied on the 012} Nl+, 016,

Mggk, Mg26, and Si28, target nuclel the counter teleséope consisted of a
0.35 mm transmission countef placed in front of a 3.0 mm stopping
counter. To increase thé éffective éounter thickness;, fhe counter telescope
was rotated L0 deg with respect to the flight path of the scaftered
particles. Identification of the reaction products was perforﬁed by a
particle identifier5 that emﬁloys the empirical félatiohship,

‘Rsnge = a El'75k o
where a depends on the nature of.the particlevand E is its incideht
energy. A typical identifier spectrum is shown-in “Fig. l.‘ Total—énergy.’
pulses were fed.ihto a hQ96-channelvNucl¢ar Data pﬁlse~height analyzef
which was routed so that the deﬁﬁeron and tfiton spectra were recérded

simultaneously, each in a 1024 -channel group. Pulses that corresponded to -

~

-

-
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the proton—deuteron'#alley were routed into a third lOQH-channel.g;dup

to récord any possible loss of deuterbns. The overall block diagram has

been pu‘blished.LL “Energy resolutions of about 200 keV were obtained for

solid targets. | |
The beam intensity, which ranged from 15 to'280 muA depending

upon the angle of observation, was measured by means of a.Faraday'cup and

integrating electrometer. A lithium-drifted silicon detector placed at a

Tixed angle (20 deg) was used to observe the elastically scattered alphas,

" and thus monitored the target thickness and determined the "quality" of

the beamn.

Different methods were used in preparing the various targets. The
012 targets were prepared from a solution of colloidal graphiteiin alcohol
and acetone.LL Self-~supporting films about O.jmg/cm2 tﬁigk were obtaihed
with this method. Most of the oxygen impurity was removed by heating the
films to.lhOQ?C in vacuum and cooling to EOOOC before exposure to the |

6

24?0 ana 512° targets 1.38, 1.1,

atmosphere., Self-supporting Mg :
and 0.0k3 mg/cm? thick,_respectively, were prepared by evaporation.

_Separated isotopés were uséd for the Mg targets. The 8128 target was
prepared from transistor grade silicon. The N;u, 016;,Ne20 (98.1% Nezo):

4 v -
and Ar © nuclel were bombarded in a gas holder filled to about 25 cm

pressure.

=y
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IITI. RESULTS
The reactions that were investigated are discussed‘separately;
here—Sec. IV and a previous publicationl.preseht the generai'framework

upon which our spin assignments to the preferentially populated levels

are based. o o

A. The (,‘lz(oe,d)mllL Reaction - | o

This reaction.has been discussed in detail in a previous publica-
tion.u Figure 2 shows the deuteron energy spectrum\obéerved at 50 deg
induced by 55~MéV alpha particles. The angular distribﬁtion Oflthe highly
populatgd.level'at 9.00 # 0.05 MeV, which has been assigned a (d5/2)§ \
cgnfiguration,l is shown in Fig. 3. Further,vthe rela£ively large peak

‘that arises at an excitation‘of 15.1 £ 0.1 MeV is thought to have a

(d5/2 f7/2)6 cohfiguration.LL

1L

B. " The N (a,d)ol6

Reaction ) - ' B

Thié reaction had been studied previouély.using the §8—MeV alpha | .
beam of the Crocker 6£0-inch cyclotron.5 Since.the spiﬁ'df the target' o
nucleus is 1, three levels having (d5/2)§ configurations—with spins of . .
4, 5, and 6~should be cobserved. However, only two large peaks, at 1k.7 s
and " 16.2 MeV were observed,and it'waé then belie&edl.that thé.third member

of the triplet was located at a higher excitation than investigated in -

 that work. *
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.Figure 4  shows a deuteron energy spectrum from a more recent
investigation of this reaction using a HQ.B—MeV.alpha beam from the
Berkeley 88-inch cyclotron. .It.is now obvious that all three members of
the triplet were observed during'the first investigation but that the
energy resolution of the system was insufficient to separate them. The
highly populated 1e§els lie at 14.33 0.10, 14.7% £ 0.10 eand 16.16 % 0.10
MeV of.excitation. Figure 5 shows the angular distrlbutlons of tﬁeée‘
levels. Energy spectra were obtained at only a few‘angles but the shape‘
of the angular distributiohs_of these three levels closely resembles the
shape previously observgd for the angular distributions of the 1L.7-MeV
and  16.2-MeV levels.®

Specific sp1n4a551gnments to these levels have not been made

although a 6+ level at 16.2 MeV was recently reported by Carter et al. 6

1
froma C 2(oz,Ot)C study. However, they did not observe_the K+ level
which appears inconsistent if the same level at 16.2 MeV was observed in

both experiments. There is a U+ level at 11&.92'MeV7

that possibly cor-
responds to the level we find at 1. 7h Mev, bﬁt'an errér in our energy
calibration of that amount would'displace the "16.16 MeV" level té 16.34 Mev,

- which would no longer be in agreement with the 6+ level previously seen.
On the basis of our simple model the relative population of these levels
céuid be used to predict the specific spin assignments, since the cross
éection is proportional to 2J + 1. ‘Tﬁus spins of 41 6, and 5 in order -
of increasing excitatién would be predicted because the integrated cross

- sections are 2.2, 3.5, and 2.9 mb,:reépectively'(betﬁeén xl2.5 to 70 deg,.
c.m. ). Aftér dividihg 5y 2J + i, one finds équllent agreement: O0.Th, |
0.81, and 0.79, supporting the above assignments. |

Cbservation of a definite peak at ébout l5.l—MeV excitation in

16

this (@,d) reaction is edditional evidence for a T=0 state of O in

8,9

; this region.
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C. The 0%0(c,a)T™® Resction

Formation.of a prefgrentially populatéd'(d5/2)§'level by this
réaction has been reported}l Thié reaction was recently observed over
'che angglar.range from 11 +to 5Q deg using a 52-MeV alpha beam from
the 88-inch cyclotron. Figure 6 shows the deuteron energy spectrum

measured at 20 deg. Excited levels of Fl8 were seen at 1.10, 2.05,

3.68, 4.25, 6.1é, 6.76, 7.13, 7.65, 9.4k, 10.4k  and I11.41 Mev. Figure T

shows the angular distribution of the 9.4h-MeV state that possibly is a
(d5/2 f7/2)6~ level,'and also includes the angular distribgtionvof the
(d5/2)§,level at 1.10 MeV. At lower bombarding energies (30-40 MeV) the
0.934-MeV level is sufficiently populated that it should be subtracted

when analyzing the 5+ level,lq but at 52 MeV its contribution appears

to be negligible. ' o .

D. The Neeo(a,d)Na22 Reaction .

This reaction was observed with a 45-MeV alpha beam from the 88-

inch cyclotron. Figure 8 shows the deuteron energy spectrum at 15 deg.

g 1 )
The energy scale was calibrated from the -C 2(Ot,_d)NlL reaction taking into

account the differencé in target thickﬁesses. Table I compares the
levels oﬁserved with the ?reviously repofted.levels of Nazg.

The transition to the ground.stéte of N322 has a vefy smail'cross
gsection. At about 0.79-MeV exéiﬁation thefe appears-to he a aouble%; but
the very small population of thesé excited states'mak;s_idéntification |

difficult} ~The same problem arises in the idehtification of the 3.74-

5.29- and 5.95-MeV levels.

&~

g
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If our general picture is correct, the preferentially populated
. 5 .

5

angular distribution of this level is shown in Fig. 9. Temmer and

state at 1.53 MeV is the (d5/2) level; the strongly forward peaked

Heydenburg12 previously observed the NeeO(Hei,p)Nagg reaction which should

also populate the (d5/2)§ level strongly. However the available bombarding

- energy was only 3.5 MeV, thus making any relative population comparisons

- meaningless. _Thé‘momentum transfer at 3.5 MeV is considerably less than

4 which would étrongly inhibit the formation of the 5+ state, and they,

in fact, observe only a very small peak at 1.54%-MeV excitation. Forma-

tion of the 1.53-MeV level by the Mggu(d,oc)Naeg'reactionl5 is not in

conflict with the (d5/2>§ assignment, since the .d5/2 shell is populated
in Mggu. The strongly populated level at T7.46 MeV,‘whose angular distribu-
tion is also shown in Fig. 9, probably ar?ses from a (d5/2 f?/2>6 con-

figuration.

6 and Mg26(a,d)A128 Reactions

)
B. The Mg (o,d)Al"
26

Although the ALl°" nucleus has been well studied (Ref. 11 and
references therein) the formation of this nucleus by the (@,d) reaction

haé not been investigated previously. Figures lO_ and 11 show the déuteron

‘energy spectrum recorded atb 12 and»<50 deg, respectively, using a 50.8-

MeV alpha beam. Table IT presenﬁs a list of the levels observed, and

Figs. 12 and 13 show the angular distributions of most of these levels.

Since the - M,gelL nucleus already containsifour protons énd four

neutrons in.the d

5/2

configuration. Figure 12 includes thenanguiaf distribution

shell, the: 5+ ground state of 2120 probably has

, . , _

a (d
(d5/5)5

corresponding to this transition, whose cross section is 1.06 mb.over the

angular range from 13.6 to 66.8 deg (c.m.).



8- - UCRL-16200

The level at 6.95 MeV, whose angular distribution also appears
in Fig. 12, dominates the energy spectrum. There is no prev1ous spin
assigmment for this level but our data indicate that it arises from a

a T confi uration.b This transition has a cross section of
1.85 mb between 13.9 and 67.8 deg (c.m.).

The excitation region above 8.17 MeV has not been investigated

previously. At 8.27-MeV excitation a relatively large peak is obsgerved.

This level ppssibly arises from a (f7/2)$ ‘configuration? and will be
given that éssignment here. Figure 11 shows several other pesks that
stand out clearly above the backgrqund in the excitation fegion befween
about 8 and 12 MeV; however, at smaller angles (see TFig. lQ) the
peak at - 8.27 MeV dominates the spectrum in this region. .Although_the
excitation region investigated extended up to aboﬁt 25 MeV no weil—{
defihéd levels above‘ 12 MeV were observed.. Algé*(E* > 11.L MeV) can

break-up into Mgeu and a deuteron.

A similar (f

26(

"/2)$ level should be preferentially populated in
7, ‘ ’ ; ve

28 . .
the Mg (O d)Al reaction but no level having a large (4 com-

2
5/2)5

ponent should be observed. Furthermore, the probability of populating

/2 7/2)6— level should be decreased since only the proton can

enter the shell. Flgure 14 ‘shows.a deuteron energy spectrum from :

%5 /2

o2 28
6(& d)Al reaction at 40 deg. Althqugh the counter system was

the

not sufficiently thick to stop deuterons corrésponding to the ground state

transition at small angles, thus making a precise analysis of the low
excitation region difficult, no preferentially populated levels were
observed in ﬁhié region. The level at 9.80‘i 0.05 MeV, whose angular

distribution is éhgwn in Fig. 15, clearly dominates the spectrum,

I3

K
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consequenﬁly, this level 1s assigned a (f7/2)$ configuration} This

transition has a cross section of 0.59% mb between 13.7  and 67.2 deg

(c.m.). No peak of sufficient size that we would want to associate it
with a (d5/2 f7/2)6— level was observed—such a level,ﬁould be expected

to fall at about 7.5 MeV (see Sec. IV).

: [»] .
" F. The Si‘B(a,d)PBO Reaction

'Figufe 16 shows the deuteron energy spectrum at 20 deg using

a .50.8-MeV alpha beam. A rather large 012 and O16 impurity was present
in the target——peaks”corresponding to both the  9.00-MeV-level of NlllL

and the l;lO—MeV.level of Fl8 were larger than any beaks corresponding
30 '

to P levels. TIdentification of these impurity levels was done kine-

matically.

Table IIT compares the levels observed with the previously

50. Since the 4

reported levels of P shell is full in Si28, only

5/é

one preferentially populated level should be observed in this reaction,
and only one is observed—at 7}05 MeV. Thus this level probably has a

configuration. The angular alstrlbutlon of this. trans1u10n,

2
f
which has a cross section of 2.23 mb between 13. 6 and 55.9 deg (c.m.),

is shown in Fig. 17. If two highly populated levels had been observed,

we would have been tempted to give a (4 assignment to the one

3/2 7/2 5~
at lower excltation; however, only one large peak was observed in this

26

reaction, and in the Mg (a d)Al28 reaction. Since levels having a

-conflgura+1on appear to be highly populated and a (f level

£ \
( 7/2/7 7/2 7
at 7.03 MeV is consistent with other data (see Sec. IV), the cross

section for (®,d) transitions to (4 levels apparently is not

3/2 f7_/2)5—

large.
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G. The Cal‘LO(CX,d)Scu2 Reaction
This reaction was first oﬁserved_auring {he_last'days of the 60-
inch cyclotron, buﬁ a more complete inveétigation was carried out with a:
50-MeV alpha beam from the 88-inch cyclotron. Figure 18 shows fhe'

deuteron ehergy spectrum at 40 deg. The presence of'the<'l.lO~MeV level

of 318, arising from an oxygen impurity, provided additional points for

the energy scale.

. . )
Figure 19 compares the SclL2 levels observed with the levels

3 14,15,16

,p) investigations.

identified in previous (He Unfortunately

these different investigations do not agree very well with one another; the

excitation values listed are the ones that appear to be generally con-

_sistent with the energy-level épacings (although not absolute values)

of a recent' 1{59(06,11)8042 investigétion.l7 The low-lying levels iden-

tified in the Cauo(t,p)Ca42

of the analog states. Such éomparisons are enlightening because of the

. . i»]
selection rules involved and because most of the low-lying levels of Sc ©

and Cau2 should arise from coupling two f7/2 nucleons to the ‘Caho
19,20 (D o e X

core. In the (He”,p) reaction the two nucleons are captured into

the f shell in either the isospin singlet or triplet state, thus

7/2 _
allowing any value of angular momentum between d and 7.’ Howevef in
the (a,d) reaction these two nucleons must be captured in the isospin
_singlet state, and donsequently only odd spin states are allowed. Con;'
vérsely, since the two neutrons gaptured in the f7/2

- reaction must be in the isospin triplet state, only even spin states are

allowed.

. .18 . - -
reaction™ are also included for a compsrison

shell in the (%,p)

&

3
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The levels observed at 0, 1.51, 1.92, 2.4, and.2.75 MeV in the
o Lo o
(HeB,p) reaction are probably the analog states of Ca 2. Therefore

these levels have fhe spin assignments given in Fig. 19, and of course
are T=1 levels. None of thesé'levels‘should be made by the (a,d) reac-
tion and, except for a possible uncertainty because the large peak at
1.4% MeV in the (@,d) spectra would obscure a smail peak corresponding

to the l.5l-MeV.levei, none of these levels were observed .in our work.
The peak at about 1.51-MeV excitation, which dominateg the (Hea,p)
spectra;15 probablylcorresponds to two levels; the anéloé>state of. Caug
and the léVel observéd in thé (0,d) reaction. Additional evidenée for

such an explanation comes from a comparison of peak widths in this

(Hej,p) spectrum; the peak at  1.51 MeV is definitely broadér than the

- other peaks. - ’ ' : ,

In the (@,4) reaction the peak at about 0.60-MeV excitation
dominates the spectrum. A'level at this excitation has already been

associated with a spin of 6 or 7 (probably 7) from positon decay

21,2

studies. This is in agreement with the (f7/2)$+ assignment made

here on the basis of the'preferential populétion. Nelson et al.;7 '
erroneously reported that this high<spin state had not beén observedl
prior to their (@,n) investigation. They apparently were misled because
of thé disérepancy between theif‘observed excitatibn of” 0.526 MeV and

23

our reported value. This discfepancy arises through thelr inability to
W ' L
determine the mass excess of 5c e correctly using the (O,n) reaction.>t

They report a mass excess about 120 keV.larger than the value obtained

N 7 . . . s .
by the (He%,p) and (p,n) experiments. If their T+ level is aligned with

our T+ level, their high spin state at 1.34 Mev corresponds to our (5+)
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level at 1.4% MeV, and their 1.4t2-MeV level probably corresponds to the -
2+ level at 1.51 MeV. Thus it:appéars-that there are only two levels

around 1.4 to 1.5-MeV excitation——this would account for the failure

17

to observe three levels in this region in'thev(a,n) investigation. The
5+ level probably is the (fY/é)?_configuration thét was assumed to fall

20

at 1.958 Mev. _This enérgyélevel scheme for the low-lying sta%es of

Lo

Sc ~ also. contradicts the rather naive interpretation that the large peak

15

ve see at 1.43-MeV excitation arises from an isospin'impurity. Recently
Ginocéhio25 reported incorrectly that the.level at . 1.4% MeV was weakly.
.excited in our work, and was the isobariélanélog of the J'= 2+, T ='l,
state in Cahg.

| Figure 20 presents the ahgular distributions of:the} Q;60— and
1.43-MeV levels, whose cross sections between 13.7 “and 64.2 deg (c:m.)

are 4.% and 1.5.mb, respectively. vAt about 2.25 MeV a small peak

which could correspond to the {tentative (f7/2)§ 1evel®® was observed.

uo(a,d)KAQ Reaction

H.. The Ar

Avvery'brief investigation of this reaction was carried out with

a Uh-MeV alpha beam in an attempt to identify the (f7/2)$ level in K2,
The deuteron energy spectrum, shown in 'Fig. 21, was dominated by a highly

populated level'aﬁ_ 1.87 MeV, whose cross section was 1.6 mb between

11.6 and 53.8 deg (c.m.).
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IV. DISCUSSION

The preferéntial excitation of certain nuclear levels in (@,d)

‘reactions on light elements has been reported in a prévious publica-

tion.l These preferentially populated levels were reported to have

'(d5/2)§ COnfiguratiohs. Such an assignment is strongly favored by the

kinematics of the reaction. The strongest transfer reactions should bhe
those‘involving minimal disturbance of the target core and a simple

delivery of the two nucleons to the surface of this core.  TFor alpha

energies of about L8 MeV, involved in all of these measuréments,“the

angular momehtum transferred in a surfacé interaction is about L to {

6 1 when the deutercn escapes at O deg. Consequently trahsitions to’

lTevels formed by capturing both of the stripped nucleons into shells

having orbital angular momentﬁm_values of 2 or B'h_ should be enhdnced.
Formation of'a‘(d5/2)2 level requires that ln and lp both be equal to
2 1. A velue of L B for the sum of 1, end lp permits the maximum
overlap between the radial wave funcfions of the two nucleons so that
thelr final state 1s as similar as possible to‘their initial.state.
Igﬁoying spin—flipping interactions, fhe éaptured nucleons will retain

3

their initial triplet configuration. Thus states with a strong G

figurations have large 5H and 51 amplitudes should also be preferen- .

tially populated. That this is a neéessary-but not always d éuffigient—¥

26

requiremeﬁt to guarantee preferential population has been demonstrated.

Table IV 1lists the amplitudes of the possible IL-S components of (d5/2)2,

. N2 P ) ' ) 2 s
(d5/2 d5/2>: (d5/2>'; (d5/2 17/2>: (Q5/2 f7/2), and (f7/2> configura-

s ' 2 e o
tions. We see thgt the (d5/2)5,(d5/2 f7/2)6, aéd (f7/2)7 ‘con¢1gu*at;ons
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are likel& candidates for levels prefereﬁtially pobulated by the (a,d)i
~reaction, although the (d3/2)§, (d3/2 d5/2)4, and (d5/2 f7/2)5 configura-
tions must alsd be considéred. Althbugh configurations of two nucleons
in the same shell have more spatial overlap; transitions to configura;
tions of two nucleons in different shells’get.additional enhancement
because of the greater possible interéhénge and because more holes are
available. | |
In the previous investigation,l'the first evideﬁce that all fhe
strongly populated levels might be of the same (d5/2)§ configuration was
obtained when the @ wvalues for:their formation were plotted as a fﬁnc—
tion of the mass number ofithe product.nucleus; As vFig; 22 iliustrates,
the (negative) Q values decrease in & regular way with incréasing A.
This relationship has now been extended to higher mass numbers by the
addition of the 1.53-MeV lével of - Na22 and the ground state of A126.'
Figuré 22 also includes the Q values for the forﬁation of the other
preferentially populated levels repérted herein. These points fall into
what appears to be two groups, both éf which resemble the behaviér of the
(d5/2>§ points. This infbrmation was very useful in making the
(d5/2 f7/2)6’ ?nd‘(f7/2)$ assignments.given_in this paper. The positions
of these levels are reasonably consistent with.shell-model calculaﬁions.
Tru¢27 predicts that the (d5/2)§+, (d5/é f7/2)6_, "(ds/g f7/2_)5_, and
(212074
in Nlu, respectivelyi We found preferentially populated levels af .00
‘and 15.1 MeV in P end nave given them (d_,.)° and (4, f.,), |
5/275+ 5/2 “1/276-
assignﬁents. Unfdrtunately, equally.reliable calculations cannét be made

throughout the mass region studied here because of lack of knowiedge'of

levels should lie at about 9-, 15-, 19-, and 2l -MeV excitation
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single-particle level positions. (And this study included é region of
highly distorted nuclei where ﬁhe.conceptbof good single—particlerlevels
is not apblicable:) Howeﬁer, simple calculafiohs bésed on single particle
level positions in OlYV(Ref. 28) and on the first reported 7/2- level
in.the higher A nuclei,ll'ﬁhere availaﬁle, are in fairly'good agreemenf
(usually within 1 MeV) with the aséignments given here. Furthefmore,
| 2l,e2 [+ level in Cauo islin
excellent agreement with where wékwould predidt such é_lével on the basis
of our systematics. »
Preferential population of (d3/2)§+, (d5/2‘d5/2)A+,_and (d5/2 f7/2)5_
levels was not observed. If (d5/2)§+ levels were prefe#entially populated; .
28 30

a large peak at low excitation would have been. observed in the 8i (a,d)P)

reaction; the (d5/2)§+ level has been predicted at 2.73 MeV in P20 ana
3. .
9

Y s .2 s .
was associated with the 3+ level at 2.54 Mev. There was no indication.

whatsoever of such a peak. Observation of only one large peak in the

Mg26(a,d)A128'and Si28(a,d)P50 reactions, which was correlated with

(f7/2)$+ levels, is evidenée against a preferential population of
/ .

(a hil levels. Why levels containing a nucleon in the 4 shell
(45 /5 T7/0)5. devel v € 3/2 |

are not preferentially populated is an interesting, but unanswered,ques-

tion at the present time. An investigation of the (X,d) reaction on masses

30, 52, 34; and 36 would be.valuable in conclusively proving if the

observed preferentidl population of only (f7/2)$+ levels is true throughout

the latter half of the sd shell.

: Describing,the.préferehtiélly.populated levels in terms ofvstaﬁes
of good J+ in deformed nqélei appears to Be'fairly well justified éince'
most of the étrength goes to one level; no indication of a_seriesvofiﬁeaks
built.on a large peak was observed. Thus it appears that even in deformed

nuclei the coupling between fhe two captured nucleons and the target core

is relatively weak.
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As Pig. 23 illustrates, thé angular distributipﬁs Qf the

deuteron groups qo?resﬁbnding to the <d5/2)§+ le&els closely resemble

one ahother, and they have therefore been usged as an additional basis

for the assignmenté §f the preferéntially populated levels. In no case
is there aﬁy evidence for diffraction-like oscillations for the prefer-
entially pdpﬁlated transitions, and the distribufions are ali étrongly
peaked in the forward direction. However, the angular distribution of
the transition to fhel 5+ ground state of Al26, which ié not highly"
populated, exhibits a well-defined structure. The osciilatgry angular

" distribution observed is not surprising since the semi-classical explane-
tions uséd for the other <d5/2>§ levels may not be as applicable here

because of the relatively low cross section.

Figure 24 presents a plot of the summed cross sections of the
(d5/2)§+'ievels, integrated over similar angular ranges'(%12.5- to 70
deg, c.m.) vs the mass number of the product nucleus. A constant cross

- section to these states is expected when the target nuclei all‘haVe

completélyﬂempty d5/2 shells; as the d5/2 shell is filled, the cross

section should decrease. The data.are in good accord with this except
y ‘ o 2 . 12 N L .

for the transition o the (d5/2)5+ level in the C (@,d)N” reaction,

which has a considerablybsmaller cross section than the other transitions

to an empty d

cross section.
Figure 25 presents the angular distributions of the transitions

: - o : o :
to the tentative (4 T, and (f levels. These angular dis-
(450 27/2)6- (£7/2)74 &

tributions,again resemble one another, and also resemble the angular

shell. At present we have no explanation for this reduced

©

£y

‘£
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)2
5/2'5+ o \
distribution of the transition to the 0.60 MeV level of Sc‘2 probably

distributions of the (4, levels. The'strucfure sthn by the angular
arises because'the observed peak corresponds to two levels (see' Fig. 19)
% although the observed cross section should be aﬁtributed predominately
to>the_ T+ level. - , |
A plot of the integrated cross sections_of'the'<f7/2)$+_levels
vs the mass number of the producﬁlhucleué illustrates that, in generél,the
crosg section increases as the pr0duct’mass incfeaseé up to :Sé%g where

the T shell is beginning to fill. We do not.have data in the mass

7/2

region where the T shell is parﬁially.full, although we expect the

7/2 |
cross. section would decrease for A > L42. A similar plot of the
(d5/2_f7/2)6_ levels is rather flat, as might be expected after cbserving |

2 \ 2 : ) '
th d - and (f, cross sections as a function of mass number.
e (dgp)5, and (Ty/0)q, o or P

V. CONCLUSION
. | > o
lthough t of the (4 f nd (f si t d
Although most of the < 5/2 7/2)6- and ( 7/2)7+ assignments made
herein must be considered tentative, it appears that the (Q,d) reaction
will prove to be a very valuable‘spectroscopic tool for locating certain

types of two-particle states when utilized in the manner démonstrated.
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‘in this experiment with those previously reported.a

Table T.

_18.

' 2
Comparison of Na 2

levels observed:

UCRL-156200

Levels
observed
(MeV)

Energy. Jm
(MeV)

Previouély reported levéls

Intensityb L “

#

0.79%% 0.20

1.53 £ 0.05

2.98 £ 0.10

3,74

4,68 * 0.10

+0.10

0 5+

0.587 1+

2.217

2.57h

\e}

L9735
.065
.527
7L
.9kg
07,
.32
.36
47

e = SV SV SV Y

=

.25

b3

L.77

0.15

Very weak-

2.06

Weak -

w

"

'Fairly
Strong
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Table I. CQntinuéd.

UCRL-16200

Levels . . Previously reported levels' Intenéityb
observed . - '
(MeV) - Energy JTr
| (MeV)
5.29 % 0.20 .Wéak>'
5.95 £ 0.10 Weak
6.62 £ 0.10 'o.5i
7.46 % 0.07 BN (6-)° 107
7.57
e
7.85 * 0.10 7.81
7.90
©7.98
8.0Lk -

aReference 1.

The numbers are the cross section in mb integrated over the angular'

range from 10 to 52.5 deg (1ab).

Unresolyed.doublet.

@Assigned by this work..




~20-

UCRL-16200

Table II. Comparisoﬁ of A126'levels observed

in this experiment with those previously reported.

Levels Previously reported,levels.A Intensityb
. Oobserved , :
(Mev) Energy JT
(MeV)
0 0 5+ 1.06 mb
Ao.229 o+ |
0.42 % 0.03% 0.418 | 3+ 0.37 mb
1.05 £ 0.05 1.059 1+ Very weak
1.760 24
1.85 * 0.03 1.852 ’ (2,3)+ Weak
2.072 2+
2,40 % 0.10 2.367 2-,3- Weak
%.00 iIO;O5 Bttt Sttt i Fairly sfrong'
©3.60 % 0.05 The“lével density is too | Weak
L.69 * 0.05 high to allow any useful - Weak
5.50 * 0.05 comparisons to be méde in 0.72 mb
6.59 £ 0.05 this regioﬁ 0.95 mb
6.95 £ 0.05 1.85 mb.
7.60 + 0.5 R Fairly strong
8.27 % 0.05 ) This excitation region was - 1.22 mb
8.93 * 0.07 not'inve;tigatéd previou;ly : 'ngrly stréng
9.8% £ 0.07 Fairly strong
' 10.71.i oilo - Fairly strong
11.00 * 0.10 Weak
11.87 £ 0.10 7 e Strong

a
Reference 11.

PRange of integration: 12 to 60 deg (1sb). = -
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Table III. Comparison of PBO levels observed
in this experiment with those previously reported.

¢ o Levels " Previously reported Tevels L ‘Inténsity
observed .
(Mev) = ° ' Energy (MeV) - J o T
(0) | . 0 | _ 1+ 0 “ o Very weak
| 0.68k% 0 +1
" 0.705 | 1+0
1.kt 2+
1.97 e se Weak
2.558 - (2,5)+
' 2.725 2 +
2.839
| 2.937 o+
3.05 | 3.018 . .1'+
3. 730 |
3.836
4.10 : B "“"“7;"']7; -------------- .Faifiy strong
. L8o S The level density is too " médium
7.0% | - v‘high to allow any useful ; O 2.23mp
’ '9.29 | comparisons to be made in B medium

this regionw

aReference 11.
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‘Table IV. j;j wave functions.

Configuration - d L-S components
(d5/2)J 5 .4 1.00 G

o -JBF ;\/’llg -

5[4 3, 1083, 63
2 \/179 ¢ J175.D+3175.]T

e '125 B 1225 . fg—g_in
1 ;;51” 2'5(5 ’\/:ég_?
e B ;5P+ ;ls
@5/2 s b B s e |k T
s R
2 BB R

. |23y, 133, | 4853 61,
1 .\/150D+15o PJ’\/15o S+ 1503? :

Wappdy 3 T ¢ I D*\/mlF

| - 83, | 6 5 1351
2 N1 F N1 P tyies P
| L3y 235, |9
N R ?*J%lp
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Table IV. (Cont)

Configuration — J | | '1-S components
(d5/2‘f7/2)J  ;6 Ii.oé‘5ﬁ
SRR N R
© R e ER - E
| 5 o 126 ’ 156 'r +\/132 ’ +\/12};_ T
2 \/1% l) > +\/1$; & *\/i’% E
 1  \/l)D \/23P+\/1L |
(@502 T1/2); ’5/ . = Bh \/2; & +\/1o -
. u,' | %31{ +\/§g; 5G %g; BFV+' %lG ,

L 5 34 . [2L 3y 185
5, \/49 b,—- D+\/

9 3 _§9_5 | 9% 3 10 1.
? \/175 FNITS P NI P*\/m E
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Table IV. (Cont) .

UCRL-16200

 Configuration

<f7/2>§

-3

L-S components

1.00 5I

'\/“2 S +\/E— T

590) lLBl
\/ T 559 "¢ "\559 F

88 3 54 1
-'-\/-i‘[ﬁ'H—*— Fi-\/

\/165 5 154 1

+ I
713 ) 37“‘

R/Eé oF + 18 5P +\/§%-1D

10 5D +\/12 S5 \/%JP

'_.J.g. 3 w_; 1y

iConfiguraﬁions"of two nucleons in different shells are not states of

good T.
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FIGURE CAPTIONS
Fig. 1. Particle identifier spectrum from bombardment of 012 with 53-MeV
alpha particles at a scattering angle of 15 deg. ~The discriminator
settings are represented by lines 1, 2, and 3.
. | B 12, oy dlb o
Fig. 2. Deuteron energy spectrum from the C (a,d)N reaction at a
scattering angle of 30 deg.
Fig. 3. Angular_disfributioncf deuterons from formation of thé 9\ 00 -MeV
level of Nlu.
9 - 1k 16 '
Fig. L. Deuteron energy spectrum from the N (o, d)0 reaction at a
scattering angle of 30 deg.
Fig. 5.'Angulap diétributions of deuterons from formation of the 1@.53-,
14,74, and 16.16-MeV levels of 016. |
~Fig. 6. Deuteron energy spectrum from the 07 (C,d)F  reaction at a
scattering angle of 20 deg.
Fig. 7. Angular distributions of deuterons from formation of the 1.10-
and 9.4L-MeV levels of F18.
. : ' 20 I~ =
Fig. 8. Deuteron energy spectrum from the Ne™ (a,d)Na reaction at a
scattering angle of 15 deg.
- Fig. 9. Angular distributions of deuteréns from formation of the 1.535-
and 7.&6-MeV levels of Naee.
' 2l
(

Fig. 10. Deuteron energy spectrum from the Mg a,d}A126 reaction at

a scattering angle of 12 deg.
L

Fig. 11. Deuteron -energy spectrum from the Mg2 (a,d)A126'reaction 2t a

scattering angle of 50 deg.

Fig. 12.'.Angular distributions of deuterons from formation of the ground

state, 0.42-, 1.85-, 3.00-, 5.50-, 6.95-, and>8.27-MeV levels of A126.
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1%. Angular distributions of deuterons from formation of the 3.60-,

6.59-, 7.60-, 8.9%3-, 9.84-, 10.71-, and 11.87-MeV levels of A126..
14. Deuteron energy spectrum from the Mg 6(a,d)A128'reaction at a
scattering angie of ﬁO deg. |

15. Angular distribution of deuterons from formation of the 9.80-MeV

level of A128.

2 7z
16. Deuteron energy spectrum from the Si g(a,d)P)Q reaction at a
scattering angle of 20 deg.

17. Angular distribution of deuterons from formation of the 7.03-MeV

levei of PBOTv
L . Lo ho - X
18. Deuteron energy spectrum from the Ca (a,d)Sc reaction at a

‘scattering angle of 40 deg.

19. The energy level schemes of Cau? and Scug. The dotted lines

connect analog states.
20. ‘Angular distributionsof deuterons from formation of the 0.60-
. e ‘
and 1.43-MeV levels of Sc .
| | ko hp
21, Deuteron energy spectrum from the Ar ~(Q,d)K ~ reaction at a
scattering angle of 20 deg. .
22. Relationship between the mass number A of the product nﬁcleus
and the Q value for the formation_of_ﬁhe levels preferentially popu-
lated by the (@,d) reaction.
aThis point corresponds to a highly populated level at' 5.2-MeV exci-
tation that was observed during a Dbrief investigation of the SBg(a,d)Cl
reaction using 4B-MeV alpha particles from the 60-inch cyclotron.
- » . )
23. Angular distributions of the (d levels.
. ‘ _ o ‘ 5
2k. Integrated cross sections for the transitions to the (d5/2)5

levels as a function of the mass number A of the product nucleus.

3k
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The cross section for the le(a,d)017 reaction was obtained from

s 30
a recent experiment.

Fig. 25. An ulér distributions of the tentative (4 £ and

(f7/2)$+ levels.
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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

B. 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.

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 émployee
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.
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