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ABSTRACT 

.UCRL-16200. 

12 The energy spectra of deuterons from the (o:,d) reaction on C , 

l4 15 016 N 20 Mg. 24 M 26 s.28 s32 4o 4o N- , N ·' , e , , g , J. , , Ar , and Ca have been 

observed. These reactions were induced by alpha particles ranging-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 between 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 J configuration, 

with the proton-neutron pair captured in the or shell, and 

that the maximum final spin (5, 6, or 7) is favored. 

of 

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

42 
Sc is also proposed . 
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I. INTRODUCTION 

In terms of a direct stripping mechanism, the (cx,d) reaction 'Will 

populate levels that correspond to a proton-neutron pair coupled to an 

undisturbed target core. Further selectivity 'Will arise from the degree 

of similarity existing bet'Ween the "Wave function of the proton-neutron 

pair in the captured state and the -vmve ·function of the proton-neutron 

pair. in the alpha particle. 

In a previous investigation of the (cx,d) reaction on the target 

nuclei c12 , N14 , N15, and o16 the presence of preferentially populated 

. 1 
levels "Was reported. It "Was concluded that these levels arose from the 

proton-neutron pair being captured as a "deuteron" in the d
5
/ 2 · shell 

corresponding to a [JT + (d5/2 )~] J configuration, 'Where JT-t~e angular 

momentum of the target nucleus--is coupled 'With the spin brought in by 

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

The c12 (cx,d)N14 , N14 (cx,d)o16 , and o16 (cx,d)F18 reactions have no'W 

been observed under better experimental conditions, and 

character have also been observed in the Ne20 (cx,d)Na22 

2 
levels of (d

5
/ 2 )

5 
24 26 and Mg (cx,d)Al 

reactions. This investigation "Was also continued to the. f
7
/ 2 shell to 

extend.the usefulness of the earlier ideas. 1 Preferentially populated 

levels 'Which probably correspond to [JT + (d
5
/ 2 f

7
; 2 )6 JJ and/or 

fJT + (f7;2 )~JJ configurations 'Were'observed in the Ne
20

(cx,d)Na
22

, 

Mi4 (cx,d)Al26 , Mg
26 (cx,d)Al28 , si28 (cx,d)P3°, s32 (a,d)Cl34 , ca40 (a,d).sc42 

LJ.O 42 
and Ar (cx,d)K reactions. 
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II. EXPERIMENTAL 

1~e 42 to 53 MeV beams of alpha particles used to induce the 

various (cx,d) reactions "Were provided by the Berkeley 88-inch spiral 

ridge cyclotron. The general beam transport system has been described 

. 1 2 preVlOUS y. 

For all these reactions the particles "Were detected by_ a counter-

telescope that consisted of two lithium-drifted silicon crystals. In the 

20 _ 22 4o 42 4o 42 
case of the Ne (cx,d):Na , Ca (cx,d)Sc , and Ar (cx,d)K reactlons 

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 v.1as ··:. , performed electronically by an analog 

( ) Cl2 ll+ 01·6 pulse multiplier. For the cx,d reactions studied on the , N , , 

24 M 26 d S .28 Mg , g , an l target nuclei the counter telescope consisted of a 

0.35 mm transmission counter placed in front of a 3.0 mm stopping 

counter. To increase the effective counter thickness; the c01mter telescope 

was rotated L~o deg with respect to the flight path of the scattered 

particles. Identification of the reaction products "Was performed by a 

particle identifier3 that employs the empirical relationship, 

Range . __..· 

"Where a depends on the. nature of the particle and E is its incident 

energy. A typical identifier spectrwn is sho'Wn in Fig. 1. Total-energy 

pulses were fed into a 4096-channel Nuclear Data pulse-height analyzer 

"Which "Was routed so that the deuteron and triton spectra "Were recorded 

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

1", 

.. ,, 
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the proton-deuteron·~alley -were routed into a third 1024-channel.gr~up 

to record any poss.ible loss of deuterons. The overall block diagram has 

been published.
4 

Energy resolutions of about 200 keV -were obtained for 

solid targets. 

The beam intensity, -which ranged from 15 to 280 mJ.lA 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 

fixed angle (::::20 deg) -was used to observe the elastically scattered alphas, 

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

the beam. 

Different methods were used in preparing the various targets. The 

c12 targets were prepared from a solution of colloidal graphite.in alcohol 

and acetone. 4 Self-supporting films about 0.3 mg/cm2 thick were obtained 

-withthis method. Most of the oxygen impurity was removed by heating the 

films tol400°C in vacuum and cooling to 200°C 

atmosphere. Self-supporting Mg2L~, :tvig
26, and 

before exposure to the 

Si28 targets 1.38, 1.1, 

and 0.043 w~/cm2 thick, respectively, -were prepared by evaporation. 

Separated isotopes were used for the Mg t t Th c.28 t t arge ·s. e ol arge -was 

prepared from transistor grade silicon. The N
14

, o16 ~ Ne
20 

(98.1% Ne
20

) 

~·0 and Ar nuclei were bombarded in a gas holder filled to about 25 em 

pressure. 
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III . RESULTS 

The reactions that ~ere investigated are discussed separately 

here-Sec. rv and a previous publication1 present the general frame~ork 

upon ~hich our spin assignments to the preferentially populated levels 

are based. 

A. 12 14 . The C (a,d)N React1.on 

This reaction has been discussed in detail in a previous publica-

t . 4 "r.l' 2 1.on. .t<lgure sho~s the deuteron energy spectrum ,observed at 30 deg 

induced by 53-MeV alpha particles. The angular distribution of the highly 

populated level at 9.00 ± 0.05 MeV, ~hich has been assigned a (d )2 
5/2 5 

" f' t• 1 . h 0 con 1.gura lon, 1.s s o~n 1.n Fig. 3· Further, the relatively large peak 

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

f . t• 4 con 1.gura 1.0n. 

. 14 16 . B. The N (a,d)O React1.on 

This reaction had been studied previously using the 48-MeV alpha 

beam of the Crocker 60-inch cyclotron.5 Since the spin of the target 

nucleus is 1, three levels having (d5/2 )~ configurations--~ith spins of 

!.;. , 5, and 6-should be observed. Ho~ever, only t~o large peaks 1 at 14.7 

and 16.2 MeV ~ere observed,and it ~as then believed1 that the .third member 

of the triplet ~as located at a higher excitation than investigated in 

that ~ork. 

,• 

'ti ! 
1 
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Figure 4 shows a deuteron energy spectrum from a more recent 

investigation of this reaction using a 42.3-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 i.nvestigation but that the 

energy resolution of the system was insufficient to separate them. The 

highly populated levels lie at 14.33 ± 0.10, 14.74 ± 0.10 and 16.16 ± 0.10 

MeV of excitation. Figure 5 shows the angular distributions of these· 

levels. Energy spectra were obtained at only a few angles but the shape 

of the angular distributions of these three levels closely resembles the 

shape previously observed for the angular distributions of the 14.7-MeV 

16.2-MeV levels.
1 

and 

Specific sp'in assignments to these levels have not been made 

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

from a 
12 12 

c (cx,cx)c study. However, they did not observe the 4+ level 

which appears inconsistent if the same level at 16.2 MeV 1-1as observed in 

both experiments. There is a !~+ level at 14.92 ·MeV 7 that possibly cor-

responds to the level we find at 14. 74 MeV, but an error in our energy 

calibration of that amount would displace the "16.16 MeV" level to 16.3!~ 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 

could be used to predict the specific spin assignments, since the cross 

section is proportional to 2J + 1 .. Thus spins of 4, 6, and 5 in order 

of increasing excitation would be predicted because the integrated cross 

, s·ections are 2.2_, 3.5, and 2.9 mb,.respectively (between ~12.5 to 70 deg, 

e.m.). After dividing by 2J + l, one :(inds excellent agreement: 0.74, 

0.81, and 0.79, supporting the above assignments. 

Observation of a definite peak at about 13.1-MeV excitation in 

this (cx,d) reaction is additional evidence for a T=O state.of o16 in 

; this region. 8' 9 
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c. 16 18 . The 0 (o:,d)F Reactlon 

2 Formation of a preferentially populated (d
5

/ 2 )
5 

level by this 

1 
reaction has been reported. This reaction "WaS recently observed over 

c.he angl!lar range from 11 to 50 deg using a 52-MeV alpha beam from 

the 88-inch cyclotron. Figure 6 sho"Ws the deuteron energy spectrum 

measu-red at 20 deg. Excited levels of 
. 18 
F · "Were seen at 1.10' 2. 05' 

3.68, 1+.25, 6.12, 6.76, 7.13, 1.65, 9.44, 10.44, and 11.41 MeV. Figure 7 

sho"Ws the angular distribution of the 9.44-MeV state that possibly is a 
~ ~ 

level, and also includes the angular distribution of the 

1.10 MeV. At lmver bombarding energies (30-40 MeV) the 

0.934-MeV level is sufficiently populated that it should be subtracted 

'When analyzing the 
10 5+ level, but at 52 MeV its contribution appears 

to be negligible. 

D. The Ne20 (o:,d)Na22 Reaction 

This reaction "Was observed "With a 45-MeV alpha beam from the 88-

inch cyclotron.. Figure 8 sho"Ws the deuteron energy spectrum at 15 deg. 

The energy scale '"as calibrated from the c12
(o:,d)NlLJ. reaction taking into 

account the difference in target thicknesses. Table I compares the 

levels observed "With the previously reported levels of Na22 . 

The transition to the ground state of Na22 has a very small cross 

:EJ®ction. At t~'bout 0. 79-MeV excitation: there appearr;l to be a doublet, but 

the very small population of these excited states makes identification 

diffj.cult. The same problem arises in the identification of the 3. 74-

5.29- and 5·95-MeV levels. 
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If our general picture is correct, the preferentially populated 
0 

state at l. 53 MeV is the ( d
5

/ 2 ); level; the strongly forward peaked 

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

Heydenburg12 previously observed the Ne20 (He3 ,p )Na22 reaction which should 

2 
also populate the (d

5
/ 2 )

5 
level strongly. However the available bombarding 

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

meaningless. The momentum transfer at 3.5 MeV is considerably less than 

4 which would strongly inhi.bi t the forma.tion of the 5+ .state, and they, 

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

h 1 53 J l b th l,A,.,.24.(d rv).N 22 t. 13 . t . tion of t e . -MeV .eve y e ,~ ,~ a reac 10n 1s no ln 

conflict w.i th the ( d
5
/ 2 )~ assignment, since the . d

5
/ 2 shell is populated 

24 in Mg The strongly populated level at 7.46 MeV, whose angular distribu-

tion is also shown in Fig. 9, probably arises from a (d
5

/ 2 f
7
; 2 )6 con­

figuration. 

E. 
24 26 26 28 . . 

The Mg (cx,d)Al. and Mg (cx,d)Al · React1ons 

Although the Al26 nucleus has been well studied (Ref. 11 and 

references therein) the formation of this nucleus by the (cx,d) reaction 

has not been investigated previously. Figures 10 and 11 show the deuteron 

energy spectrum recorded at 12 and 50 deg, respectively, using a 50.8-

MeV alpha beam. Table II presents a list of the levels observed, and 

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

Since the · Mg
24 nucleus already contains four protons and four 

neutrons in.the d
5

/ 2 shell, the· 5+ 

a (d5;2 )~ configuration .. Figure 12 

. 26 . 
ground state of Al probably has. 

1ncludes the angular distribution 

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

angular range from 13.6 to 66.8 deg (c.m.). 
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The level at 6.95 MeV, whose angular distribution also appears 

in . Fig. 12, dominates the energy spectrum. There is no previous spin 

assignment for this level but our data indicate that it arises from a 

(d
5

/ 2 f
7

/ 2 )6. configuration. This transition has a cross section of 

1.85mb 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 observed. 

This level possibly arises from a (f7/2 )~ configuration, and will be 

given that assignment here. Figure 11 shows several other peaks that 

stand out clearly above the background in the excitation region between 

about 8 and 12 MeV; however, at smaller angles (see Fig. 10) ~he 

peak at 8.2.7 MeV dominates the spectrum in this region. .Although the 

excitation region investigated extended up to about 25 MeV no well-' 

defined levels above 12 MeV were observed. 26* Al (E* > 11.4 MeV) can 

break-up into 24 Iv1g and a deuteron. 

A similar (f'7;2 )2
7 

level should be preferenUally populated in ,, . 
26 28 . ; 2 

Mg (a,d)Al reactlon but no level havlng a large (d
5

/ 2 )
5 

com-the 

ponent should be observed. Furthermore, the probability of populating 

a. (d
5

/ 2 f
7

; 2 )6 _ level should be decreased since only the proton can 

enter the d
5

/ 2 shell. Figure 14 shows a deuteron energy spectrum from 

the l'!Jg
26 (a,d)Al

28 
reaction at 40 deg. Although the counter system was 

not sufficiently thick to stop deuterons corresponding to the ground state 

transition at small angles, thus making a precise analysis of the lOvl 

excitation region difficult, no preferentially populated levels ~ere 

observed in this region. The level at 9.80 ± 0.05 MeV, whose angular 

distribution is shown in Fig 15 clearly doml·nate th t . , . - s e spec rum, 

.~. 

' 
" 
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consequently, this level .is assigned a (f
7 
;2 )~ configuration. This 

transition has a cross section of 0.593 mb between 13.7 and 67.2 deg 

(c.m.). No peak of sufficient size th~t we would want to associate it 

with a (d
5

/ 2 f
7

; 2 )
6

_ level was observed~such a level .would be expected 

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

Figure 16 shows the deuteron energy spectrum at 20 deg using 

50 8 1 ~ b A th , c12 d o16 · ·t t a . . -MeV a p11a eam. ra er .;..arge an lmpurl y -was presen 

:i..n the target-peaks corresponding to both the 9.00-MeV·level of N
14 

18 
and the 1.10-MeV level of F were larger than any peaks corresponding . . 

to p30 levels. Identification of these impurity levels was done kine-

matically. 

Table III · compares the levels observed -with the previously 

t d l • f p30 . ~· tl1e d h 11 · f 11 · Sl·28 , 1 repor e eveJ.s o. >::>lnce S/2 s e lS _ u ln on y 

one preferentially populated level should be observed in this reaction, 

and only one i.s observed...,-at 7. 03 MeV. Thus this level probably has a 

2 (f
7 

; 2 )7 
configuration. 'l'he angular distribution of this transition, 

-which has a cross section of 2.23 mb bet-ween 13.6 and 55.9 deg (c.m.), 

is shown in Ji'ig. 17. If t-wo highly populated levels had been observed, 

we would have been tempted to give a (d
3
/ 2 f

7
; 2 )

5
_ assignment to the one 

at lower excitation; ho-wever, only one large peak was observed in this 

reaction, and in the Mg
26

(o:,d)Al
28 

reaction. Since levels having a 

( 
\2 

f7/2;7 

at 7.03 

2 configuration appear to be highly populated and a (f
7

/
2

)
7 

MeV is consistent with other data .(see Sec. IV), the cross 

level 

section for (o:,d) transitions to (d
3

/ 2 f
7

/ 2 )
5

_ levels apparently .is not 

large. 
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G. 
4o . 42 

The Ca (a,d)Sc Reaction 

This reaction ~as first observed during the last days of'the 60-

inch cyclotron, but a more complete investigation ~as carried out ~ith a 

50-MeV alpha beam from the 88-inch cyclotron. Figure 18 sho~s the 

deuteron. energy spectrum at q.O deg. The presence of the 1.10-MeV level 

f F,l8, . . f . •t "d d dd't" 1 . t f o , arlslng rom an oxygen 1mpur1 ,y, prov1 e a 1 10na poJ.n s or 

the energy scale. 

Figure 19 compares the sc
42 

levels observed ~ith the level~ . 
identified in previous (He3 ,~) investigations . 14·' l5' 16 Unfortunately 

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

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

sistent ~ith 

of a recent' 

the energy-level spacings (although not absolute values) 

K39(a,n)sc42 investigation. 17 The lo~-lying levels iden-

tified in the 40 42 .. 18 Ca (t,p)Ca react1on are also included for a comparison 

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

selection rules involved and because most of the lo~-lying levels of 

and Ca 
42 

should arise from coupling t¥10 f
7 
/ 2 nucleons to the Ca 40 

19 20 3 core. ' In the (He ,p) reaction the two nucleons are captured into 

the f
7

/ 2 shell in either the isospin singlet o.r triplet state, thus 

allo~ing any value of angular momentum bet-ween 0 and 7. Ho~ever in 

the (a,d) reaction these t~o nucleons must be captured in:-the isospin 

42 Sc 

s:Lnglet· state, and conseg_uently only odd spin states are allo-wed. Con-

versely, since the tivo neutrons captured in the f
7 

/
2 

shell in the ( t ,p) 

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

allo~ed. 
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The levels observed at 0, 1.51, 1.92, 2.4, .and-2.75 MeV in the 

3 ~ (He ,p) reaction are probably the analog states of Ca . Therefore 

these levels have the spin assignments given in Fig. 19, and of course 

are T=l levels. None of these levels should be made by the (cx,d) reac-

tion and, except for a possible uncertainty because the large peak at 

1.43 MeV in the (cx,d) spectra would obscure a small peak corresponding 

to the 1. 51-MeV. level, none of these levels were observed in our work. 

The peak at about 1.51-MeV excitation, which dominates the (He3 ,p) 

15 42 spectra, probably corresponds to two levels; the analog state of Ca 

and the level observed in the (cx,d) reaction. Additional evidence for 

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

(He\p) spectrum; the peak at 1. 51 MeV is definitely broader than the 

other peaks. 

In the (cx,d) 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 22 
studies. ' This is in agreement with the (f

7 
/ 2 )~+ assignment made 

here on the basis of the preferential population. Nelson et a1. 17 

erroneously reported that this high spin state had not been observed 

prior to their (cx,n) investigation. They apparently were misled because 

of the discrepancy between their observed excitation of 0.526 MeV and 

our reported value. 23 This discrepancy arises throug4 their inability to 

1.1·2 ( ) 2l~ determine the mass excess of Sc correctly using the. cx,n reaction. 

They report a mass excess about 120 keV larger than the value obtained 
7. 

by the (He:::>,p) and (p,n) experiments. If' their 7+ level is aligned with 

our 7+ level, their high spin state at 1.34 MeV corresponds to our (5+) 
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level at 1.43 MeV, and their 1.42-MeV level probably corresponds to the 

2+ level at l. 51 MeV. Thus it appears that there are only t-wo levels 

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

t b th 1 1 . th . . . . -'-h (I"V ) . t . t . 1 7 o o serve ree eves 1n _ls reg1on ln v e u.,n lnves 1ga 10n. The 

5+ level probably is the (f
7 

/ 2 )
2

. configuration that was assumed to fall 

at l. 958 MeV. 
20 

_This ene-rgy-leve{ scheme for the lmv -lying states of 

42 
~c also contrad:Lcts the rather naive interpretation that the large peak 

we see at l. 43-MeV excitation arises from an isospin impurity . 15 Recently 

Ginocchio
2

5 reported incorrectly that the level at .1.1+3 MeV -was -weakly 

. excited in our -work, and \vas the isobaric ana.log of the J == 2+, T == l, 

)_~2 
state in Ca 

Figure 20 presents the angular distributions of the 0.60- and 

1.1+3-MeV levels, whose cross sections between 13.7 and 64.2 deg (c,m.) 

are 4.3 and 1.5 i:nb, respectively. At about 2.25 MeV a small peak 

. 2 
which could correspond to theftentative (f

7
; 2 )

3 
20 level · -was observed. 

H. The Ar
40

(a,d)K
42 

Reaction 

A very brief investigation of this reaction was car-ried out with 

a 44-MeV alpha beam in an attempt to identify the (f7/2 )~ level in 

The deuteron energy spectrum, shown in Fig. 21, was dominated by a highly 

populated level at 1.87 MeV, v1hose cross section was· 1.6 mb betv1een 

11.6 and 53.8 deg (~.m.). 

" 
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IV. DISCUSSION 

The preferential excitation of certain nuclear levels in (c:x,d) 

reactions on light elements has been reported in a previous publica-

1 
tion. These preferentially populated levels were reported to have 

2 (d
5

/
2

)
5 

configurations. Such an assignment is strongly favored by the 

kinematics of the reaction. The strongest transfer reactions should be 

those involving minimal disturbance of the target core and a simple 

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

energies of about 48 MeV, involved in all of these measurements, the 

angular momentum transferred in a surface interaction is about 4 to 

6 n when the deuteron escapes at 0 deg. Consequently transitions to 

levels formed by capturing both of the stripped nucleons into shells 

having orbital angular momentum values of 2 or 3 11 should be enha'nced. 

2 Formation of a (d
5

/ 2 ) level requires that 

2 11. A value of 4 n for the ·sum of 1 
n 

1 and 1 both be equal to 
n p 

and 1 
p 

permits the maximum 

overlap between the radial wave functions of the two nucleons so that 

their final state is as similar as possible to their initial state. 

Ignoring spin-flipping interactions, the captured nucleons will retain 

thej_r initial triplet configuration. Thus states with a strong 3G 

amplitude will be favored at small angles·. Likewise states whose con­

figurati.ons have large 3H and 3I amplitudes should also be preferen-

tially populated. That this is a necessary--but not always a sufficient--

- 26 
requirement to guarantee preferential population has been demonstrated. 

Table IV lists the amplitudes of the possible 2 
L-S components of (d

5
/ 2 ) , 

(d3; 2 a5; 2), (d3; 2)?, (d5/ 2 f 7;2), (d3/ 2 f 7/ 2 ), and (f7/ 2)
2 

configura-
- - 2 2 

· tions. We see U.at the (d
5
; 2 )

5
, (a

5
/ 2 f

7
/ 2)6, and (r

712
;
7

- configurations 
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are likely candidates for levels preferentially populated by the (a,d) 

. 2 
reaction, although the (d

3
; 2 )

3
, (d

3
/ 2 d

5
; 2 )4, and (d

3
/ 2 f

7
; 2 )

5 
configura-

tions must also be considered. Although configurations of tVJo nucleons 

in the same shell have more spatial overlap, transitions to configura-

tions of t1-10 nucleons in different shells get additional enhancement 

because of the greater possible interchange and because more holes are 

available. 

In the previous investigation, 1 the first evidence that all the 

strongly populated levels might be of the same (d5;2 )~ configuration 'Was 

obtained 'When the Q values for their formation 'Were plotted as a func-

tion of the mass number of.the product nucleus; As Fig. 22 illustrates, 

the (negative) Q values decrease in a regular 'Way 'With increasing A. 

This relationship has no'W been extended to higher mass numbers by the 

addition of the 22 1.53-MeV level of· Na and the ground state of 

Figure 22 also includes the Q values for the formation of the other 

preferentially populated levels reported herein. These points fall into 

'What appears to be t'Wo groups, both of 'Which resemble the behavior of the 

(d5;2 )~ points. This j_nformation Vias very useful in making the 

(d
5

; 2 f 7; 2 )6, and (f7;2 )~ assignments given in this paper. The positions 

of thes·e levels are reasonably consistent Vli th shell-model calculations. 

True
2

7 predicts that the (d5/2 )~+' (d
5

/ 2 f
7
; 2 )6 _, (d

3
; 2 f

7
; 2 )

5
_, and 

levels should li.e at about 9-, 15-, 19-, and 2L~-M.eV excitation 

respectively. We found preferentially populated levels at 9.00 
, 1J. -

and 15.1 MeV in N-'-· and have gi~en them (d5/2 )~+ and (d
5

/ 2 f
7

; 2 )
6

_ 

assignments. Unforttmately, equally.reliable calculations cannot be made 

throughout the mass region studied here because of lack of kno'Wledge of 

., 

, 
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single-particle level positions. (And this study included a region of 

highly distorted nuclei "Where the concept of good single-particle levels 

is not applicable.) Ho"Wever, simple calculations ba.sed on single particle 

level positions in o17 (Ref. 28) and on the first reported 7/2- level 

in the higher A 11 
nuclei, "Where available, are in fairly good agreement 

(usually "Within 1 MeV) "With the assignments given here. Furthermore, 

. 21 22 the position of the previously asslgned ' . 7+ level in ca40 is in 

excellent agreement "With "Where "We "WOuld predict such a level on the basis 

of our systematics. 

Preferential population of (d3;2 )~+' (d3/ 2 d5; 2 )4+' and (d
3

; 2 f 7; 2 )
5

_ 

levels "Was not observed. If (d
3

/ 2 ); levels "Were preferentially populated, 
~+ . 

a large peak at lo"W excitation "Would have been.observed in the Si28 (a,d)P30 

reaction; the (d )2 
\ 3/2 3+ 

level has been predicted at 2.73 MeV in p30 and 

\vas associated "With the 3+ level at 2.51+ 
. 29 

MeV. There vlaS no indication. 

•tJhatsoever of such a peak. Observation of only one large peak in the 

Mg26 (a,d)Al28. and Si.28 (a,d)P30 reactions, "Which "Was correlated "With 

2 (f
7

/ 2 )
7

+ levels, is evidence against a preferential population of 

(d
3

/ 2 f
7

; 2 )
5

_ 1evel_s. Why levels containing a nucleon in the d
3

/ 2 shell 

are not preferentially populated is an interesting, but unans"Wered,ques-

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

30, 32, 34,; and 36 "Would be·.valuable in conclusively proving if the 

observed preferential population of only (f
7 12.)~+ levels is true throughout 

the latter half of the sd shell. 

·• Describing .the preferentially populated levels in terms of states 

of good J ·. in deformecl nuclei appears to be fairly "Well justified since 

most of the strength ~oes to one level; no indication of a series of peaks 

built on a large peak "Was observed. Thus it appears that even in deformed 

nuclei the coupling bet"Ween the t"Wo captured nucleons and the target core 

. is relatively "Weak .. 
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As Fig. 23 illustrates, the angular distributions of the 
. 2 

deuteron groups corresponding to the (d
5
/ 2 )5+ levels closely resemble 

one another, and they have therefore been used as an additional basis 

for the assignments of the preferentially populated levels. In no case 

is there any evidence for diffraction-like oscillations for the prefer-

entially populated transitions 1 and the distributions are all strongly 

peaked in the forward direction. However, the angular distribution of 

the transition to the 5+ ground state of 
26 

Al , which is not.highly· 

populated,· exhibits a well-defined structure. The oscillatory angular 

distribution observed is not surprising since the semi-classical e:xplana-

2 
tions used for the other (d

5
/ 2 )

5 
levels may not be as applicable here 

because of the relatively low cross section. 

Figure 24 presents a plot of the swamed cross sections of the' 
2 . . 

(d
5

; 2)
5
+ levels, integrated over similar angular ranges· (:=d2.5 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 

completely .empty d
5
/ 2 shells; as the d

5
/ 2 shell is filled, the cross 

section should decrease. The data are in good accord with this except 

for the transition ·to the (d
5
/ 2 );+ level in the c12

(a,d)N
14 

reaction, 

which has a considerably smaller cross section than the other transitions 

to an empty ct
5
; 2 shell. At present we have rio. e:xplanation.fbr this reduced 

cross section. 

Figure 25 presents the angular distributions of the transitions 
. . 2 

to the tentative (d5/ 2 f 7/ 2)6_ and (f7/ 2)7+ levels. These angular dis-

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

• 

~I 
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2 
distributions of the (d5/2)5+ levels. 

distribution of the transition to the 

UCRL-16200 

The. structure shown by the angular 

42 
0.60 MeV level of Sc probably 

arises because the observed peak corresponds to tVJo levels (see· Fig. 19) 

although the observed cross section should be attributed predominately 

to the 7+ level. 

A plot of the integrated cross sections of. the (f7;2 )~+ levels 

VS the mass number Of the product nucleus illustrates that, in general, the 
. 42 

cross section increases as the product' mass increases up to Sc- where 

the f
7
/ 2 shell is beginning to fill. We do not,have data in the mass 

region where the f
7 
; 2 shell j_s par~ially. full, although we expect the 

cross. section would decrease for A > 42. A similar plot of the 

(d
5

; 2 _f
7
; 2 )6_ levels is rather fla~ as might be expected after observing 

the (d5;2 )~+ and (f7;2 )~+ cross sections as a function of mass nwnber. 

V. CONCLUSION 

·Although most of the (d5/ 2 f 1; 2 )6_ and (f7/2 )~+ assignments made 

herein must be considered tentative, it appears that the (a:,d) reaction 

will prove to be a very valuable' spectroscopic tool for locating certain 

types of two-particle states VJhen utilized in the manner demonstrated. 
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Table I. Comparison of Na
22 

levels observed 
·in this experiment with those previously rep~rted. a 

Levels 
observed 

(gev) 

0 

l. 53 ± 0.05 

2.98 ± 0.10 

3.74 ± 0.10 

4. 68 ± 0.10 . 

Previously reported levels 

Energy J7T 
(MeV) 

0 3+ 

o. 587 l+ 

o.66o O+ 

0.892 (l)+ 

1.532 (5+)d 

1.942 

1.95 

1.988 

2.217 

2.574 

2.973 

3.065 

3. 527 

3.71 

3-949 

4.07 

4.32 

4.36 

4.47 

4.53 

4.60 

4.73 

4.77 

UCRL-16200 

Intensityb 

0.15 

Very weak 

2.06 

0.54 

Weak 

Fairly 
Strong 



'~ 

:.r 

·~., 

Levels 
observed 

(MeV) 

5.29 ± 0.20 

5·95 ± 0.10 

6.62 ± 0.10 

7.46 ± 0.07 

7.85 ± 0.10 

a Reference 11. 

~19-

Table I. Continued. 

· Previously reported levels 

Energy 
(MeV) 

7.474 

7.57 

7:71 

7.81 

7·90 

. 7.98 

8.04 

J'IT 

Intensityb 

Weak 

Weak 

0.51 

1.07 

b· The numbers are the cross section in mb integrated over the angular 
range from 10 to 52.5 deg (lab). 

cUnresolved doublet. 

dAssigned by .this vork .. 
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.· ' 26 
levels Table II. Comparison of Al observed 

in this experiment '1-rl th those previously a reported. 

Levels Previously reported levels. Intensity b •. 
observed 

(Mev) Energy JTr 
(MeV) ,, 

0 0 5+ l. o6 mb 

0.229 o+ 
~ 

0.42 ± 0.03 0.418 3+ o.37 mb 

1.05 ± 0.05 1.059 l+ Very weak 

l. 760 . 2+ 

1.85 ± 0.03 1.852. (2)3)+ Weak 

2.072 2+ 

2.40 ± 0.10 2.367 2- )3- Weak 

3.00 ± 0.05 
____________ t ____________ 

Fairly strong 

3.60 ± 0.05 'rhe level density is too Weak 

4.69 ± 0.05 high to allow any useful · Weak 

5.50 ± 0.05 comparisons to be made in 0,72 mb 

6.59 ± 0.05 this region 0.95 mb 

6.95 1.85 mb. " ± 0.05 

l 
7.60 + 0.5 Fairly strong -------------------------- >: t 

8.27 ± 0.05 This excitation region was l. 22 mb 

8.93 ± 0.07 not investigated previously Fairly strong 

9. 81~ ± 0.07 Fairly strong 
'il 

10.71 ± 0.10 Fairly strong 

11.00 ± 0.10 Weak 

11.87 ± 0.10 --------------------------- Strong 

aReference 11. 

-bRange of integration: 12 to 60 deg (lab). 



Levels 
observed 

(MeV) 

( 0) 

1.97 

4.10 

4.80 
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'rable III. Comparison of P30 levels observed 
a in this experiment _with those previously reported. 

Previously reported levels Intensity 

Energy (MeV) J 7T T 

0 1 + 0 Very weak 

0.681+ 0 + 1 

o. 705 1 + 0 

1.451 2 + 

1.972 3 + Weak 

2.538 (2,3)+ 

2.723 2 + 

2.839 

2.937 2 + 1 

3.018 . 1 + 

3· 734 

3.836 

----------------------------t 
Fairly strong 

'rhe level density is too medium 

high to allow any useful 2.23 mb 

compariso~s to be made in medium 

this region.~ 

a 
Reference 11. 



Configuration 

2 
(d5/2)J 

-22- UCRL-16200 

Table IV. j -j -wave functiOns .. 

.. J 1-S components 

5 
. 3 
. 1.00 G 

4 

3 
. _/ 4 3 /108 3 I 63 L. 
\J 175 G +\j 175 D + ·\j 175 -:F 

2. _I _2_ 3r + I 56 3p + I 6o lD 
·\j 125 . \} 125 \} 125 . 

1 
_/ 4 3 . 1 7 3 . · /14. l . 
\)25 D +\)25 S +\}25 --p 

.0 _I~ 3p + 12 18 ·\)5 \}5 

4 ·/53 /13 [41 
\j 10 G -+:\ 10 F +\j 10 G 

3 
1 27 3 1 64 3 /175 3 1 84 1 

'\j 350 G +\j 350. D +.\) 350 F +\j 350 F . 

2 . I 32 31<' /125 3 I 63 3 . I 30 1 
\j 250 , - +\j 250 D + \} 250 p + \} 250 D 

I 21 3 . I 75 3 I 48 3 I 6 L 
l .. \j 150 D +\} 150 p +\j 150 S +\) 150 --p 

3 

2 

f144 3 . 1 3 3 1 28 11<' 
\}175 G -\}175 D+\}175 -

( 84 3 1 6 3-p '/ 35 1 
\jl25 F -.\}125 - .+.\}125 D 
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Ta.b1e TV. (Cont) 

Configuration J · L-S components 

(d5/2 f7/2)J 6 
. 7, 
1.00 _./H 

·" 
5 J" 1 3 T J144 3 J 30 1 .,. 175 H +' 175 G +. 175 H 

4 J 32 3 J 33 3 )1375 3 J 660 1 
~ ;- 2100 H +. 2100 G + 2100 F + 2100 G 

3 J 9 3 ) 7 1 J 96 3 ) . 84 1 1 196 G - 196 F + 196 D + 196 F 

2 J 16 3 J 15 3 . ) 54 3 ) 90 1 
:- 175 F -' 175 D + l75 p + 175 D 

1 --D--P+-J1 3 ~2 3 ~4 ~· 
' 7 7 .· 7 

(d3/2 f7/2)J 5 J1~ \r +J 3 3G +J10 ~ . 2) ' 25 . 25 

4 J 22 3 J243 3 J125 3.,., J135 1 
' 525 H +. 525 G + 525 .i:' + 525. G 

3 J 3 3. J21 3 J18 3 J 7 1 4§ G + 49 F + 49 D_ + J+9 F 

2 J . 9 3 J 60 3 J 96 3 /10 1. . 175 F + 175 . D + 1'75 p +\ 175 .D 
,.; 
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Table IV. (Cont) 

Configuration J L-S components 

7 
., 

6 

5 

4 _I 5 3 1 ss 3 1 54 1 
\)147 · H +\j1l+7 F +\jl47 G 

3 
_I 24 3 1165 3 1154 1 
\J 31+3 G + \)343 D +\j 3)+3 F 

2 

l 

0 

· Configurations of two nucleons in different shells are not states of 

good ~· 
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FIGURE CAPTIONS 

Fig. l. Particle identifier spectrum from bombardment of c12 
with 53-MeV 

alpha particles at a scattering angle of 15 deg. ·The discriminator 

settings are represented by lines 1, 2, and 3. 

12 .. 14 
Fig. 2. Deuteron energy spectrum from the C (a,d)N reaction at a 

scattering angle of 30 deg. 

Fig. 3. Angular distributionaf deuterons from formation of the 9\00-MeV 

14 level of N . 

Fig. 4. 
14 16 . . . 

Deuteron energy spectrum from the N (a,d)O reactlon at a 

scattering angle of 30 deg. 

Fig. 5. Angular distributions of deuterons from formation of the 14.33-, 

14.74-, and 16.16-MeV levels of o16
. 

16 . 18 . 
Fig. 6. Deuteron energy spectrum from the 0 (a,d)F reactlon at a 

scattering angle of 20 deg. 

Fig. 7. Angular distributions of deuterons· from formation of the 1.10-

18 
and 9.44-MeV levels ofF . 

Fig. 8. 20 22 . Deuteron energy spectrum from the Ne (a,d)Na reactlon at a 

scattering angle of 15 deg. 

Fig. 9· Angular distributions of deuterons from formation of the 1.53-

22 
and 7.46-MeV levels of Na . 

Fig. 10. 24 26 . . Deuteron energy spectrum from the Mg (a,d)Al reactlon at 

a scattering angle of 12 deg. 

Fig. ll. Deuteron energy spectrum from the Mg
24

( a, d.)A126 reaction at a 

scattering angle of 50 deg. 

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

state, 0.42-, 1.85-, 3.00-, 
. ·. . - 26 

5.50-, 6.95-, and 8.27-MeV levelsof Al . 
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Fig. 13. Angular distributions of deuterons from formation of the 3.60-, 

26 
6.59-, 7.60-, 8.93-, 9.84-, 10.71-, and ~1.87-MeV levels of Al . 

Fig. 14. 
. 26 . 28 

Deuteron energy spectrum from the Mg (a,d)Al · reaction at a 

scattering angle of 40 deg. 

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

28 
level of Al . 

Fig. 16. 
28 )0 

Deuteron energy spectrum from the Si (a,d)P reaction at a 

scattering angle of 20 deg. 

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

level of P30 . 

Fig. 18. 
4o 42 

Deuteron energy spectrum from the Ca (a,d)Sc reaction at a 

scattering angle of 40 deg. 

Fig. 19. 
42 42 The energy .level schemes of Ca and Sc . The dotted lines 

connect analog states. 
. 

Fig. 20. Angular distributions of deuterons from formation of the 0. 60-
. . 42 

and l.43~MeV levels of Sc . 

Fig. 21. Deuteron energy spectrum from the Ar 40 (a, d)K
42 

reaction at a 

scattering angle of 20 deg. 

Fig. 22. Relationship between the rriass number A of the product nucleus 

and the Q. value for. the formation of. the levels preferentially popu-

lated by the (a,d) reaction . 

aThis point corresponds to a highly populated level at· 5.2-MeV exci­

tation that vras observed. during a ·brief investigation of the s32( ex_, d)Cl3 4 

reaction using LI-8-MeV alpha particles from the 60-inch cyclotron. 

Fig. 23. Angular distributions of the (d5;2 )~+ levels. 

Fig. 24. 
2 

Integrated cross sections for the transitions to the (d
5
; 2 )

5 

levels as a function of the mass number A of the product nucleus. 
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The cross section for the N15 (cx)d)o17 reaction was obtainedfrom 

30 a recent experiment. 

Fig. 25. Angular distributions of the tentative (d
5

/ 2 f
7
; 2)6_ and 

2 
(f

7
/ 2)

7
+ levels. 
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;jJ. 

This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1ss1on, 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 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. 
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