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ABSTRACT 

The lf̂ Sc(̂ He,ayĴ Sc reaction has been examined at an incident 

I-Ie energy of 10.5 MeV to investigate the decay properties of low-lying 

states in Sc. Gamma decays from ten states below 1.05 MeV were 

observed. Branching ratios for the positive parity states compare 

favorably with theoretical predictions. Evidence was found for rota

tional structure in the negative parity states. Spins and parities have 

U1+ 
been assigned based on this and previous work on Sc. In particular, 

assignments of l" and 0+ for the 68-keV and l'46-keV states, respectively, 

appear quite likely. 

viii 



CHARTER I 

INTRODUCTION 

In recent years much work has been done, both theoretical and 

experimental, in the f,-y0»shell region. This is a region in which the 

shell model appears to work quite well. Using it, McCullen, Baymn, and 

Zainick [l] (whose work is described in Chapter II) have predicted the 

observed properties of many of the low-lying states of nuclei in this 

region. But there also appear to be a rather large number of low-lying 

states that are not accounted for. These states tend, to have opposite 

parity to that of the shell-model states and seem to decay among them

selves . In particular, El transition probabilities between states of 

different parity are significantly reduced from the single-particle es

timate in this region (by as much as 104 - 10s in some cases). These 

"wrong parity" states have been attributed to the excitation of a parti-

bo 
cle out of the Ca core. This apparently leads to a deformation of the 

core, as many of these states can be fitted to rotational bands. 

The present experiment was conducted to examine the low-lying 

states of Sc. This nucleus has been previously investigated through a 

large number of reactions, most of which have been one- and two-particle 

/ bb 
transfer reactions. (A survey of the previous work on Sc is given in 

Chapter V). Little is known, however, about the gamma decays within 

this nucleus. This information would be useful for several reasons. 

First of all, it would provide another experimental test for the 

1 
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shell-model predictions. In particular, the branching ratios between the 

spherical states can be calculated using the MBZ wavefunctions. These 

results can then be compared with the experimental branching ratios (see 

Chapter IV). Possibly more important, however, is the information that 

might be obtained on the opposite parity states. These states are only 

weakly populated in the particle transfer reactions. As the "wrong par

ity" states appear to decay among themselves and to lie in rotational 

bands in this region, a gamma decay scheme would be useful in predicting 

kk 
the spins and parities of these states in Sc. 

I4I4. 
One of the most puzzling features of Sc involves the first two 

excited states. These states lie at 68 keV and 1̂ 6 keV and have half-

lives of 150 ns and 1+9 p,s respectively. They are populated only weakly 

in the (d,a) reaction and. are not seen in other particle transfer reac

tions . Information on these states comes almost exclusively from the 

J+ii. 
decay of the Ti ground state. The log ̂ 2̂ values for this decay are 

6.5 and > 8.5 to the lH6-keV and 68-keV states respectively. The lU6-

keV state decays via a 78-68 keV cascade with a crossover transition to 

the ground state of less than 0.1$. All these properties are rather 

hard to explain. A very valuable piece of information would be to know 

how these states are populated by decays from higher-lying states. 

uu 
To obtain a decay scheme for the low-lying states in Sc, the 

I4.5 3 h]4 
Sc( He,ay) Sc reaction was employed. This experiment is quite simple 

in principle. By putting a coincident gate over any given a peak, the 

gamma decays from this particular level can be obtained. Moving up 

through the a peaks in this fashion will lead to a decay scheme for the 

nucleus. Although many states are not directly populated, they may be 
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indirectly populated in the decay process. Chapter III described the 

experimental procedures involved in this experiment. Some of the diffi

culties encountered and the final results are discussed in Chapter IV. 

A more complete discussion of the present results and a comparison with 

previous results is given in Chapter V. In particular, a possible ex

planation of the first two excited states, based on the results of this 

experiment, is given. 



CHAPTER II 

THEORY 

The Shell Model 

As a first approximation the shell model neglects any interac

tion between the nucleons and assumes that each nucleon moves indepen

dently in some average central potential due to all the other nucleons. 

This leads to a shell structure but does not reproduce the magic numbers. 

To do this a spin-orbit term is added which removes the j-degeneracy and 

reproduces the magic numbers quite nicely. By assuming that the nu

cleons fill these orbitals by pairwise coupling to J-O, it is possible 

to predict the ground-state spins of a large number of nuclei. Another 

term must be added to account for the spins of some nuclei starting at 

A=33. This is the so-called pairing energy term. It allows for an 

energy gain in some situations by lifting up a nucleon out of a lovrer 

orbital to pair with an odd nucleon in a close-lying higher orbital. 

This simple single-particle Hamiltonian is given by 

In order to more closely approximate the real Hamiltonian, in

teractions between the nucleons more sophisticated than the pairing 

interaction must also be considered. A basic assumption of the shell 

model is that this interaction term only affects those nucleons lying 

k 
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outside a closed shell. The remaining nucleons are assumed to form an 

inert core. The model Hamiltonian used in shell-model calculations then 

takes the form 

H , = S (T. + V. - f(r) t. * s.) + S v. . . (2) 
model ± 

v 1 l w i xJ 
i<;j w 

The standard procedure in finding the nuclear wavefunctions is 

to set up the interaction matrix, 

"tat - <*fl& TulV > (3) 
i<j 

where the are a complete set of basis states. This matrix is then 

diagonalized. The diagonal elements are the energy eigenvalues, Ê , and 

the corresponding eigenvectors, give the wavefunctions, 

aik st . w 

In the shell model the basis states are taken as properly antisymmetrized 

products of single-particle states. 

Two different methods are generally followed in shell-model cal

culations depending on whether the uncertainty in the residual interac

tion term or the uncertainty in the number of configurations necessary 

to give an adequate representation of the nuclear states is considered 

to be more severe. If the second uncertainty is considered more serious, 

a detailed residual interaction is assumed. Then the interaction matrix 

is evaluated between states composed of as raany single-particlc states 



as can be handled with existing computer facilities. Jn principle, then, 

the only uncertainty lies in the assumed residual interaction. If the 

uncertainty in the residual interaction is considered more serious, the 

space spanned by the single-particle states is restricted to a point 

where the interaction matrix elements can be determined by a few numbers 

which are experimentally obtained. This, in principle, removes the un

certainty in the residual interaction term and leaves only the error in

troduced in the truncation assumption. The second method has been used 

by McCullen et al. [l] in investigating nuclei in the lfy/g shell. They 

liQ 
assume an inert ' Ca core and limit the single-particle wavcfunctions to 

the lfr-yg shell. This truncation assumption seems reasonable here since 

the next orbital lies approximately 2 MeV above the f ,r orbital. 

Consider the case of two nuclcons outside the closed shell. 

Then the interaction matrix can be written as 

VJ ~ ^ f7/2 ^ lV12l( f7/2 ) ^ 

trh 
It is obvious that (Vj - VQ) is just the excitation energy of the J 

level in this nucleus. The T=1 states with J=0, 2, U, and 6 lie at 

)-!2 h2 k2 
approximately the same energy in Ca, Sc and Ti and are well known. 

hp 
In Sc the T=0 states with J=l, 3} 5, and. 7 are also well known. So 

the interaction matrix elements for two particles in the fshell can 

be obtained experimentally. This fact can be used to calculate the in

teraction matrix for any number of nucleons in the f̂  shell. 
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Consider the case with rr protons coupled to and. v neutrons 

coupled to with the combination coupled to J. The interaction matrix 

can be written as 

Vj = < {(/)Jp (dv)Jn}J|JS ^1j|{(JT ')Jp (3V)J" }J> . (6) 

where j is understood to be 7/2. There are rr ways to couple the last 

neutron to each of the protons and are v neutrons that can be coupled in 

this fashion. These matrix elements are all identical, so the interac

tion matrix can be written as 

Vj = nv <{(jn)Jp <dV)"Tn}J|̂ 0|{(d1T)Jl>' (dV)V}J> , (7) 

where v is the interaction between the last proton and neutron. The 

last neutron and proton can be isolated by using the fractional paren

tage coefficients. These are defined such that 

{?}' - 3 [(j-1)1* , 8 (/)'»] (3n)fp . (8) 
P 

where the subscript tt designates the last proton. The basis states then 

assume the form 
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This may be rewritten as 

|{(jT')Jp(JV)Jn}J> = 2 [(jT,-1)Lp; 6 (jTt)Jl> 
L ,L *n? r\ 

L,K 

X [(j""1) n; ov 1} (ov) n]K\9-j/ I[{(p(jv'1) "} {vv| ] >, (10) 

where the angular momentum recoupling was performed using the Wiener 9-3 

coefficients defined such that 

Here N represents a normalization coefficient. In order to illustrate 

the procedure involved in evaluating the matrix elements without getting 

cluttered up in recoupling coefficients, these shall be deleted in all 

successive steps after they have been introduced. So, omitting the sum

mations over intermediate angular momenta, the matrix element can be 

written as a summation of terms of the form 

= $ I! 
\ 
/ 

{(/,;Lt2)L (V2)S ; . (IX) 

Next use is made of the Wigner-Echart theorem defined by 

(13) 



Applying this , Eq. (12) becomes 

9 

= (0 J 0 M IJ M ) < [{(dTI_1)1Jp (jV"1)Ln}L {j-j r_ 
<K-J 

w. 
•n v 

, r o/Lh-lV , f. . l̂ 'Y'TV 
I L nv ) b ) J WvJ J J > 

L 1 L1 
(1)+) 

The ket may be rewritten in the follov.'ing nuumer. First recall that the 

interchange of two particles just involves a phase factor given by 

\<bL ̂  I = (-) 1 2 ! ̂  i 
i-i L i.i 

(15) 

This gives 

i ° IJ t P / .v-l\ n 1 j ... I \ < \ 
I _vttv U^l) ) (J ) J Vrt̂ vJ J J ~ 

K\J-J 

("-)t'+K'-J I kv° faf t(i"-1)vuv-1r77J> <*> 

L ' L ' \ J-iJ 

Next reca.H the standard procedure for recoupling three angular momenta 

given by 

J&-, L„0-, &r\ 1*1 
[>I'1(i'2̂ 3) 23̂  = p u(^2U3; L]£L23)[(̂ 1̂ 2) » (!7) 

where Jahn's notation has been used. The U-coefficients are related to 

the Wigner 6-j coefficients by 
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o +j +j +J fJl j2 J12 i  

UCô Ĵ ; ̂ 23) = (-) y2ĵ i y2j~î  < j. (18) 

^3 J J23J 

The ket can then be written as 

I [V ({WK {(/-^ }L )JT> 

= S U(0 K-JL'i f {(iTI"1) I jp  (3v"1)Ln }L /> 

(19a) 

= (-)K,+L '"JS u(0 K'JL'J K'j)|[{(jTr"1)Lp }L 

/ r 1 ̂ 't'  
x (v> IW ) J > • (19b) 

Again neglecting all summations and phase factors, Eq_. (3J4) becomes 

,fj = < [{(j""1)Lp (Z'1)141}1, {v JK]r 

. 1 • (-) 

The following theorem can now be used 

<SJ(A) ^B) I (A) U" (3) > = <3(A) | (A)> (<[(B)|** (B)> (21) 
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Eq. (20) then assumes the final form 

WJ = 6L L ' 6L L ' 6LL' 6KK' ̂  I vttJ  ̂ ' (22) 
P P n n 

The interaction matrix elements are thus reduced to a summation over 

intermediate angular momenta and appropriate recoup ling coefficients 

times the two-particle matrix elements which are experimentally obtained 

from Sc. 

The success of these calculations in predicting energy levels, 

spectroscopic factors, and branching ratios for the fy/2 nuclci is quite 

well known. Fig. 1 shows the experimental and calculated energies in 

Sc. The experimental states have been separated, with those predicted 

by the shell model on the right, and other observed states on the left. 

(See Chapter V for a more complete description of these states.) 

Also shown are two recent calculations which include the entire 

f-p shell. These were made by McGrory aivJ. Kalbert [2] in one case, and 

by Simpson, Dixon, and Storey [3] in the other case. In both these cal-

'+0 
culations an inert Ca core was assumed. Use was made in both calcula

tions of the effective tv/o-body interaction calculated by Kuo and Brovm 

[U] for the f-p shell. Simpson et al. used single-particle energies 

from mass-Ul nuclei with the exception of the If , level. This was a]-
-V2 

hp hp 
lowed to vary to give a best fit to the levels of Ta and Sc. 

McGrory et al. used the single-particle energies from '̂Ca and adjusted 

the eight matrix elements of the form 

< (r7/2s)J,T|»1(f7/2!!)J'T > 
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3+ 
;+ 

2.0  5+ 

a> 

!>j 
« 
P r—h 
w 1.0 

3+ 

•t 

•3+ "J 

5+ 

7" 

3 
k+ 

3+ 

r1" 3 
5+ 

7+ 

3h" 
1+ 

-k+ 

-6+ 

V 
6+ 

o 

OBSERVED 

J-+ 

(f7/») 

Ref. [1] 

2+ 

J+ 
(fP) ' (fp)' 

Ref. [2] Ref. [3] 

Fig. 1. Calculated and observed excitation energies in ̂ Sc 
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to give a best fit to a selected set of observed low-lying levels in the 

A=h2-hk nuclei. 

Hole States 

As can be observed in Fig. 1 there are many low-lying states in 

hk Sc which are not accounted for by the shell model. In addition many 

of these have negative parity. Since both the f and p shells have odd 

liO 
an even number of particles outside the inert Ca core should lead to 

even parity states. The only way to account for the existence of these 

"wrong parity" states is to allow the excitation of a particle out of 

the core. 

To investigate what effect this might have on the nucleus as a 

whole, it is instructive to look at the energy levels in the shell, model 

as a function of deformation. (See Fig. 2). These results were calcu

lated by Nilsson [5], who extended the shell model by assuming a non-

spherical central potential. The particle Kairtiltonian used by Nilsson 

for the case of axial symmetry can be written as 

% = % + C t • B + D J&3 (23) 
p o v ' 

Here "H is an anisotropic oscillator Harniltonian given by 

The oscillator deformation is parameterized by 



1u 

lfr 7/2 

id 
3/2 

2s 

Id, 
1/2 

'5/2 

PROTGSS 
NEUTRONS 

©—e—x—, 

Fig. 2. Energy eigenvalues as a function of deformation for the ground 
state of '"Sc 

At large deformations the states are characterized by Q, the 
component of j on the nuclear symmetry axis. 
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(25a) 

ô 2 = coq2 ( 1 - ^ 6 )  , (25b) 

where 6 is a measure of the deformation. This parameter is related to 

the core deformation parameter 8, which is used in Fig. 2, by 6 m 0.yh6p 

The constants C and D in Eq. (23) are adjusted to fit the shell-model 

spacings for zero deformation. 

The general procedure in using a graph such as given in I'ig. 2 

is to find the distortion which leads to a minimum energy. For the 

uh-
ground state of Sc it can be seen that any energy lost by the f̂  ,, 

particles in distorting the nucleus is offset by the energy .increase of 

the particles in the d_,/o level. So the ground state favors a spherical 

shape. The situation changes, however, if a particle is excited up from 

the core. It is not unreasonable to expect a deformation in this case 

since there is now another particle in the f,-y0 level which loses energy 

on deformation and one less particle to increase the energy on the d̂ g 

branch. In addition, the energy gained by the pairing interaction par

tially compensates for the energy needed to excite the particle out of 

the core. So it is not unreasonable to expect these "wrong parity" 

states to lie reasonably low. 

A natural consequence of a deformed nuclcus would be the exis

tence of rotational bands. Evidence for a rotational structure in these 

"wrong parity" states has been found for other nuclei in the £.jj0 region 

It is not unreasonable, then, to look for a similar structure in Sc. 

This case is discussed in Chapter V. 
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A very simple calculation has been suggested by Bansal and 

French [6] for estimating the centroid of these hole states. The exci

tation energy for a single hole state in a nucleus with n particles in 

the f„ ,n shell may be written as 

Vf7/2n) = E xlf7/2n+1 * l,°Ca} „ [f7/2n X ',0caJ g.s. 
o o 

(26) 

The first term represents the energy of (n-i-l) particles in the f7 . 

1*0 
shell coupled to the Ca core with a ho3.e then coupled on to give tne 

total J,T of the state. Subtracting the ground state energy then leads 

to the excitation energy for the hole state. Following the procedure 

introduced by Bansal and French, this can be rewritten as 

ex(f7/2n) = e(j_1 x u°ca) + f-e(f7/2nkl x ll0ca)j t -e(lj°ca)i 

-E(f7/2 x Câ g.s. * Eint̂  X f̂7/2 ĴoTojJT + Cc * 

kk 
The first four terms, in the particular case of Sc, are just the 

; , ?,q l+r jj-o uu 
grouna-state binding energies for K, Ti, Ca, and Sc respectively, 

The fifth term takes into account the interaction between the hole and 

the (n+l) particles in the f̂  ̂shell. The last term is a Coulomb cor

rection for the d._y0 interaction. This is isolated so that the 

interaction parameters in E refer specifically to the nuclear inter

action. For 6̂  the value -UOO keV is taken fox- the interaction of each 

£rjj2 proton with the proton hole. 
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In general, any hole state is partially a neutron hole and. par

tially a proton hole. If the proton hole state is written as 

T 
x 

I (p-hole)rj, ) 
[(j<n+i)™) ° 

m-(n+l) 
2 

(d"1)1/2 

+1/2 

t 
(28) 

and the neutron hole is written as 

T 

| (n-hole)y > = | [(>K»-1))~0 (a"1)172 1 
z (m+l)-n -1/2 

t 
(29) 

then the general hole state can be written as 

| (hole)̂  ) = (to Tz- ||||T T%) |(p-hole)* ) 
z z* 

+  T z + l | - | l T T z >  | ( n " h o l e > ?  >  •  
z 

(30) 

)-!.]+ 

Consider nuclei with T-f , such as Sc. Then the Clebsch-Gordan coef-
z' 

ficients give, for the T=̂ T + l/2 sta.te, 

| (hole)* ) = j | (p-holc)J ) + 0 
f7. o 

(31) 

and for the T-TQ-l/2 state, 

| (hole)̂  > - ̂  | (p-hole)rj,̂  > 

. /2t+1 , , . _ vt s 
j2t +1 i (n-holc)-i' ) • 

* **"v <7 
(32) 
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w+ , k5 
In Sc, T=Tq+ 1/2 since Tq is the ground state isospin of TI, which 

is l/2. So the hole state must be a pure proton hole state. 

Following the procedure of Bansal and French [6], the two-body 

interaction term can be written as 

•ai} = A + B . (33) 

Here A represents the average two-body interaction energy and B repre

sents the difference between the T=T + l/'2 and the T=T - l/2 centers of 
o ' o ' 

gravity. The first tern must be properly i>/eighted to account for the 

number of possible interactions ((n+l) for a single hole), and a sign 

change must be included since the interaction involves a hole instead of 

a particle. So the interaction energy can be written as 

Eint {j"1 x <f7/2n+1)J T }j,T " -<1W1>A + I B[T(T+1)-T0(T0+D- |] 
'  o o '  

(3'ia) 

= -(n+l)A + | BTQJ T=TQ+ 1/2 (3'rb) 

= -(n+l)A - | B(TQ+1), T=TQ- l/2 .(3!tc) 

Thus the excitation energy for a hole state can be written as a two-

parameter equation. The parameters A and B are obtained from a best fit 

to the d̂ 2 hole states found by (d. Pie) and (p,d) on even Ti isotopes. 

Bansal and French quote the values A = -0.25 MeV and B = 2.8 MeV. 
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This procedure may also be used to find the centroids of the 

39 ŝ yg-hole states. Here the ground state binding energy of K must be 

replaced by the binding energy for the ŝ p-hole state. This is known 

to be at an excitation of 2.6 MeV in both K and Ca. The same ex

periment s which lead to the assignment of values to the parameters A and 

B for a J2 h°le can &lso he used for a hole. Bansal and French 

quote the values A « 0 - 0.02 MeV and B m 2.6 MeV. 

Fig. 3 shows the calculated values for the centroid of the dQ ,n-

hole states in the Sc isotopes. Also shown arc the experimental energy 

for the lowest lying hole state in each isotope. The experimental val-

kh -1-6 
ues for all but ' Sc and ' Sc are taken from Knot and van der Leun [?]• 

The value for ̂ Sc is from Lewis [8], and for l+Sc from the present ex

periment (see Chapter V). Experimentally it has been observed that a 

large part of the reaction strength is carricd by the low-lying hole 

states. This appears to be the case for the odd-even isotopes. For the 

odd-odd isotopes, however, it appears that the reaction strength is not 

concentrated in the lowest observed hole states. In particular, the 

centroids for the odd-odd isotopes are on the order of 1 MeV above the 

lowest-lying hole state. 

A more recent calculation has been made by Johnstone [93 for 

dhole states in scandium isotopes. In this calculation a basis set 

of states were formed by coupling a d̂  , hole to low-lying states of 
z/d 

neighboring Ti isotopes. The Ti wavefunctions were obtained by angular 

momentum projection from If 2p-shell Hartree-Fock intrinsic states. The 

particle-hole interaction was then diagonaliacd and led to energy eigen-

h3 hi 
values for the hole states. The results i'or Sc, 'Sc, and Sc shoved. 
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y+ 
reasonable agreement with experimental results. In Sc, however, the 

calculations led to six states between 1.0 and 1.2 MeV with no apparent 

order in the spin sequence. This may be indicative that a basis set of 

r39 5̂ i V+ 
states of the form 1 IC x Tij is not appropriate for Sc. 



CHAPTER III 

EXPERIMENTAL PROCEDURES 

Target Prcparation 

1|5 
Thin self-supporting targets of Sc were prepared by vacuum 

evaporation of metallic scandium [10]. To make thin self-supporting 

targets, the target material is evaporated onto a substrate, normally a 

pyrex glass slide or a sheet of mc-tal. A release agent, which dissolves 

in some solvent, is first put on the substrate to allow the target film 

to be separated from the substrate. The resulting film is then mounted 

on an appropriate target holder. 

i15 
The best release agent for Sc wo.s found to be a thin layer of 

BaClg initially evaporated onto the substrate. Prior to evaporation, 

the BaClg must first be heated over a bunscn burner 121 a pyrex beaker 

until all the water vapor is driven off. If this is not done, the BaCl0 

will jump out of the boat on initial heating. A standard Ta boat was -

used to evaporate the BaCln. If the evaporation is done too quickly, or 

if the substrates are too close to the boat, a white powder will result 

instead of a film. By placing the substrates at a distance of 18 cm 

from the boat and running for two minutes just above the melting point, 

a layer approximately 15 ixg/crn3 was obtained. This was found to be suf

ficient to allow the film to be easily stripped off in water. 

Scandium must be evaporated onto a heated substrate. If this is 

not done, the film will crack and peel due to the sudden cooling upon 

22 
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hitting the substrate. The standard procedure is to evaporate onto a 

substrate having a coefficient of linear thermal expansion as close to 

that of the target material being evaporated as possible. For scandium 

a good substrate would be nickel, electropolished to a smooth finish. 

It was found, however, that as long as the substrate was heated to 275-

300°C norma], pyrex glass slides could be used. Since BaClg has a melt

ing point of 900°C there was no problem in melting the release agent 

upon heating. The metallic scandium was quickly evajjorated from a 10 

mil. Ta boat with the opening squeezed to about 0.1 inch. After evapo

ration the slides were allowed to cool slowly down to room temperature 

while under vacuum. 

The thickness was measured by weighing the slid.es, before and 

after the evaporation, on a Mettler Model B6 analytical balance. Tar

gets from 75 (J,g/em2 to 125 p,g/cm"' were obtained. Since scandium reacts 

with water, the foils must be stripped off as quickly as possible. The 

foils were picked up on 15/32" by 9/16" Ta mounts with a 5/l6" hole in 

the center. By doubling the foils over the mount, targets having twice 

the thickness of the evaporated foils were obtained. Stacking two of 

the double-thickness foils together resulted in a target with a thick

ness of 500 p,g/aii3. 

Experimental Arrangem ent 

3 ++ 
The "He beam used in this experiment was accelerated by a 5.5 

MeV C1T Van de Graaff accelerator. At the time this experiment was con

ducted, a doubly-ioniacd source was not available. If a few precautions 

are taken, however, it is feasible to extract a doubly-ionized beam 



using the standard source. a brand new source bottle was used with all 

gases disconnected except for the ̂ He. The doubly-ionized component of 

the beam is maximized by running the bottle at a point where the dis

charge is just on the verge of going out. Under normal running condi

tions, it was necessary to accelerate a straight-through beam of 

O -J--J-
approximately 80 |jA to obtain an average He beam of 10-15 nA on tar

get. An energy of 10.5 MeV was selected by passing the beam through a 

90° bending magnet. The beam was then focused on target using a Spectro 

Magnetic Model 1050 quadrupolc magnet. 

Fig. U is a schematic drawing of the scattering chamber. The 

target holder had two positions available, one to hold a quartz piece 

for alignment purposes and the other to hold the target. The colligat

ing slits were made from 10 mil tantalum, with a l/k" diameter hole in 

each, mounted on lead supports. They were placed approximately 10" 

apart to reduce the possibility of any stray beam entering the particle 

detector. A Uo cm'1 coaxial Ge(Li) detector was placed at an angle of 

90° approximately 1 cm from the target. This detector had a peak-to-

Compton ratio of 31:1 with a resolution of 2.18 keV FVJHM at 1.33 MeV. 

The Si detector was placed at an angle of 50° 1" from the target. A 

300 p,-thick fully depleted detector was used having an area of 50 mm3 . 

This allowed cv-particles with energies up to 22 MeV to be stopped while 

any signal from the energy lost by protons find deuterons fell well below 

the elastic peak. Adjustable Ta slits were placed on the front of the 

detector. They were placed close together to reduce the kinematic 

broadening for a high resolution run and then spread apart again to op

timize the counting rate in the coincidence run. 
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Electronics 

The electronics used in the a-y coincidence measurement are 

shown in Fig. 5. A unipolar pulse, whose amplitude is proportional to 

the energy deposited in the detector, is obtained through a standard 

preamplifier-amplifier system for each detector. The Tennelec 203 BLR 

amplifier used on the gamma-leg has a base-line restorer and pole-zero 

cancellation built in. These devices minimize the effect of any under

shoot or overshoot on the amplitude of the following pulse by forcing 

the original pulse back to the base line in as short a time as possible. 

The pulses are sent through appropriate timing delays into their re

spective analog-to-digital converters. The delays were set such that 

the two amplitude pulses and a timing pulse which opens the coincidence 

gate would all arrive at the same time. 

There are two standard methods of deriving a timing pulse. 

These are illustrated in Fig. 6. In both methods a time mark is gener

ated by an amplitude sensitive discriminator. For leading edge timing 

the discriminator is triggered, at a pre-set threshold, usually selected 

to be just above the system noise. In crossover timing a doubly-

differentiated bipolar pulse is needed. The discriminator triggers on 

zero amplitude after an initial threshold trigger has been set. Two 

basic causes of timing uncertainties occur. These are illustrated in 

Fig. 7 for the case of leading edge timing. The first, referred to as 

jitter, is due to noise in the signal or discriminator circuit. The 

second, referred to as walk, is due to variations in amplitude of the 

incoming signal. One way of decreasing the latter uncertainty in 
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leading edge timing is to amplify the signal greatly and set the thresh

old as low as possible. This uncertainty is much less severe in the 

crossover method since the crossover point, in theory, is independent of 

amplitude. 

The timing mark for the particle side is obtained after the amp

lifier using a timing Single Channel Analyzer. The TSCA uses the cross

over method with zero crossing detected for those pulses having an 

amplitude between choscn limits set by the E and AE dials. In this 

experiment only a lower limit was set at a point just above the elastic 

peak.. This eliminated a large number of urn-;'anted coincidence events 

which would waste space on the magnetic tape. 

The tiining on the gamma side is somewhat more complicated be

cause of the pulse generated by a Ge(Li) detector [ll]. (See Fig. 8). 

The rise time will vary for a pulse with a given amplitude depending on 

where the electron-hole pairs are created inside the crystal. This 

leads to serious walk problems in both methods of timing. Recently a 

new method has been developed for timing with Ge(Li) detectors referred 

to as the amplitude and rise time compensated technique [12]. This 

method is used in the Ortec Model 1*53 Constant Fraction Timing Discrimi

nator. Fig. 9 illustrates the general procedure involved. A negative 

input signal is split into two paths. Along one path the signal is in

verted and delayed by a time T . Along the other path the signal is 

attenuated to a fraction f of its original height. These two signals 

are then added together. As can be seen in the lower half of Fig. 9, 

where only the two extreme possibilities in rise time are indicated, 
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the zero crossing point is independent of the pulse height and the rise 

time. A zero-crossing discriminator is triggered at the zero-crossing 

point to provide the time mark for the signal. 

The two timing signals are then used to start and stop a Time-

to-Pulse-Height Converter. Fig. 10 illustrates a typical output from 

the TPIIC. Using the ARC technique, a TPIIC peak having a FWIIM of 25 ns 

is obtained. A TSCA is used to set a window of approximately 200 ns 

over the true coincident peak. Another TSCA is used to set a window 

over an equivalent region of the background. A timing signal through 

either of these windows will open the coincident gate on both ADC's al

lowing the associated amplitude signal from both detectors to be stored 

as a coincident event. If the timing signal passes through the random 

TSCA, the corresponding coincident event is given a random tag. In re

trieving the data one must specify either real or random events. It is 

then possible to subtract away the random background leaving a clean 

spectrum of true coincident events. 

Data Acquisition 

A Northern Scientific data acquisition system, employing a Data 

General Nova 1200 computer, was utilized in this experiment. (See Fig. 

11). The NS-621+ Analog-to-Digital Converter accepts the analog signal 

from the amplifier and converts it into a binary address proportional to 

the peak amplitude of the input signal. A 13-bit scalar is used which 

provides resolution up to 8192 channels. The ADC can also be run with a 

conversion to 512, 102U, 2O'l0, and U096 channels. To maximize the ener

gy resolution, the full 8192 channels were used in the gamma ADC. For 
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the particle ADC, 20̂ 8 channels were sufficient. The system is operated 

in a two-parameter acquisition mode using the NS-6H2 Two-Parameter Adap

ter. This allows the signals from each ADC to be stored together as a 

(x,y) coincident event. In addition, each event is given a real or ran

dom label. 

The digital output is sent into a NS-636 Pulse-Height Analyzer 

having an 8l92-channel capacity. During data acquisition, a buffer mem

ory unit in the NS-636 is used which is capable of storing 512 single 

events or 256 coincident events. When full, the memory is cleared onto 

magnetic tape and then resumes data acquisition. In this manner, the 

entire (x,y) array may be stored during the run for subsequent data 

analysis. The data exchange between the NS-636 Memory Storage Unit, the 

KS-U08 Series Magnetic Tape Control units and the Data General Nova com

puter is provided by the I\S-UUo Computer Interface unit. 

It is possible to operate the pulse-height analyzer in a two-

dimensional, (x)(y) = 8192, array or in a one-dimensional mode with 8ly2 

channels. The computer is programmed to allow a single 8192-channel 

spectrum, two Uo?6-channel spectrum, or four 20U8-channel spectrum to be 

analyzed at the same time. To reca].l the data one must specify the de

sired windows on either the gamma or particle spectrum. The computer 

searches through the tape for the X or I coordinates within the window. 

The corresponding Y or X coordinates are recalled into the pulse-height 

analyzer and displayed as the d.esired coincident spectrum on an oscillo

scope. If more than one coincident gamma spectrum is desired at the 

same time, the computer compresses the original 8192 channels by a fac-

"tor of two or four. 
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During the run up to four independent windows may be set to mon

itor the progress of the experiment. After the run has been terminated, 

it is jjossible to reset the windows on either the a or y spectrura as 

many times as is desired. One need only search through the magnetic 

tape for each new set of windows. This implies that one may rerun a 

long coincident experiment, which may take several days, with a differ

ent set of coincidence gates opened in a matter of minutes. 

In addition to storing the coincident events during the run, any 

spectrum currently in the analyzer may also be stored on the tape. This 

allows a complete record of the experiment, including calibration spec

trum and single particle and gamma spectrum, to be stored. 

Calibration Procedure 

The surface barrier detector was calibrated by drawing the best 

straight line through three known particle energies. A point at 5.'+77 

MeV was initially established with the well known alpha particle from 

 ̂'~Atn. Ilext a "high resolution" (see Chapter IV) ̂ Sc(""'Hê  'sc run 

was taken. This gave calibration points at approximately 10 MeV from 

•3 
the elastic He peak and at .1.8.5 MeV from the aQ peak. The last two 

q 
energies were calculated for an angle of 50° from the known "lis incident 

energy and a reaction Q-value of 9*258 MeV. 

Although the energy response of a Ge(Li) detector is reasonably 

linear over a rather large range, especially above 1 MeV, an error of 

several keV at lower energies is quite common when one tries to fit a 

best straight line through the calibration points. To obtain the best 
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possible gamma energies this slight nonlinearity was not ignored. Four

teen calibration points were taken using "'"̂ Ba, ̂ Na, and ̂ Co. These 

energies are given in Table 1. A calibration curve was drawn through 

the centroids of these calibration peaks. The error in the gamma ener

gies from the coincident spectrum is estimated to be ± 1 keV, using this 

calibration curve. This is based on the fact that four known energies 

in the coincident spectrum at 68 keV, 511 keV, 889 keV, and 1120 keV 

were all fitted to less than 1 keV. Calibration spectrum were taken 

both before and after the coincident run to check for any gain shifts. 

None was found over a period of a week. 

A relative efficicncy curve for the Ge(Li) detector was eatab

le lished using the known relative intensities of the ga.im;ia rays from Ba, 

22 2k 60 
Na, Ha, and Co. These are also given in Table 1. This curve was 

used to normalize the intensities of the g&nirna rays observed in the co

incident spectrum. The uncorrected intensities, C, were obtained by 

subtracting the background counts, B, from the total number of counts 

under the peak, N. The error is given by 

oc = JN + |  B (35) 
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Table 1. Gamtia-ray energies and relative intensities used in 
calculating energy calibration and relative photo peak 
efficiency curves 

Source Energy Relative internsity 

30.89 ± o
 

h
 

00
 

129.0 ± 9.0 
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CHAPTER IV 

EXPERIMENTAL RESULTS 

Single-Particle Spectrum 

1+5  . 3  , ) f l+  
In a low cross-section reaction such as Sc( Ke,ry) Sc a com

promise must be made between energy resolution and counting rate. Since 

the present experiment makes use of the coincident gamma rays to identi

ty 
fy states in Sc, the alpha resolution was sacrificed in favor of an 

increase in counting rate. Unfortunately, this makes it hard to identi

fy the -particle states over which a coincident gate is to be set. To 

partially get around this problem an initial "high resolution" run was 

made to look at just the particle spectrum. The purpose of this run was 

to locate roughly the location of the states being directly populated, 

as well as to estimate their relative intensities. 

The experimental arrangement was essentially the same as in the 

coincident run and has been described in Chapter III. The run v/as taken 

3  over a period of 17 hours with an incident He energy of 10.5 MeV. To 

improve the resolution a target having a thickness of 100 ^g/cm2 was 

3  
used. This led to an energy loss of about 30 keV for 10.5 MeV He going 

u5 
through Sc. Adjustable Ta slits in front of the detector were set at 

l/2 mm. This reduces the effective area of the detector to about 10% of 

the total area, greatly reducing the counting rate. However, with the 

detector at a distance of 1 inch from the target, the angular spread for 

the alpha particles is decreased to about 2°. This cuts the kinematic 



broadening down to about 60 keV. In addition to the broadening due to 

target thickness and. kinematic effects, the resolution of the detector 

must also be considered. Normally, without special procedures being 

followed such as cooling the detector, the resolution for surface bar

rier detectors is on the order of 30-50 keV. So the overall energy 

resolution for this run is estimated to be 80-90 keV. 

h.5  , 3  .  1 | .1+  
The Sc( He,or) Sc reaction has also been studied by Rapaport 

et al. [13] at an incident "'He energy of 13.0 MeV using a magnetic spec

trograph with an overall energy resolution of 30 keV. Eighteen states 

below 3 MeV were identified. These results were used to determine which 

i+i4 
states in Sc are directly populated with this reaction. 

Fig. ]2 shows the results of the present experiment. The states 

below 1 MeV are reasonably well identified. Between 1 and 3 MeV the 

states identified by Rapaport et al. were located using the energy cali

bration curve. The energies up to the state at 1053 keV are those de

termined in the present experiment from the coincident gairria spectrum. 

Above this the energies are those given by Kapaport et al. with an esti

mated error of ± 20 keV. 

There is reasonable agreement between these results and those of 

Rapaport et al. In particular the strongest state directly populated is 

+ 
the 7 state at 970 keV. Also noticeable is the fact that nine of the 

first ten states directly populated (the tenth state being that at 

keV) are those which are attributed to pure shell-model states. These 

+ have been indicated in Fig. 1. The 0 isobaric analog state to the 

)|1|. 

ground state of Ca is also observed at an energy of 2763 keV. A more 

complete description of these states is given in Chapter V. 



oq 

lo 

COUNTS 

o 
ro 
o 

lo 
o 

-P-
o 

> 

•3" p) 
m 
ro 
o c+ 

t-lj 

§ 
c+ 
£3 (0 
•£-vj) 
w 
o 
u) h"* 

•f 
uf~~ 
o 

(d 
fj 
a 
ci-
h-
o 
3 

H •p-
o 
o 

- 300^1 
-2907 

w 

[l • -es — 2696 
srrzn .2581t 

? - 2763 £ 

vj1 
o o 

h o 
\J\ 

cd 
<5 

- 2210 
- 2110 

h 
vn 
o 
o 

1682 

- 1531 
— 1u2i+ 

-1106 

- 1053 

-P" \j1 
m o 
u) 
& cd 

-p-
-p" 

01 
o 

970 

H ct\ 
£ 0 g o 

I 
0 
tr< 

I 
s 
m 
w 

*? 667 

- 3^9 
— 271 

:zs 

— 0 

a_ 

5't 



Coincidence Spectrum 

The a,lpha-gamma coincidence measurements were conducted over a 

3 period of 100 hours at an incident He energy of 3.0.5 MeV. During this 

period the average beam on target varied between 10 and 15 UA . The tar

get thickness was increased over the singles run to 500 jxg/cm2 . To in

crease the counting rate the detector slits were opened to *!• mm. This 

allowed, approximately 70$ of the detector area to be exposed and led to 

a kinematic broadening of about 250 keV. The total energy resolution is 

estimated to be on the order of 300 keV. An average count rate of 1000 

coincident events per hour (including both real and random events) was 

obtained. The experimental arrangement and associated electronics has 

been described in Chapter III. 

Figs. 13 and lU show the resulting coincident gamma rays for the 

real and random coincident events. Only three prominent gamma rays were 

observed in the random spectrum. The 5U-keV peak is to be expected in 

any gamma spectrum background. The other two peaks at 889 keV and 1120 

h'} 3 ii6 • " 
keV come from the Sc(~He,d) Ti reaction. This reaction has a rather 

large cross-section and leads to the excitation of the first two excited 

states of +̂ Ti at 889 keV and 2009 keV. The 2009-keV state decays via a 

1120-889 cascade to the ground state. Except for t?iese three peaks the 

coincident spectrum appears rather clean. No evidence could be found 

for any other gaimsa rays resulting from contaminants or other reaction 

products. All other prominent gammas observed in Fig. 13 were associ-

kk ated with transitions in Sc. 

In principle, a particle-gamma coincident experiment is quite 

simple. One merely places a gate over the appropriate particle peak and 
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obtains the coincident gamma rs.ys from the state. Once background tran

sitions have been identified, it is a relatively simple task to con

struct a decay scheme for the state in question. The states directly 

populated in the reaction are studied one by one and a decay scheme for 

the nucleus is obtained. Of course, not all states may be populated 

directly, but some of these may be indirectly populated in the decay 

process. 

kk In nuclei such as Sc, where the level density is quite high 

Ml-
(approximately sixty states have been identified in Sc below 3 MeV), 

one obvious problem presents itself. It may not be possible to isolate 

every state being directly populated. This is not a, great problem for 

the low-lying states where the number of possible decays is rather lim

ited. However, at higher levels an increasingly larger number of pos

sible transitions for a given gamma ray become available. This, plus 

the overlap of states being directly populated, places an upper limit on 

the decay scheme that may be obtained. 

The energy dependence of electromagnetic transitions in"nuclei 

is quite well known. The most favored initial transition from a high-

lying state is a large energy transition down into the low-lying states. 

It is also well known that the efficiency of Ge(L'i) detectors decreases 

quite rapidly as a function of energy. Thus, in low counting-rate ex

periments, such as the present experiment, where the resulting statis

tics are rather poor, it becomes hard to identify the high energy 

initial transition from higher-lying states. 

In the present experiment, an upper limit on positive identifi

cation of directly populated states and their decays was reached at 



1 MeV. Above this level, the states were sufficiently weakly populated 

that the initial transition was lost in the background. 

As the directly observed states below 1 MeV are all positive 

parity states associated with a (f^ configuration, their branching 

ratios may be compared with the branching ratios calculated using the 

MBZ wavefunctions described in Chapter II. These results are illus

trated in Fig. 15. The only discrepancy appears to be the 1053-keV 

state. This state was directly populated with sufficient strength for 

the branch to the 271-keV level to be observed if it carried as much as 

10/o of the total strength. Three states were not observed, although 

they are directly populated in this reaction. The isomeric state at 271 

keV would not be expected to appear in the coincidence spectrum. The 

states at .1186 and 1532 keV, apparently, were not populated with suf

ficient strength for their decay to be seen. 

If it were possible to isolate each state above 1 MeV which is 

directly populated, then one might be able to infer, in some cases, the 

initial transition by observing the secondary decays through the low-

lying states. This did not prove feasible in the present experiment due 

to the poor energy resolution and resulting overlap of states. It is 

possible, however, to extract additional information on the low-lying 

states using the following arguments. As the coincident gate is moved 

upward through the states being directly populated, low energy coinci

dent gamma rays are observed. These, most likely, are the result of 

secondary transitions through the low-lying states. In addition, many 

of these gamna rays are repeatedly observed, as the coincident gate moves 
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upward. The only reasonable explanation for this is that these gammas 

represent the same final transitions for many different decay sequences. 

They would most likely correspond to transitions between the lowest ir.en-

bers of low-lying rotational bands or transitions down from rotational 

band heads. 

Based on these arguments, an attempt was made to fit all the 

pajamas observed in Fig. 13 into a self-consistent decay scheme. Several 

obvious criteria must be satisfied in assigning the observed gammas to a 

given transition. The transitions must be consistent with any known 

spins and parities of the states involved. There must be consistent 

energy agreement between all assigned transitions. In addition, any 

branching must lead to gammas which are always seen together with the 

same relative intensities. These criteria proved sufficient to identify 

ifl; 
tne main gamma rays seen xn Fig. 13 with 1c,7-lying transitions in 3c. 

Fig. 16 shows the results obtained. The energies given are those re

sulting from the present experiment. Spins and parities have been 

assigned which appear most consistent with prcvious experiments as well 

as the present experiment. These assignments, and their implications, 

are discussed in Chapter V. 

Branching ratios could not be obtained in the present experiment. 

To obtain branching ratios the relative intensities must be averaged 

over all angles. The relative intensities observed at r.n angle of 90° 

are given in Fig. 16. Care must be taken not to confuse these results 

with true branching ratios. In particular, the discrepancy observed in 

Fig. 15 for thft 1053-kcV state may just reflect an angular fluctuation 

in the relative intensities. 
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CHAPTER V 

DISCUSSION 

The present results alone do not provide sufficient information 

on -which to base spin and parity assignments. These results do, however, 

impose restrictions on the assignments made through other direct reac

tions. Before investigating these results, it is instructive to examine 

the basis on which spin and parity assignments are made in direct reac

tions . 

Selection Rules for One-and Two-Particle 
Transfer Reactions 

liu 
Most of the previous investigations of Sc have been through 

one- or two-particle transfer reactions. (See Tables £> 3 for a survey 

i|l|. 
of the most recent work on Sc). VJhere direct reaction processes domi

nate, these reactions exhibit characteristic angular distributions for 

the outgoing particle as a function of the angular momentum transferred. 

Since the reaction proceeds from a target with a definite spin and pari

ty to a specific final state, the angular momentum transferred must be 

consistent with angular momentum and parity conservation. This leads to 

certain selection rules for the various reactions a.nd allov/s, in many 

cases, for a definite parity assignment and a restriction on the possi

ble spin for the final state. 

For the case of a simple single-particle stripping or pickup re

action, the following selection rules hold, 
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kk 
Table 2. Some previous work on Sc 

Higher excited states are also observed in these reactions. 

^sc^he^a)8, 

E(keV) n 

^Sc(d,t)b 

E(keV) n 

lK3Ca(3He,d)° 

E(keV) A 

**3„ t  sd  Ca(p?,v) 

E(keV) 

0 3 0 3 0 3 

269(20) 3 271(5) 3 27*1(6) 3 
3^(20) 3 353(5) 1+3 35M9) 1+3 3^(20) 

u27(8) 2 1429(13) 1+3 
521(11) 

632(5) 2 637(6) 0 

65^(20) 3 669(5) 3 671(10) 3 

756(20) 3 765(5) 3 760(7) 1+3 

976(20) 

3 

3 

10^3(20) 

1181(20) 

1^20(20) (2) 

1531(20) (2) 
(3) 

1682(20) 2 

See Ref. [13]. 

bSee Ref. [lU]. 

CSee Ref. [15]. 

^See Ref. [l6]. 

97l(l0 

1012(10) 

1056(5) 

1187(7) 

11*15(10) 

1532(5) 
1560(5) 

(0),(0+2) 

1+3 

1+3 

980(10) 3 

1058(12) 1+3 

1197(8) 1+3 

1+3 
0+2 

1^33(18) 
1512(9) 
1537(11) 

i65i1 (10) 0 
1688(6) 2 

1653(12) 
1683(9) 

1+3 
1+3 
1+3 

1598(13) 1+3 

1 
2 

0 
68 

Ik 6 

236 
271 
350 
j-125 
532 
632 
61+2 
66 7 
7^5 
763 
830 
87h 

986 
1007 
1027 
1052 
1106 

1186 
1196 
1325 

1^27 
1507 
1532 
1567 
1595 

1681 
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Table 3. More previous work on Sc 

Higher excited states are also seen in these reactions. 

^Ca(3He,t)a i|2Ca(3He,p) 
b t̂ Ti(d,of) 

c 

J" E(keV) L E(keV) L E(keV) L J" 

0 2 0 2 0 2 2+ 

68(4) (1) 1" 
146(4) (5) (o+) 

234(5) 237(3) 1 2" 
271(5) 6 ' 270(20) 272(3) (6) 6+ 

353(5) 4 360(20) 4 352(2) (*0 4+ 

4-17(5) 427(3) (3) 3" 4-17(5) 
535(3) (2,3)" 

631(5) (3,4)" 

670(5) 0+2 680(20) 0+2 666(2) 0 l+ 

767(5) 
n 

2+4 765(2) 2 3+ 

970(5) 6+8 969(2) 6 t  970(5) 
980(20) 2+4 3+ 

1055(5) 4+6 1070(20) 4 1052(2) 4 5+ 

llU2(5) 1144(2) 0 l+ 

1187(5) 2+4 1186(2) 2 3"' 1187(5) 
1210(20) 1196(2) 5 (5") 

1329(5) 1325(2) oo 

lU20(5) 1426(2) 2+4 3+ 

k+6 
1517(8) 

5* 1536(5) k+6 1550(20) 1532(2) 4 5* 
1565(4) 

1627(5) 1610(20) 
1652(H) 

1700(20) 1684(2) (5) 5" 

aSee Ref. [17]. 

bSee Ref. [l8]. 

CSee Ref. [19]. 



5^ 
-> -4 -4 -i 
Jf = Ji + j = Ji + £ + B 

"f = ni (~^ * (37) 

Here JL designates the angular momentum transferred in the reaction. The 

shell-model orbitals of interest in the *7/0-shell nuclei are the 

2s(A=0), 2p(£=l), ld(jJ=2), and lf(£=3). Hence the i, value obtained also 

indicates which orbital the particle is stripped into or picked up from. 

The case for a two-particle transfer is only slightly more coru-

pli cated. Here the selection rule on the total orbital angular momenta, 

L, transferred in the reaction is given by 

—> -fr •+ 

Jf - J± + L + s . (33) 

The connection of L .with the single-particle states into which the nu

cleons are stripped or from which the nucleons are picked up is given by 

L = S, + (39) 

and. 

L + S ~ J = 

There also exist spin selection rules for the various two-particle 

transfer reactions. These are 



S = 1 , for (a,d) 
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(Hla) 

S = 0 , for (^He,n) and (t,p) (^lb) 

S = 0,1 , for (^Iie,p) and (t,n) (^1°) 

These same selection rules hold for the inverse reactions. The 

connection of L with the parity change is given by 

 ̂TTf = (-1)L (k2) 

This can be shown in the following way. The parity change is 

obviously given by 

I +a 
rr. rrf = (-1) 1 2 (U3) 

This can be rewritten in terms of the relative and center-of-mass 

angular momenta of the transferred nucleons as 

™i nf = = (-1) (^) 

Now the nucleons in the incident and outgoing particles are in the low

est state (i.e., = 0)> so "kh® transferred nucleons must also have 

A n = 0. Then 
rel 

L ~ Arel + ACM = ^CM 
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and Eq. (1+2) is justified. For a target nucleus having a ground state 

spin of zero, Eq. (3S) reduces to 

j f = l . + s  ( u 6 )  

Then the final spin is usually given by L, L ± 1. 

In the case of Sc, the (He,a), (d,t) and ( He,d) reactions 

all start from a 7/2 target nucleus. Eq. (37) implies a positive pari

ty assignment for odd values of £ and a negative parity assignment for 

•3 
H even. For the ( He,p) and (d,a) reactions, the target nucleus has a 

0*" ground state. Eq. (k2) then implies positive parity for L even and 

negative parity for L odd. In addition, the spin is restricted to the 

values Lj L ± 1. If two L values contribute, the spin is uniquely de

termined. 

In the following two sections the results given in Tables 2, 3 

along with the present results summarized in Fig. 16, are compared. 

Spin and parity assignments, along with possible state configurations, 

are discussed for most of the observed states below 10.05 MeV. 

Spherical States 

The Ground State and 
271-keV State 

Those states have been assigned spins of 2 and 6 respectively by 

Harris and McCullen [20], using the atomic beam, magnetic-resonance 

method. They are both populated by Z=3 angular momentum transfer in the 

neutron pickup and proton stripping reactions, indicating a pure (f v,)*4 
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configuration. Both the one- and two-particle transfer reactions assign 

positive parity to these states. The 271-keV state is an isomeric state 

with a half-life of 59 hours and, consequently, is not seen in the pres

ent experiment. 

The 3*+9-keV State 

This state is observed with X=3 and a small £,=1 admixture in the 

O "2 
( He,d) and (d,t) reactions implying positive parity. The (~>He,p) and 

(d,or) results indicate a spin of 3, ^ or 5. Since this state decays ex-

'i* 
clusively to the 2 ground state, a spin of 5 is not likely. This state 

. j. 
is the most likely candidate for the U state predicted by the shell 

model (see Fig. l). 

The 667-keV and 
970-keV States 

These states both show pure angular momentum transfer in the 

i4. 
neutron pickup arid proton stripping reactions, indicating a purs 

configuration and positive parity. The (d,o;) results indicate a 1+ as-

signment to the 6&7-keV state and favor a 7 assignment to the 970-keV 

state. A 7+ state around 1 MeV is also predicted by the shell mode], 

(see Fig. l). These assignments are consistent with the gamma decays 

observed in the present experiment. It should be noted that a state at 

980 keV is strongly populated in the (^He,p) reaction with an L=2 + 1+ 

admixture, indicating a 3+ assignment. A state at 986 keV is also seen 

in the (p,y) experiment. Thus it appears likely that a 3+, 7+ doublet 

exists around 98^ keV. 
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The 765-key and 
1053-keV States 

Both the single-particle and two-particle transfer reactions 

indicate positive parity for these two states. The (d,a) results and 

the observed gamma decays favor a 3 and 5 assignment respectively. 

+ + 
They appear to be the most likely candidates for the first 3 and 5 

states predicted by the shell model (see Fig. l). The 1053-key state is 

the only state seen below 1.6 MeV in the ( He,d) reaction with an ap

preciable p-shell admixture. This may account for the discrepancy ob

served in Chapter IV between the calculated and observed branching 

ratios since the calculated results were based on a pure f^,^-she 11 con

figuration . 

The 1186- and 1532-keV 
States 

Gamma decays from these states were not observed in the present 

+ -h 
experiment. Other experiments, however, suggest a 3 and 5 assignment 

respectively. These states appear as likely candidates for the second 

3 and 5 shell-model states (see Fig. 1). 

Hole States 

Other nuclei in this region exhibit rotational band structure 

among the hole states satisfying the l(l-i-l) level spacing rule. For 

odd-odd nuclei, the band-head spins are given by 



Here Q represents the component of j on the nuclear symmetry axis (see 

Fig. 2). Two different bands, each decaying within itself, should occur 

uu < 
for a given U and L^. In Sc, = 3/2, and if} most likely equals 3/2 

or l/2. This leads to possible (0 ,3 ) or (l ,2 ) bands. 

Fig. 17 illustrates the garaaa decays from the negative parity 

states seen in this experiment. A discussion of these levels follows. 

The 68-, 23^- and 
U2U-keV States 

The 68-keV and 23^'— keV states are not seen in any single-

particle transfer reactions and are only weakly seen in the (d,-y) reac

tion. This reaction indicates an L=1 angular momentum transfer to both 

states which implies a negative parity and a maxirnura spin of 2. A nega

tive parity assignment to the 68-keV state is also favored by the ob

served log ft ,0 value (> 8.5) for the |3-decay to this state from the 0+ 

li 
ground state of 'Ti. The l+2l+-keV state is seen in the (£-}a) reaction 

as well as in the (d,t) and (JHe,d) reactions. Again the angular momen

tum transfer indicates a negative parity assignment. The ganxna decay 

scheme in Fig. 17 favors a 1 , 2 , and 3 assignment to these states 

respectively. They appear to be members of a 1 rotational band with 

6E(= fts/2^- ) - *+0 keV. This is consistent with moments of inertia ob

served in other nuclei in this region. An extention of this band up

wards leads to a predicted 4 state at 790 keV and a 5" state at II90 

keV. Two states at 830 and 87'+ keV have been observed in the (p>v) re~ 

action. One of these states may be a possible candidate for the *+" mem

ber of this band. A high spin negative parity state at 1196 keV has 
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been identified in the (d,a) reaction. This would fit very nicely as 

the 5~ member of this band. 

The lU6-keV State 

This state is perhaps the most curious state in Sc. It is 

only weakly seen in the (d,fy) reaction and is not observed in any other 

particle transfer reactions. The absence of any observed gamma decay;? 

to this state indicates a configuration different from that of the other 

observed negative parity hole states. A reasonable explanation for all 

the observed properties of this state can be obtained by assuming a two-

*t "v 
hole configuration. This would lead, to rotational bands with 0 and 3 

band heads. A o"1 assignment to'this state appears most reasonable. 

i|ji 
This would indicate an allowed ,}--decay from the Ti ground state. The 

observed log value of 6.5 is not unreasonable as this is an iso-

-J- - -J-
spin forbidden decay. A 2 , 1 , 0 assignment for the first three 

states is also consistent with the dipole characteristics observed for 

the 78-68-keV cascade down from the l'46-keV state. 

The 5£9-keV State 

This state is observed in th? ( He,d) and (d,cv) reactions. The 

observed gamma decays impose an upper limit of U to the spin. A very 

tentative L=3 fit was four.d in the (d,a) reactions, if this is the case 

an assignment of (2,3?^) could be made. The IT assignment appears un

likely as this would imply an V£ transition to the ground state. The 

existence of a l" band starting at 68 keV implies ar; associated 2" ba.nd 

should also exist at lower energies. It is possible that the 529-keV 

state is the band head I'or this rotational band. The gamma decays are 



certainly consistent with the expected decay from a rotational band 

head. 

The 630-keV State 

•3 
This state is observed in bcth the (d,t) and ( He,d) reactions. 

3 It is not seen, however, in the (d,o;) or ( He,p) reactions. An 1=0 

3 angular momentum transfer, observed in the ( He,d) reaction, indicates a 

(3>'0 assignment. This is consistent with the observed gamma decays 

which limit the spin to 2, 3? or If a single proton hole configura

tion is assumed, this state could be identifisd with the 3" band head 

arising from a - 3/2 proton hole. However, the observed I-2 angular 

momentum transfer in the neutron pickup reaction and the Z-Q transfer in 

the proton stripping reaction indicates a neutron-proton hole admixture 

for this state. In addition, the proton hole is apparently a 2a^jn-

hole. More information is obviously needed to clarify the nature of 

this state. 

Conclusions 

There are two possible single proton hole configuration which 

could account, for a 1 band starting at 68 keV. The obvious configura

tion would be a 2z^/p Prô on hole. However, the Bansal-French calcula

tions indicate the s^y^-hole states to lie approximately 2 MeV above the 

d^g-hole states. The s^^-hole states do appear to lie significantly 

higher than the d0 ,,,-hole states in other nuclei in this region. An-

other possibility exists. At large deformations, where j is no longer a 

good quantum number, the d state splits into two components having 
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Qp = 1/2 and 3/2. So the proton hole could come from the 0^ = l/2 mem

ber of the orbital. 

Another possibility which leads to a 1~ band is a 3-ho.le config

uration. This would lead more naturally to a ft = l/2 proton hole. A 

3-hole configuration would not be inconsistent with the characteristics 

of the 68- and 23^-keV states. However, it would be hard to explain why 

the J+24-lteV member is excited in both single neutron pickup and proton 

stripping reactions. 

Assuming a two-hole configuration for the 1^6-keV state, other 

positive parity states nay well exist at lower energies with this same 

configuration. These, most likely, would be as hard to excite as the 

ll+6-keV state. It is interesting to note that the (p,Y) reaction as

signed eleven states below 3 l-'sV which had not been seen before. Some 

of these may well be two-hole states. 

Although many of the observed states below 1.1 MeV can be as

sociated with spherical shell-model states or simple one-hole states, 

the evidence for more complicated configurations occurring is quite 

strong. Further investigation of the low-lying gamma decays would prove 

quite useful. 
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