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ABSTRACT

States in 2CAl below 4 MeV excitation were studied by detection
in coincidence of protons and gamma rays from the reaction 2l"M'g(BHe.py)26Al
(Q = 5.92 MeV), Gamma-ray angular distributions were measured for bome
barding energies of 5.3 and 6.0 MeV. Branching ratios generally were
in good agreement with other particle-gamma coincidence measurements and
did not agree well with resulis of proton-capture studies.

Spin values J=1 were obtained for an excited state at 1.852 MeV,
one of thg states at 2,07 MeV and the state at 2,740 MeV, J=2 was found
for the level at 3,159 MeV,

The Nilsson model for odd-odd nuclei and a mixed configuration
shell model were used to predict energy levels of 26A1. Both models were
able to give fair agreement with experimenﬁ for the ground and first few
excited states, Some electromagnetic transition probabilities were cal-

culated using the shell model wave functions,
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I. BACKGROUND

Measurement of electromagnetic properties of bound states in
nuclel is a useful, if indirect, method for studying nuclear forces,
From such measurement it is posgible to determine spins, parities and
excitation energies of nuclear levels, as well as electric or magnetic
moments and electromagnetic transition rates, without reference to a
particular theory of nuelear interactions. The link with nuclear theory
is through comparison of these measurements with predictions of some
model for the nucleus,

In this work electromagnetic decay properties of levels in 26A1
were studled. 26Al. an odd-odd nucleus near the middle of the sd shell,
is a difficult case to treat with either the shell model or a collective
model, Model calculations applied to 26Al have tended to be parts of
more general surveys, with no consideration of electromagnetic proper-
ties, It is of interest to compare models which apply to 26A1 to try to
decide, for instance, whether the nucleus is permanently deformed, as
its even-even and odd-A neighbors appear to be.

The first extensive studies of excited states in 26Al were by
charged particle spectrometry or by the gamma rays resulting from proton
capture. More than twenty excited states of less than 4 MeV excitation
were found by reactions zuﬁg(r.p)26Al (H159), 27A1(r.a)26A1 (Tab0a) and

)26

2SSi(d,a Al (Br59). Gamma ray studies used the capture reaction



25Mg(p,y)26Al (Gr56,Mub0,Neb2,Ho63,Bi64)., Because of the complexity of
the gamma-ray decay scheme and the relatively poor resolution of the
NaI(T1l) detectors, gamma ray spectra obtained in the proton capture
experiments were difficult to interpret, Gamma-ray branching ratios as-
signed to levels above 2 MeV excitation in various proton capture studies
differed from one another and from more recent coincidence measurements.
Spins of the ground state and first and third excited states were deduced
from observation of beta decay to and from these levels, A list of refer-
ences and summary of information gained by such measurements may be

found in the compilation by Endt and Van der Leun (Ené7).

In the past two years much information has come from three addi-
tional types of experiment, The first type involves transfer of a pro-
ton to a 25Mg target by either a (d,n) reaction (Fué8) or a (r,d) reac-
tion (Web68). Whenever the angular distribution of outgoing particles
shows a stripping pattern characteristic of a certain angular momentum
transfer, it is possible to deduce the parity and limit possible spin
values for the corresponding state of 26Al° In particular, if there is
=0 component in the angular distribution, the spin is re-

P
stricted to 2 or 3 and the parity is positive. A second recent develop-

present an 1

ment has been the use of high-resolution lithium drifted germanium de-
tectors to study the 26, gamma-ray spectra produced by (p,y) and (p,n)
reactions (Wi67, Ha68a, Hab68b), Several lifetimes were determined by
the Doppler shift attenuation method and decay modes of a triplet of

states at 2.07 MeV found from the Ge(ILi) detector spectra. Finally,



gamma rays have been detected in coincidence with protons in the reac-
tion zuMg(t3py)26Al (Bi68, Si68 and this work). Analysis of the gamma-
ray spectra is simplified because each gamma ray can be associated with
an exclted state through the energy of the coincident proton., Further
simplification results if the proton detector can bs placsd in a special
geometry.

Applications of nuclear models to 26Al have tended to be as part
of more general surveys, either of sd shell nueclel or of odd-odd nucleif
In the work of Bouten et al, (Bo67) 2651 was treated in an intermediate=
coupling shell model calculation of nuclei with masses 18 to 38. They
considered only the configuration with 10 nucleons in the 1d5/2 shell,
Fair agreement with the observed spectrum was obtained in the case of
four out of five excited states, although the value of spin-orbit cou-
pling was very large. More consideration has been given to models with
two particles outside a deformed core. The Nilsson model for odd-odd
nuclei was used by Weidinger et al, (We68) with no residusl particle
interaction or rotational-particle coupling., They found that the model
was not particularly successful in giving spectroscopic factors for
excited states in 26Al. as measured by single-nucleon stripplng reactions.
Kelson (Ke&4) considered the residual interaction as it affected the
separation of the lowest T=0 and T=1 states of odd-odd nuclei in the sd
shell. Picard and Pinho (Pi66) also have considered 26Al in the study

of residual interaction in deformed odd-odd nueclei.
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II. ANALYSIS OF GAMMA-RAY ANGULAR DISTRIBUTIONS

In this study gamma rays were detected in coincidence with pro-
tons produced in the reaction 2b’l?lg('t.pxr)26i-\l. The proton detector had
axial symmstry about the beam direction and detected particles emitted
 at close to 180° with respect to the beam direction (Method II of
Litherland and Ferguson (Li6l)), Through measurement of the energy of
the coincident proton, each gamma ray could be associated with the
gamma=ray decay of a particular excited state of residual nucleus, The
theory of gamma-ray angular distributions obtained in such a way is
described in the following section.

a, Gamma-ray decay of allgned nuclear gstates

Consider nuclei which are produced in an excited state by a proc-
ess which has symmetry about some axis, For example, & system of nu-
elei formed by proton capture would have axial symmetry about the
incident beam axis if neither target nor beam is polarized, In this
study axial symmetry results from producing nuclei in states B* in
which the reaction is A(a,b)B* and the detector of b particles has
axial symmetry about the beam direction, The system of nuclei may be
described by the relative number of nucledi, P(M). which are in the mag-
netic substates M, the quantization axis being along the symmetry axis.
If the state B* has definite périty, there is symmetry under reflection

through a plane normal to the beam direction (Feb5, page 77). A con-



sequence of reflection and axial symmetry is that the system is aligned,
that is P(M)=P(-l),

The decay of an aligned state is considered in the treatment by
Rose and Brink (Ro67) of gamma-ray angular distributions. The following
outline is based on the development given by Rose and Brink (Ro67) and
follows their notation to a large extent,

The probability amplitude for a transition from state |J1M£> to
state |J2Mé> with emission of a gémma ray of circular polarization

q (g=t1) in the direction'i may be represented as Ay R%q(ﬁ). If the
- 1

spin projection M, is not observed, the probability of transition from
the state lJle> to any substate of Jz by emission of a gamma ray (K.q)

is JZ'AmlMg(ﬁ)lz. For a system of nuclei in various magnetic substates,

with P(M) being the population in substate M, the transition probability
is

E P(My) M}Z |AM1MZ‘1(T<)‘2 (I1,1)

!

The amplitudes may be expressed in a multipole expansion as
UK) = k i) T L
Mgy, () = '\/; Ith WMy | Tra" |91 B pg(R) (IL.2)

where £)ﬁq(R) is a rotation matrix element for the rotation R taking the

beam axis into the direction k. ™ represents the type of multipole



operator involved, being O for electric multipole operators and 1 for
magnetic, When (II,2) is substituted into (I1.1) the result is a sum of
terms, each with a product of rotation matrices. Using the properties of
rotation matrices, it is possible to replace each product by an expansion
in Legendre polynomials, Py(cos 0). The sums may be reduced by standard
techniques of vector coupling algebra to give an expression for the number
of gamma rays emitted in the direction of Kk,

q+d 1-J2+L' -L-K

W(J1->J2;Rq) = % 1; . %} ".r'r' BK(JI)PK(cos 9)(~1)

x [2341 (Lth-q|Ko)W(J1J1LL';KJz)q’”"'

1T,
<J1||TL< IR

ijj L

T, (11.3)

in which (J1M1J2M2’JM) is a Clebsch-Gordan coefficient, W(JiJiLL';KJz) is

a Racah coefficient, <?1”TL<h>”Jé> is a reduced matrix element for a
Jy=1
multipole operator and BK(Ji) = X I&ﬂﬂ&)(-l) /2J1+1 (J1M1J1-M1|KO).
M1

There can be a contribution only from those multipoles satisfying the
vector triangle relationship |J1-J2‘ <L<g (J1+J2) and L#0. For a given
L, parity conservation restricts m to electric or magnetic. In the usual
caée. the major contribution to a transition between nuclear states is
from the lowest permitted multipole, with the importance of higher multi-

. . . 3 '
poles dscreasing rapidly with increasing L., For all but rare occasions it



is sufficient to consider only the two lowest multipoles. T and L. The

multipole mixing ration may be defined as

<J1“TL<")||J2> 2Tl

X = <J1||Tiz%;"‘]9 Zld-i (II.‘I')

If polarization is not observed, the expression for the angular distri-

bution becomes

1+x?

w(e) = % BK(Ji)PK(cos 9)
(11.5)

140y =d 4Lt =LK
in which R(IL1J;dp) = (~1) J2aa) (@) (28r) (1AL~ |KO)

has been introduced, In (II.,5) the dependence upon substate population
parameters is all contained in the BK(Jl)’ while nuclear properties appear
only through the mixing ratio x. If the system is aligned, BK(J1)=O for
K odd, so the angular distribution may be expressed in even order
Legendre polynomials--in other words, it is symmetric ebout 6 =90°,

If a transition from an aligned state J1 to state J2 is not ob-
served, but the subsequent transition J2—>J3 is observed, the angular

distribution is



= 2 )
UK(L12J1J2) +x12 UK(L12J1J2) .’_/\
2

W(6) = & By(J,)Pg(cose)
K 14x
12 (11.6)

RK(L23L23J2J3) +21!23RK(L23L23J2J3) +x23 RK(L23L23J2J3)1
1+3C23 J

where Ug(Liydp) = (=1)"W(J1dpJydp LK) /W(J1J3102;L0).

Equation (II.6) can be generalized for further cascades by including a

U (ian )+“mn U (L In? )’
factor - > for each unobserved preceding

1%,

transition m—n.
b. Chi~-squared fitting of angular distributions

An angular distribution calculated with equation (IL.5) or (II.6)
is to be compared with an observed angular distribution, Finite de-
tector size tends to "wash out" the angular distribution, compared to
the distribution that would be observed with an ideal point detector.
For a cylindrical detector this attenuation may be corrected for by
introducing coefficients, Q, for each order of Legendre polynomigl.
In equations (IL,5) and II.6) each Py(cos@) is to be replaced by
QKPK(oose). A definition of the Q as well as a table of values for

detectors in common use may be found in (Fe65).



Ganma..ray intensities measured at a series of angles Y(;) are to
be compared with the w(ei) calculated assuming certain spin J,, mixing
ratio x and population parameters, P(M). The goodness of fit is meas-
ured by the value of 'X.z, defined by

12 8<W(91)-Y(91) 2 (11.7)
T i\ B(ey) '

where E( 91)2 is the variance in Y measured at ei. The problem of find-
ing parameters which make 22 a minimum is simple if W(@) is a linear
function of the parameters (see, for example, Mab¥, page 365). Spins
and multipole mixing ratios do not appear linearly in the sxpression
for W(08), but the population parameters do., The usual methed of analy-
sis is to fix spins and mixing ratios and to vary population parameters
so as to minimize X2, Different values of mixing ratio may be assumed
with %2 minimized for each case, In order to span values of x over the
range - to +%, it is customary to step through values of &=arctan x,
Because of statistical fluctuations in counting rate, if an angu-
lar distribution measurement is repeated many times there will be a
variation in calculated values of minimum %2, The distribution of %2
is tabulated (see, for example, Abb4, page 978) for various degrees of
freedom, the number of degrees of freedom being the number of data
points minus the number of free parameters. Tables of the confidence

limit for a given X2 are available (Abbl4), By confidence limit is meant
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the probability that, for the correct theoretical expression,x2 will
exceed a certain value, For example, with 5 degrees of freedom the 10%
confidence limit is 9.24, meaning that if the correct theory 1s being
used (in the present case, the correct spins and mixing ratios), X? is
expected to exceed 9.24 ir 10% of the me#suremants.

I determining spins and mixing ratios the practice has been to
reject solutions for whichllz is greater than the value at the 0.1%
confidence limit., This criterion was applied in the present work. It
is ecommon, although not universal, in this type of work to normalize‘xz
by dividing by the number of degrees of freedom when giving results.
Values of 12 obtained in this work are so normalized.

Two points should be mentioned regarding interpretation of 12
fits., First, E2 in equation (II.7) should represent the variance in Y,
If}variation in Y is due solely to statistical fluctuatlons in counting
rate, ¥(0;) is a good estimate of E(ei)2 (unless Y(ei) is very small),
If there is some other contribution to the variance of ¥, it may be more
difficult to make a proper estimate of E. Should values of minimmm'xz
consistently correspond to high or to low confidence limits, it may mean
that the E(ei) are systematically over- or underestimated. Second, there
may be cases for which it is not clear what is v, the number of degrees
of freedom. The number of data points should not be taken simply as the
number of measurements if different measurements were made under identical
conditions. For instance, two measurements at the same angle may be com-

bined into one number without any loss of information, and so should not
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be considered as independent data. (Cf. Feb5, page 103) In principle,
measursments at angles of, say, 29° and 30° are independent, but in
practice should not be taken as such because of the large angle subtended
by a real detector. There may be circumstances under which the number of
parameters is difficult to determine. As an example, consider the case
in which population parameters are the free variables, It may be that
some of the populations are known to be small (as in Method II, described
in the next section). Treating them as free parameters will give a lower
(unnormalized)%2 than if they are set to zero, but they will not be as
effective in reducing‘X? as the other population parameters are.
¢. Restriction of magnetic substate populations

Analysis of gamma-ray angular distributlons can be simplified if a
special method is employed for doing particle-gamma coincidence studies,
the so-called Method II of Litherland and Ferguson (1i6l). In this
method the detector of b particles from a reaction A(a,b)B* is placed at
either 0° or 180° to the direction of the incident beam. For such a geom=
etry, the projection of orbital angular momentum along the beam axis 1s
zero for both particle a and particle b. Hence, the largest projection
which can be produced in B* 1s Mhax =dy+ Sg + Spe where JA' Sa and Sb
are the intrinsic spins of the target and incoming and outgoing particles.
For the reaction studied in this work, zuMgCr.p)ZéAl; J ,=0, Sa;l/z.
SbFl/Z. so that M ,.=1. The particle detector was an annular detector,
permitting the beam to pass through its central hole to the target. Par-

ticles were detected at close to 180°, The axial symmetry of the system



assured alignment of the residual nuclei B*. With the alignment con-
dition P(M) = P(-M) and the restriction M , =1 the unknown parameters
were P(0) and P(1),

Because of the finite size of the particle detector, there was
some contribution from protons with mlz,éo, thereby populating states in
26A1 with M > 1. This problem has been considered by Litherland and
Ferguson (Li6l). The importance of the effect cannot be determined
without a detailed knowledge of the reaction mechanism., If the popula-
tions P(0) and P(1) are the order of unity, P(2) should be the order of

g2, yhere £ is the half-angle subtended by the annular detector.
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III. MODELS APPLICABLE TO THE 26A1 NUCLEUS

a, Nilsson's model for odd-odd nuclei

The Nilsson model for deformed odd-A nuclei (Ni55) can be ex-
tended to odd-odd nuclei., This is a reasonable model to try for 26Al
because of the success of the Nilsson model in explaining the energy
spectra of 25Mg and 25m (1i58). The Hamiltonian may be expressed as a
sum of particle and rotational energies. The particle energy is the sum
of single particle energies and a residual interaction between the odd
particles. The core rotational energy may be written in terms of total
spin and particle spins in a manner analogous to the case of odd-A nu-
clei (Pré2, page 255), With such a substitution, there appear in the
Hamiltonian terms which refer to both particle angular momenta'g and
total angular momentum J. These terms may be called rotational-particle
coupling terms (RPC), It is convenient to express the Hamiltonian as

(P165)

H=H, + Hpes + Hpot *+ Hrpe - (I11.1)

where Hp is the sum of single particle energies for a deformed potential,

Haeg 18 the residual interaction between odd proton and odd neutron, Hrot
is the core rotation contribution except for the rotational-particle
coupling terms Hrpc'

The particle Hamiltonian is taken to be of the form
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2

Hy = Hy + Hg + Cles + Dl (III.2)

in which Ho is the Hamiltonian for a spherically symmetric harmonic os-

- %fwoé E rzYzo represents a

quadrupole distortion. Constants C and D are chosen to give shell model

cillator with eigenvalues Nhw,, Hy

level spacings in the limit of zero deformation, Usually the parameters

of the model are taken t9 be

08
~~
o
o

K,=-%-—C—, }1=%].3. and M

"
xf{o»
£o
©

The dependence of @, upon deformation arises from a requirement
that nuclear volume remain constant, Its value at 6=0, (3 0! is usually
assumed to be related to nuclear mass through ﬁz?:o = lblA'i/ 3 MeV, Par-
ticle angular momentum, 3, is no longer a good quantum number, but its
projection, 2, along the symmetry axis is good. If coupling between os-
cillator shells N and N+2 is neglected, the eigenfunctions of H.p may be
labelled by N, Q and another label, say a. They may be expanded in terms

of shell model eigenfunctions as

20 = & |13 (III.3a)
J

|aa) = 2 ath |1z (IIL.3b)
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where A is the projection of orbital angular momentum 1, and I is the
projection of intrinsic spin along the symmetry axis., Matrix elements
of H5 in IlAZ} representation may be calculated from expressions given
by Nilsson (Ni55).

The particle angular momenta :j‘n and 'gp and the core rotational
angular momentum ﬁ, none of them constants of motion, combine to give
total angular momentum '3 with projection M along a space-fixed axis, K
is the projection of 3 along an axis fixed to the symmetry axis of the
rotating core, ard { the projection of total particle ar;gular momentum
along the same axis, Two coupling schemes are possiblew= (= .Qp +Q.n

Cor Q= |’Qp - Q,|. The eigenvalues of H,,, are (Pi65)

Epot = %zj J(J+1):2%%-2(np:rz,,)2+<3p2)+{jnz)l (IIL.4)
J

where § is the moment of inertia parameter and the plus or minus signs
correspond to parallel or antiparallel combination of .O.p and Dh. Ex-
pectation values <jn2> and <jp2> may readily be calculated from expan-
sion (III.3a) of the single particle functlons.

The RPC terms are

Hrpo = 2o Upsdn tpdn )00, Jp 40 g )= (43t _g) ¢ (TIL.5)

The first pair of terms couple the states with (.O.n.Qp) to states

(@#1,0,-1) or @,-1,0+1). The remaining terms couple (K,Q) to (K-1,0+1)
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and (K+1,0-1).

With neither Hres nor Hr c the model is just the extreme single

P
particle model, except that the potential is not spherically symmetric
and rotational bands may be built on particle configurations. The states
|NQq) can accomodate only two particles each, one of projection 2 and one
of projection -, In the ground state the neutron and proton levels
independently fill in order of increasing energy, leaving one of each
type of nucleon unpaired. Higher energy states are produced by promotion
of a particle or particles to higher energy states, Introduction of H, .
and Hrpc mixes configurations which differ in the state of either one or
two nucleons.

The operators for electromagnetic transitions are one=body opera-
tors, so that states connected by electromagnetic decay should have con-
figurations differing by not more than one particle., If H, . and Hrpc
are small, certain transitions may be strongly inhibited if the dominant
configurations of the levels involved differ in two or more particle
states. The possibility of such selection rules has been suggested by
Gallagher (Ga60).

The effect of Hres has been considered by Picard and de Pinho
(P165) and by Kelson (Ke64), mainly for its effect on the spacing of the
5+ ground state and 07(T=1) first excited state.

b. The mixed configuration shell model .
In the simplest shell model picture cf 26Al, 8 protons and 8 neu-

trons constitute an inert core and the remaining 10 nucleons are in the
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1d5/p shell. Since this is equivalent to a full 1d5/2 shell plus one
proton hole and one neutron hole, possible spins are those allowed a sys=
tem of two j=5/2 particles. There are the T=1 states with J=0,2,4 and
the T=0 states J=1,3,5. This is the only configuration allowed by
Bouten et al, (Bo67) in their study of 265 as part of a broad survey in
the sd shell, However, if a detailed study of 26Al is to be made, it is
necessary to have more than 6 states, which means that a mixture of sin-
gle-particle configurations must be allowed.

Consider a nucleus with N nucleons distributed among a number of
partially filled shells, with nq of them in shell 1, n, in shell 2, etc.
Let the configuration be denoted by (ji)ni(jz)nz.u. For a given config-
uration there are many ways the particle angular momenta can be combined
to give some total angular momentum J and isotopic spin T. A basis
state might be represented by \(jl)nlalJiTl:(jz)nzaszTz;...;JT>. The
index 0y distinguishes possible ways of combining nq particles in the j;
shell to spin Jy and isospin T4. The combinations within a single shell
may be classified by methods of group theory (F152). Seniority and re=
duced isotopic spin are useful quantum numbers in such classification,
Seniority, s, is the number of nucleons left after removal of all pairs
of particles coupled to J=0, T=1. Reduced isospin, t, is the isotopic
spin of these remaining nucleons. |

A state with n particles can be expressed as a sum of products of
(ne2)=-particle states and two-particle states. The coefficients in this

expansion are called cosfficients of fractional parentage. A matrix
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element for a two-body operator, such as the one representing a residual
two=body interaction may be reduced to sums of fractional parentage
coefficients and matrix elements for two-particle states, The effect

of any residual interaction is determined completely by the two-body
matrix elements., In a similar manner matrix elements for dne-body opera-
tors may be expressed in terms of one-body matrix elements and the frac-
tional parentage coefficients from an expansion into (n-1)-particle and
one~-particle states.

A Hamiltonian of the form H = X (T;+V;)+ & V;; may be evalu-

i 1<j Mo
ated if the single particle energies and two-body matrix elements are

specified and if one is able to do the angular momentum coupling algebra.
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IV. EXPERIMENTAL PROCEDURE

a, Apparatus

Protons and gamma rays from the bombardment of a 24Mg target by
3He ions were detected in coincidence using a system for analyzing
gamma-ray angular distributions by Method II of Litherland and Ferguson
(L161). A detailed specification of apparatus described in this section
may be found in Appendix A.

3He+ ions were accelerated by the University of Alberta 5.5 MV
Van de Graaff generator. An analyzing magnet, which deflected the beam
90° into the horizontal pla?e. followed by a pair of slits provided
energy selection and stabilization of the 3He beam. Slight adjustments
in the height of the beam at the target could be made by moving the
energy-defining slits up or down., A switching magnet located two
meters beyond the slits could deflect the beam in a horizontal plane.
Immediately after the switching magnet was a double-focussing quadru-
pole pair which permitted focussing of the beam on target, Approxi-
mately 3 meters beyond the quadrupole magnet was the first of a series
of 4 collimators., These collimators defined the position of the beam
as it entered the target chamber and also prevented the beam from strike-
ing a carbon trap which was in the beam line before the target chamber,
Each collimator consisted of tantalum sheet backed by a 1-1/2" long

lead cylinder. The beam passed through circular holes in the center of
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each collimator. The apertures in the tantalum sheets were 3/8", 1/4n,
1/8" and 1/16,

Inside the 8" diameter cylindrical brass target chamber were a
final collimator, an annular charged particle detector and a target
holder., After passing through the target, the beam was stopped at the
snd of a l-meter tube connected to the target chamber. The final col-
limator, tantalum foil with a 3/32" diameter hole mounted on a lead
block, protected the annular detector.

Particles were counted using an ennuler silicon surface-barrier
detector placed so as to count charged particles leaving the target at
close to 180° with respect to the incoming beam, Initially the annular
detector was placed 20 mm from the target and had a sensitive region
of 5.5 pm inner diameter and 7.5 rm outer diameter, During a final
measurement at 5.3 MeV bombarding energy a detector of inmer diameter
8 rm, outer diameter 14 mm on the sensitive area and set 33 mm from the
target was used. Thus, particles were detected at angles from 169° to
172° by the first deteotor and 1689 to 173° by the second.

Experiments were carried out with a blas of +300 V on the target.
If this was not done, secondary electrons from the target adversely af-
fected detector resolution,

The gamma-ray detector was a 3" x 3" cylindrical NaI(Tl) crystal
and photomultiplier assembly which was clamped to a rotatable arm, The
frame on which this arm was mounted also supported the target chamber,

ensuring that the axis of rotation of the detector passed through the
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beam line., With the gamma-ray detector almost touching the chamber
(approximately 10 cm from the target) the smallest angle to which it
could be set was 31°, The restriction was due to interference of the
beam-catching tube.

A schematic diagram of target chamber and detectors is pre=-
sented in Figure 1.

Signals from the particle and gamma-ray detectors were fed in-
to the coincidence system shown in Figure 2. Differences between
times of arrival of signals from the particle detector and the gamma-
ray detector were converted to voltage pulses by a time~to~-amplitude
converter (TAC), Timing signals were provided by passing bipolar
signals from the amplifiers into fast zero crossing discriminators
(FZCD), Output of the TAC consisted of a background due to random
coincidences on which was a peak corresponding to true coihcidence
events., The full-width of the peak was approximately 30 nsec. Two
windows were set on the TAC output, one containing the "trues” peak and
associated "randoms" (T+R), the other set on an adjacent region of
npandoms® (R). This provided two signals to be used for gating pur-
poses. The linear signals, amplified and delayed, were fed into
analog-to-digital converters (ADC's) which could be gated by either
the T+R signal or the R signal. The output of the TAC was fed into
a third ADC.

The outputs from the 3 ADC's together with the T+R signal were

fed into an on-line computer, The computer could be programmed to



Fig. 1

Schematic diagram of target chamber, indicating
positions of particle and gamma-ray detectors with

vespect to the target,
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Fig. 2

Bloek diacram of coincidence electronics used in

ST

the correlation measurements, Abbreviations are

explained in the appendix.
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allow one to specify as many as 18 windows corresponding to peaks in the
charged-particle spectrum, If a charged-particle count fell within one
of the windows, the coincident gamma-ray count was stored in a region
of computer memory corresponding to that window. As many as 18 T+R and
R gamma-ray spectra of 256 channels each could be stored, each one in
coincidence with one group of charged particles. All coineident counts
from each of the ADC's were also stored in the computer memory. The
T+R energy spectrum of coincident charged particles was stored in 1024
channels, that of the gamma rays in 256 channels, while the TAC output
went into 128 channels, R spectra were stored beside the corresponding
T+R spectra. A display unit permitted all spectra to be monitored éon—
tinuously during data collection. If particle peaks were seen to shift
during a run, the spectrum of coincident charged particles was recorded,
new window positions were defined and the run continued,

A spectrum of singles charéed particles was collecﬁed in a sepa-
rate ADC and memory. To minimize dead-time losses, a self-gating ar=
rangement was used to eliminate all but a few high-energy proton peaks.
This monitor was used for normalization of gamma-ray peak areas. At the
end of a run the contents of the memory could be dumped into'computer
memory. Coincident spectra and monitor data were stored on magnetic
tape for later analysis on the University of Alberta IBM 360 computei'°
b. Acquisition and analysis of data

A thin self-supporting target of natural magnesium was used in

the experiment. From the width of the peak of elastic scattered JHe
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particles, its thickness was estimated to be slightly less than 50 pg/cm?.
The yield of singles protons was measured at 170° (using the an-

nular counter) for bbmbarding energies ranging from 4.8 MeV to 6.2 MeV

varied in 100 keV steps. The resulting yields for a few of the groups

corresponding to low-lying excited states in 26

Al are shown in Figure 3.
On the basis of the yields, 6.0 MeV was chosen as the bombarding energy
for the first angular correlation measurements., A bombarding energy of
5.3 MoV was chosen for a second correlation measurement because certain
levels of interest had relatively high yield at that energy.

System isotropy was checked by measuring the angular distribution
of gamma rays from decay of the J=0 state at 2,31 MeV in 1""N, excited by
the 12¢(t,py) N reaction, Yields at 31°, 55° and 90° (with slightly
over 2% statistical uncertainty at each point) when fitted to a constant
gave X,z/v=1.3.

For angular correlation runs, gamma rays were detected at angles
of 31°, 43°, 55°, 65° and 90°, For the runs at E =6,0 MeV two measure-
ments were made at each angle, each measurement taking approximately 6
hours, Average beam on target was around 225 nA, During the correlation
measurements at Et=5.3 MoV the average current was 125 nA; 4 measure-
ments were made at 909, 3 at 55° and 2 at each of 31°, 43° and 65°,

Since the natural abundances of 25Mg and 2%Mg are 10% and 11%,
reactions involving these isotopes in the natural magnesium target could
give charged particleé of the same energy as the protons which corre-

spond to low-lying levels in 20A1, These are the JMg(t,0)% Mg



Fig, 3

Yield of some proton groups from the reaction
2lyg(7,p)20AL at an angle of 170° for bombarding

energies from 4.8 to 6.2 MeV.
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(@=13.25 MoV), 2IMg(v,p)2741 (Q=11.65 MeV) and 26yg(v,p)?8A1 (0=8.28 MeV)
reactions. One coincidence measurement was made at Er=6°0 MeV, 9Y=550

26

with a 175 pg/cm? thick target enriched to 99.4% in ““Mg., The measure-
ments showed that contribution of the third reaction was negligible at
E,=6.0 MeV., A similar run with a target enriched to 99.7% in 2l was
carried out at Ev=5.3 MoV, Results of this measurement are given in
Chapter V.,

Gamma-ray spectra were analyzed by W2 fitting using a computer
program (Sy68). For each gamma-ray energy the program generated a
photopeak, escape peaks and Compton distribution (Ev55, page 692) rep-
resenting the response of a NaI(Tl) crystal detector, Peaks and the
Compton distribution were smeared by a near-Gaussian function and al-
lowance was made for absorption in the crystal of Compton-scattered
gamma rays. Peak widths, photopeak-to-escape peak ratios and photo-
peak~to-Compton ratios were quadratic functions of photopeak energy,
the coefficients being chosen to reproduce spectra from various gamma-
ray sources. Peaks had a Gaussian shape modified through multiplica-
tion by a factor [1+a1(E-Eo)n1-+a2(E-Eo)n2] as suggested by Hgath
(Hebl), Relative photopeak efficiency as a function of energy was
taken from results of Heath (He64), If required, the simultaneous
"pandoms" spectrum could be subtracted from the "trues plus randoms"
spectrum, The program adjusted the intensity of each specified gamma-
ray transition so as to get the best it to the measured spectrum.

Gamma-ray intensities obtained from spectrum fitting were
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normalized according to the area of the peak corresponding to the 1,059
MeV level in the monitor spectrum of singles pro£ons. Monitor peak
apeas were determined using a peak-fitting routine of Tepel (Tebb).
This computer program automatically selected background points and fit-
ted them to a straight line or parabola. Points above background then
would be fitted to a reference peak shape supplied by the user.

A third computer program was used to fit the gamma-ray angular
distributions according to the theory deseribed in Chapter II, Angular
distributions from several transitions involved in the decay of the
initial state J1 could be fitted simultaneously, using equation (1I1.5)
and the generalized form of equation (II.6). The only transitions which
could not be used were those from levels that were sxcited by more than
one mode of decay from J1. The Yi and Ey for each transition were sep-
arately normalized to a, for that transition, The program could also
handle the angular distribution due to an unresolved pair of transitionms,
provided the relative intensities of the transitions were supplied, If
some of the fitted population parameters had negative values, the one
with the largest absolute value was set to zero and the fitting proce-

dure repeated. The distributions were also fitted to

Ww(e) = ao+a2P2(cose)+34Pu(cos9)+ cos aKmaxPKmax(°°se)'

with the coefficients ay of Legendre polynomials PK(cose) treated as

parameters. The coefficients &, Wwere used in determining relative inten-
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sities of different decay modes of a level (branching ratios)., A fur-
ther deseription of the program is given elsewhere (Hu68).

Fits were obtained with M=0 and M=1 substate populations of the
initial state Jl treated as the free parameters. Attenuation coeffi-
clents Q and Q) were taken from a report by Rutledge (Ru59). Qg and
Q8 were estimated using the expression for a totally absorbing detector
(Fe65, page 38). In determining % as a function of multipole mixing
ratio, results from the run at E =5,3 MeV were combined with those for
Er=6.0 MeV., It was assumed that measurements at the two energies were
statistically independent; for each mixing ratio the two values of
(unnormalized) %2 were added and the results normalized to the total
number of degrees of freedom.

For most cases the finite size of the proton detector was not
considered because the imporEance of the effect could not be‘estimatede
When definite spin assignments were made (for levels at 1,852, 2,740
and 3.159 MeV) calculations were repeated with P(2) fixed at 5% of the
larger of P(0) or P(1). Slightly 1ower values of ¥ were obtained, but
no spin previously excluded gave %2 below the 0.1% confidence limit.

In general it is expected that performing calculations with P(2) non- -
zero would give X? below the 0.1% confidence limit for a slightly wider

range of mixing ratios than those presented in Table 4.



30

V. EXPERIMENTAL RESULTS

Spectra of coincident charged particles at B =5.3 MeV and Et=6°0
MeV are shown in Figures 5 and 6., The spectrum of protons associated
with one level in 26Al consisted of a narrow peak (approximately 50 keV
full-width at half-maximum) and a long tail on the low-energy side of
the peak. The tail possibly was due to energy loss by those 3He par-
ticles which grazed the edge of a collimator but went on to cause a
nuclear reaction at the target. The presence of tails meant that with-
in a window in the spectrum cf coineident protons there would be not
only the peak of interest, but also the tails of all higher-energy
peaks, The contribution due to this overlap could be 2 - I of the
main peak area, depending on the width of window. 4 correction for
estimated overlap was applied to the observed intensities.

A second problem was the presence of a photopeak at 1.35 MeV in
many of the spectra. Photopeak energy could be determined only tec with;
in about 30 keV because the peak had few counts and sat on the Compton
distributions of higher-energy gamma rays. While this might have been
due in part to the transition 1.760>0,418 (labelling levels by their
excitation energies 1n MeV), there were some cases for which this could
not be the complete explanation, For instance, the gamma-ray spectrum
associated with levels at 2.07 MeV (see Figure 9) had a larger 1.35 MeV

photopeak than could be explained by overlap with the 1,760 MeV group.



Fig, 4

Branching ratios obtained in this work for levels
in 26A1 velow 4 MeV., Uncertainties in the branch=-
ing ratios are 10 except for numbers in paren=
theses for which uncertainties are 20.. References
are (a) this work, (b) Ené7, (c) Bi68, (d) Web8 and

(e) Fubs8,
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Fig. 5

Spectrum of coincident charged particles obtained
through bombardment of a natural magnesium target
with 5.3 MeV 3He particles. The gamma-ray detector
was set at 550. The lower spectrum represents the

contribution of random coincidences.
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Fig, 6

Spectrum of coincident charged particles obtained
through bombardment of a natural magnesium target
with 6.0 MeV JHe particles. The gamma-ray detector
was set at 559, The lower spectrum represents the

contribution of random coincidences.
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There was no peak at 0,31 MeV in the gamma-ray spectrum, which ruled out
the transition 2.07—1,760, Hence, the 1.35 MeV peak was attributed to
some other reaction, quite possibly the reaction 25mg(r,a)24Mg which
could excite the 1.369 MeV state of zuMg by cascade from higher levels.

A coincidence measurement was made using & target enriched in zumg. Sev-
eral small peaks at the high energy end of the charged particle spectrum,
present with a natural magnesium target, were now absent, For the gamma-
ray spectrum of the 2.07 MeV levels, statistical uncertainties pravented
either confirmation or elimination of 25Mg as a source of 1.35 MeV gamma
rays.

Levels above 4 MeV excitation were not studied because (1) the in-
creasing level density would make analysis of gamma-ray spectra increas-
ingly difficult and (ii) 26Al levels of these energies were becoming
masked by levels in 18F and 14N resulting from oxygen and ecarbon contam-
inants on the target.

The branching ratios obtained in this work are presented in Tables
1 and 2 and Figure 4, Levels are labelled by the excitation energies
given by Endt and Van der Leun (En67) except for the triplet of states
at 2.07 MeV, where the values of Hausser et al. (Ha68b) are listed. Some
coefficients &, and a; of the Legendre polynomial expansion W(8) =
a°(1+a2P2(cose)-+auP4(cose)) are given in Table 3. Mixing ratios for
those spins which are compatible with stripping studies (Fu68 and Web8)
and having X? below the 0.1% confidence limit for soms value of the mixing

ratio are listed in Table L,
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Table 1

Summary of branching ratios obtained at Ez=6.0 MeV, Errors in branching

ratios are +10 except for bracketed values which are 120,

Initial Final B, Branching
state(s) State (MeV) Ratio
0,418 0. 0.42 100
1,059 0.229 0.83 100
1,760 0.418 1.34 100
1.852 0.229 1.62 100
2,0687 0. 2.07 <5
2.0695 0.229 1.84 65
2.0717 0.418 1.65 15
1.059 1,01 20
2,367 0.118 1.95 25
1.059 1.31 20
2,0695 0.30 55
2,547 0.418 2,13 30
2,0695 0.48 70
2,662 0.418 2.24 65
1.059 1,60 25
2,0695 0.59 10

2,740 0.229 2,51 100



Table 1 Continued
Initial

stategsz

2,915

3.074

3.159
3.405
3.72
3.75
3.92
3.96

Final
state
0,418
1,059
1.852
2.0695
1.059
2.0695
0.418
1.059
1.760
2.,0695

0.
0.418
2.0695

0.418
1.059
2,0695
3.159

0.
1.059
1.852
2.0695

3.ko
2,99
1.34%

3.4
2.7
1.65
0.60

3.9
2.9
2.1

1.9

Branching

Ratio

35
10
10
b5
(20)
80
50
25
(15)
10

(30)
(50)
(20)

(25)
(30)
(30)
(15)

10
15
35

36



Table 2
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Branching ratios for unresolved grecups, obtained at E1;5.3 MoV, See

Table 1

Initial

states

2.0687
2.0695
2.0717

3.72
3475
3.92
3.96

Final

gstates

0.229
0,418
1.059

0,418
1.059
1.852
2,0695

0.418
1.059
1.852
2.,0695

B
(MeV)
2.07
1.84
1.65
1.01

3.4
2.7
1.9
1.65

3¢5
2.9
2,1
1.9

Branching

Ratios

55
25
15

10

35
10

b5

10

30
20
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Table 3

Coefficients of an expansion W(8) = a.o[:l-l-asz(cose) +a4P4(cose)] of
gamma-ray angular distributions at bombarding energies 5,3 and 6,0 MV,
Transitions for which the photopeak was one of an unresolved doublet are

marked with a star.

Initial Final Ep = 5.3 MV E, = 6.0 MeV
state(s) state ap ay, ap ay,
0,418 0. 0.2210,06  0,09+0.1 0.0540,16 ~0,5040.27
1,059 0,229 -0,6710,07 «0,03%0.13 0.14+0,09 0,0810.12
1,760 0,418 0.1540,05 =0,04t0,08  0,25£0.09 -0,1140,13
LN
1,852 0.229 -0.73+0,03  0,0210,03 -0,3610.12 -0,04+0,18
2,0687] O, 0.18+0,22  0,6440,34
2.0695
2.0717) 0.229 -0,0740,05 -0,1130,08  0,3710.09 0,0140,13
0.418 -0,18+0,09 0.1830.14 0.5540.28 0,6010,42
1.059 .0,2740.1%  0,1430,21  =0,2310,18 -0,0140,29
2,367 0,418 -0,08+0,18  0,1610,28  -0,740.33 -1.0%0.55
1,059 *  =0,2040,19  0.5610.31 0.3140,34 =0,6710.54
2.0695 -0,4240,16 -0,0510,26



Table 3 Continued

Initial Final
state(s) state
2.547 0.418
2.0695
2,662 0,418
1.059 *
2,740 0.229
2,915 0.418
1,059
1.852 *
2,0695 *
3.074 1,059
2,0695 *
3.159 0.418
1. 059
1,760 *
2,0695 *
3,72 0.418
3.75
1.059

E. =53 MeV
a2 ay
-0.0310,26  -0,3210,42
-0.5840,34 -1,0110,51
-0,3040,10 -0,1740,18
-0.2340,16  0,04%0,26
0,3240,08 -0,0110.13
-0.0640,04  0,04%0,06
-0,5240,08  -0,0610,13
0,1010.26  0,4u#0.41
-0,1440,06  =0.0610,10
0.030,04 0,0140,07
0,1040,23 =0.11#0.35
-0.27too]2 -0017‘-’:0019
-003510025 0027i0037
0,18+0,16 0,1410.25
0,07+0,26 0. 440,40
0.1240.07 0,1240,10

39

E, = 6.0 MoV
ap ay,
0.5640.21  0,2040,30
-0.2440.11 =0,0210,18
-0.0740.14 =0,0940.21
-0,0140.48 <0.25+0,74
0.2740.19  0.05+0.28
0.0780.16  0,030.26
-0.2440.12  =0,0310.19
0.4740.40  0,1440,60
-0.1540,11 =0,0110,18
0.110.08 0,08£0.12
1.2840.38 =0.0440.49
-0.34&0.08 «0,1530.12
0.0130.09 =-0.1740,14
‘004310025 0.5u¢0.u0
-0.020,53 =0,03%0.85
-0.3540.20 -0,02%0,32
.0.24#0.21 0,08£0.28
0.3530.11 0,1510,16



Table 3 Continued
Initial Final

state(s) state

3.92} 0.
3.96
1.059
1.852

2.0695

E, = 5.3 MeV
a2 ay
0.2240,3%  0,10%0.50
-0,0440,11  -0,0740,16
-0,0840,24  -0,1230.40
-0,2140,10  0,12#0.16

E't’ = 6,0 MoV

8 aly

0.2910.14  0,3810.21
0.2740,11 0,04%0,18
-0,1040.13 -0,1210,22
-0.3540.16 -0,4840,27
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Table 4

A summary of mixing ratios obtained in this work.

Energy TIransition Assumed Possible values of Confidence
Spin
level Sequence mixing ratio x limit at sznin
40,27 . 1 gtl.2 .
0.""18 0.418—)0 3—}5 000_0.20 H 1-9_0.8 004950049
1,760 1,760-0,418 253 0.14 <x<3.1 0.25
1.852 1.852-0.229 1-0 0 0.49
2,07 2:8%7 0,229 1-0 0 0,24
2,507 2:05090-020 20100 < 1.7:0.130:955>9.2  0.65:0.4230.21
2,367 2.367-0.418 23 < -2.5:-0,14%+3L:>2,7.  0,02;0.0430.03
3-3 < =3.5;>0.36 0,05;0,06
2,367—1.059 21 < =3.7;> =1 0.14;0,61
3o1 08410 0.46
2.367-2.0695 22 < =2,4; > +.05 0.21;0,88
32 < -14;0.'_*:';1;2.9':£9 .01;.87; .64
2.547 2.547-0.418 23 < <9.5; > =0,24 0.01;0,92
3-3 < 1.05; > 4.7 0.89;0.01



Table 4 Continued

Energy Transition Assumed
Spin

level Sequence
2.547 2.547-2.0695 252
3-2
2,662 2,662-0,418 252
3-3
2,662-2,0695 252
32
2,740 2,740-0,229 1-0
2,915 2,915-0.418 23
3-3
3.159  3.159-0,418 23
3,159 51,059 2-51

< -2.8: > 0.28

~11,5 <x <0.,32

-6. *“ +5=0. 36*’ :30.

< -0.043 > 8.1

19781
< -30.;0 +°?_Z_’5 7 3 9

< "'300; > 0-35

Possible values of Confidence
mixing ratio x limit at X3,
< 23,7; > 0,18 0.25;0.46
+,18 . 17
»-60. ,0 25,5 8 3 000290171011
< 2.3-0.077 28 >k, .693.573.69

0.63; 0.65
0.99

.88;.98;.002
0.81

0.79; 0.36
0.11
.003;,07;.17

0.005;.999
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a. The ground state and states at 0,229 MbV and 1..059 MeV

The spins assigned to these states- s+, ot (T=1), and 1*, re-
spoctively—are based on study of beta decays 265 (g*)2611 and
26Al(B"')2'6Mg (En67). These spin assignments were accepted in the
present work,

No gamma rays were observed for a 0.229-0. transition; the
0,229 MeV level decays by gt emission (half-life 6.4 sec).

The angular distribution of gamma rays from the 1.059->0.229
transition was consistent with the assumption of spin sequence 1-0
and ruled out 2—0, There 1is, of course, no multipole mixing in a
transition to a J=0 level. The fitted population parameters were
P(0) = (78+2)#at E =5.3 MeV and P(0) = (27¢4)% at E,L,.-6.0 MeV, This
result is not unexpected in view of the yield curve of this level (see
Figure 3), for which resonance structure appears important,

b, The 0,418 MeV level
=0 component in the stripping reactions (Fub8, Web8)

P
required spin 2t or 3+ for this level, The absence of a transition to

The strong 1

the 0F (T=1) level at 0.229 MeV makes J=2 exceedingly unlikely, in agree-
ment with the assignment 3+ (En67).

The half-life of the level is 1.26 nsec (En67); over this length
of time the angular correlation might be perturbed by interaction with
atoms of the target., However, assuming a target thickness of 0,3 mi-
crons and an energy of 0.5 MeV for the 26Al nucleus, the time taken for

a recoil nucleus to traverse the target is about 10~13 gec. The corre-



lation should not be perturbed.

Figure 7 shows %2 versus mixing ratio for the 0,418-0, transi-
tion, assuming spin sequence 3->5. The solution x=1.9 is extremely
unlikely since E2 transitions are normally much stronger than M3
transitions, implying a mixing ratio close to zero.
¢. The 1,760 MeV level

Horvat et al, (Ho63) assigned spin-parity 2+ to the level and
obtained x=0.23 or x=2,2 as the mixing retic of the 1,760—-0,418 tran-
sition, This assignment is supported by the stripping reaction studies

(Fu88 and We68) which show a large 1 =0 component. The mixing ratio

p
solutions obtained in this work (Figure 8) cannot be used to discrime
inate between the two solutions of Horvat et al, (Ho63). Simultaneous
fitting of the 1.760—>0,418 and 0.418->0, transitions did not provide
any further restriction, even assuming the mixing ratio for the
0.418-0, transition was known to be 0.0,
d. The 1.852 MeV level

Horvat et al, (Ho63) stated that this level decayed to the ground
state only and tentatively assigned it as J=3, A similar branching was
given by Neher et al, (Ne62) and Bizot (Biél). In this work it was
found to decay 100% to the 0,229 MeV level. Only an assumed spin se=
quence 10 fitted the angular distribution, the4 next lowest 12 being
16, for 2—0, Fitted population parameters were P(0) = (8242)% for
E,=5.3 MeV and P(0) = (57%g)zat E,=6.0 MoV,

This branching ratio and spin assignment is also found by Biss-



Fig. 7

2
X° yersus arctan of the mixing ratio for the

0.418->0, transition in 26A1.
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Fig., 8

y versus arctan of the mixing ratio for the

1.760—0,418 transition in 26Al.
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inger et al. (Bi68) and da Silva and Lisle (Sié8). The spin assignment
is consistent with the results of the (v,d) stripping measurements (We68).
Rosner et 2l, (Ro68) concluded that the 1evel has spin 1t after a study
of the angular distribution of protons from the 2""I'l’g('t:.p)26.1%.'l. reaction.
Fuchs et al, (Fu68) list the angular distribution of neutrons from the
(d,n) reaction as orc which shows an 1p=0 component., If correct, this
would be incompatible with a spin assignment J=1. However, there is
overlap with the strong neutron group of the 1,760 MeV level at forward
angles and it appears possible that the angular distribution could be
fitted with no 1p=0 component.
e. The triplet of levels at 2.07 MeV

In proton capture work with NaI(T1l) detectors it was assumed that
only two levels were in this group. Within the past year work with highe
resolution Ge(Li) detectors has ostablished that a triplet of levels
oxists at 2,07 MeV (Hab8a, Bi68, Si68). The branching ratios obtained
in these studlies are 1isted in Table 5, Gamma=-ray spectra were obtained
in the present study from (1) direct excitation at E.=5.3 MeV (Figure 9)»
(ii) direct excitatlon at Er=6.0 MeV (Figure 10) and (i11) excitation
by gamma-ray decay of higher excited states. In case (iii) the decay
was 256 to the 0,418 MeV level, 755 to the 1,059 MeV level, Differences
between spectra (1) and (ii) indicated that two additonal levels were
involved, but branching ratios could not be determined uniquely. The
results are consistent with the branching ratios obtained from work with

Ge(Li) detectors.
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Table 5

Branching ratios which have been obtained in other work for the triplet

of levels near 2,07 MeV.

Initial Final Branching ratios obtained by
state state H_a_,éga; Bi68 5168
2,0687 0 28 29 3043
0,418 69 71 7013
1.059 3 <3
2.0695 0.229 5 5
0,418 22 22 <15
1.059 73 73 100
2.0717 0,229 ~65 >91 100

1.059 ~35 <9



Figo 9

Gamma rays seen in coincidence with protons associ-

sted swith the levels at 2.07 MeV in 2041 at an angle
of 55° for a bombarding energy of 5.3 MeV. The lower
spectrum represents the contribution of random coin-

cidences.
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Fig. 10

Garma rays seen in coineidence with protons assocl-
sted with the levels at 2,07 MeV in 2CAl at an angle
of 550 for a bombarding energy of 6.0 MeV, The lower
spectrum represents the contribution of random coin=

cidences.
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The angular distribution of gamma rays from the decay to the 0,229
MoV level was fitted, assuming that all gamma rays originated from one
level of the triplet, Only J=1 gave an acceptable fit, in agreement with
results of Bissinger et al, (Bi68) and da Silva and Lisle (5i68). The
population parameters were P(0) = (915)% at E =6.0 MoV and P(0) = (3?&3)%
at E.=5.3 MeV,

The mixing ratio of the 2,0695—1,059 transition was studied
through the angular distributions seen in the decay of the 2,547 MeV
level. The 2.547—2.,0695 transition was not considered and the
2,0695-1,059 and 1,059 50,229 transitions fitted simultaneously with
P(0), P(1) and P(2) of the 2,0695 MeV level all allowed to vary., Spin
sequence was assumed to be 2->1->0 in accordance with the spin assign-
ments of Bissinger gt al, (Bi68) and da Silva and Lisle (S1i68). The
mixing ratio solutions (Figure 11) are compatible with results of da
Silva and Lisle (Sié8).

f. The 2,367 MeV level

Branching ratios obtained in this work were in good agreement
with recent particle-gamma coincidence measurements (Bi68 and Si68) and
in disagreement with proton capture results (Ns62, Ho63 and Bibl4), A
summary of the results of previous work may be compared with the results
of this experiment in Table 6.

Stripping reactions (F“u68_ and We68) indicate an lp=0 contribu=
tion, although the peak at 0% is not as pronounced as in many other

cases, Only spins J=2 and J=3 were tried in fitting of the gamma-ray
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Comparison of branching ratios for the 2.367 MeV state found in this

work and in other work.

Final

state

0.418
1.059
2.,0687
2.0695

This Bi68
work
25 35
20 20
55 bs

Bibl

29

17
sk



Fig., 11

%2 versus arctan of the mixing ratio for the

2.0695-1.059 transition in 26A1,
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angular distributions.
g. The 2,547 MeV level

Branching ratios wers found to be different from the values given
by earlier proton capture work (Ne62, Bi6l4), The branching ratios of
Neher et al, were 50% to each of the ground state and 0.418 MeV level,
those of Bizot 256 and 75f to the same levels, Hausser et al, (Haé8b)
obtained 50% branches to each of the ground and 1.059 MoV states. On the
other hand, there is fairly good agreement between this work and the
results of Bissinger et al, (Bié8) who found branches to the 0,4i8 and
2.,0695 MeV levels of 156 and 85%., 4n lp=0 component in the stripping
angular distributions limits the spin to J=2 or J=3.

h. The 2,662 MeV level

Branching ratios obtained in this work were in good agreement with
the results of Bissinger et al, (Bi68), who saw decays to levels at 0, 418
MoV (708), 1.059 MeV (158), 2.0695 MeV (108) and 2,0717 MeV (5%). Ear-
1jer measurements of Neher et al, (Ne62) had indicated a decay to the
1.059 MoV level., A decay to the 0.418 MeV state was seen by Hausser et
al, (Hab68b),

There appears to be a small 1p=0 component to the angular distri-
bution in the (d,n) reaction, which would limit spin to J=2% or J=3+.
Simultaneous fitting of angular distributlons from the 2,662—>0,418 and
2,662—1,059 transitions was tried but no further restrictions could be

placed on mixing ratios obtained by separate fitting.
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i, The 2,740 MeV level

This level was found to decay 100% to the 0,229 MeV state, con=-
firming the results of Bissinger et al, (Bi68) and Hiusser gt al.
(Ha68b). Work of Neher et al, (Ne62) had shown brénching only to the
0,418 MeV level, It is not clear whether a level shown at 2,70 MeV by
Bizot (Bi64) is the 2.662 MeV level or this one. The present work
showed J=1 was the only spin to fit the angular distribution, also in
agreement with Bissinger et al, Normalized X? was 0,50 for J=1 aﬁd 33.
for J=2. Population parameters were P(0) = (29211)% at E =6,0 MeV and
P(0) = (3843)% at E_=5.3 MeV. J=1 1s consistent with the observation
of a featureless, almost isotropic distribution of neutrons from the
(d,n) reaction (Fu68).
jo The 2,915 MeV level

There is some disagreement among this work (Table 1), the work
of Bissinger et al, (Bi 68) and that of da Silva and Lisle (5168) con=
cerning the weaker decay mcdes of the level, Bissinger et al, found a
308 branch to the 0,418 MeV level, 15% to the 2.,0687 MeV level and 55%
to the 2.,0695 MeV state, while the results of da Silva and Lisle (Si68)
showed a branch of (43#2)% to the 0,418 MeV level, < 10f to each of the
1,760 and 1.852 MeV states and (5742)% to the 2,0695 MeV state, Haus-
ser et al, (Ha68b) indicate decays to the 0.418 and 1.760 MeV states.
The results obtained from work with a Ge(L1i) detector in coinecidence
(5i68) should be more reliable than those taken with NaI(Tl) detectors.

Branching ratios listed in this work were chosen as the ones which best
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explained observed strengths of lower members of cascades in the decay
of the level.

A strong lp-..-O component is seen in the stripping reactions (Fué8,
Web8) which restricts spins to J=2% or J=3+. Xz versus mixing ratio
for the 2.915—0,418 transition is presented in Figure 12, The 2.915 -
2.0695 transition was not used because it was not resolved from the sub-
sequent 1,059-0,229 transition,
k, The 3,074 MeV level

The branching ratios of Bizot (B164)==lt0% decay to the 1,760 MeV
level and 60% to the 2,07 MeV levelswware not supported by present re=-
sults., Present work is in fair agreement with that of Bissinger et al,
(Bi68), who saw a 100% branch to the 2,0695 MeV level, .

Neutrons from the (d,n) reaction (Fu68) showed no stripping pat-
tern. The unresolved doublet in the gamma-ray spectrum (from the
3,074 52,0695 and 2,0695—-1,059 transitions) would have complicated Y2
fitting of the angular distributions., Additional uncertainties intro-
duced by partial overlap with the 3.159 MeV level (see Figures 5 and 6)
made doublet fitting a pointless exercise.
1., The 3.159 MeV level

Neher et al, (Ne62) found a decay to the 0,418 MeV state (> 80%)
and possible branches (< 20%) to the 1,059 and 2,07 MeV states. Bizot
(Bi64) observed decay to the 0,418, 1.059, 1,760 and 2.67 MeV states of
556, 26®,12% and 7%; this is in good agreement with the results of

Bissinger et al, (Bi68) and the results of this study,



Fig. 12

x versus arctan of the mixing ratio for the

2.915->0.418 transition in 2641,
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Results of the single-particle stripping reactions (Fué8 and
We68) limit possible spins to J=2% or J=3%. The value 3? can be elimi-
nated from a fit of the angular distribution of gamma rays from the
3,159 -1,059 transition (see Figure 13). This means that the level is
J=2% and is undoubtedly the T=1 analog of the second excited state in
26mg, as had been surmised previously from a consideration of its ex-
citation energy (En67).

m, The 3.405 MeV level ‘

This level is weakly excited at Et=6.0 MeV (see Figure 6) and
analysis is made difficult by overlap of the tails of higher energy
groups. There appears to be a transition to the 0,418 MeV level and
weaker ones to the ground and 2.,0695 MeV states, If this is correct,
the spin most likely is J=3, 4 or 5. This decay scheme was also seen by
Bissinger et al, (Bi68). Neher et al. (Ne62) give a 30% branch to the
ground state, 70% to the 0,418 MeV state. The angular distribution seen
in the (d,n) study (Fu6é8) has no stripping pattern,

n. The 3,72 and 3.75 MeV levels

The largest peak in the coincident proton spectrum at both bome
barding energies was the one corresponding to these levels., Very little
jnformation on branching could be obtained from the gamma«ray spectrum
because the possible cascades 3,72—2,07-0.229 and 3,72—1.852—0.229
could not be distinguished. A further complication is that the 3,72-

2.07 and 2,07—0,418 transitions could not be resolved,



Fig. 13

XZ versus arctan of the mixing ratio for the

3.159—1.059 transition in 2641,
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o. The 3.92 and 3,96 MeV levels of 26A1 and the 0.451 MeV level of 23Mg‘

At Et=6‘° MeV the position of the peak in the spectrum of coine
cident protons indicated that it was mainly the 3,96 MeV level which
was being excited. An unusual feature of the decay (see Figure 15) is
that it is to both 1% states (1.059 and 1.852 MeV) and a 5% state (the
ground state). If only one level is involved, its spin would probably
be J=2, 3 or 4, Such an assumption would not be in accord with the
branching ratios given by Bissinger gt et al, (Bi68) for a level at 3. 96 A
MoV—=li0®, 455 and 156 to levels at 1.059, 1,852 and 2.0695 MeV, respec-
tively, Neher et al, (Ne62) indicate a decay from the 3,96 MeV level
to the 0.418 MeV state only. When E.=5.3 MoV the levels were more
weakly excited and a different decay scheme was seen (Figure 14). Nei-
ther the 3.92 nor 3.96 MeV states showed a stripping pattern in (d,n)
studies (Fu68).

At E1=5.3 MeV gamma rays from the decay of the 0.451 MeV first
excited state in 23mg were seen in this spectrum. The level was eX=

sited through the 2“Mg(t,a)?2Mg reaction (Q=k.046 MeV).



Fig. 14

Gamma rays seen in coincidence with protons assocli-
atod with the levels at 3.92-3.96 MeV in 26)1 at an
angle of 559 for bombarding energy 5.3 MeV, The

lower spectrum pepresents the contribution of ran-

dom coincidences.
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Fig. 15

Gamma rays seen in coincidence with protons associ-
ated with the levels at 3.92-3.96 MeV in 26)1 at an
angle of 550 for bombarding energy at 6.0 MeV, The
lower spectrum represents the contribution of ran-

dom coincidences.
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VI. MODEL CALCULATIONS

The nuclsar medels described in Chapter III were applied to 26A1{
while most of the work concerned the energies of excited states, consid-
eration also was given to a few electromagnetic properties in the case
of the shell model.

a, The Nilsson model

Calculations were carried out using a model which neglected rota;
tional-particle coupling and residual interaction between the odd par;
ticles. Model parameters were given the following values:

£2/21 = 0.31 MeV

K= 0,13
p = 0.33
6 = 0.2,

The value of h.Z/ZI was chosen so as to give the correct separation of
the lowest 01 (T=1) and 2% (T=1) states. The particle parameters adopted
by Weidinger gg,ggm_(W668) were the same as the ones listed above. The"
value p=0.33 was first suggested by Bishop (B160) for fhis region of -
clear mass, The effect of changing the deformation parameter, &, is
considered later in this section.

Single particle energy levels for the above values of K, p, and 6
are shown in Figure 16a. They are labelled by the projection Q and also

by the number assigned by Nilsson (Ni55), The computer program which
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calculated the eigenvalues of the particle Hamiltonian also supplied the

Tn a calculation of the total energy of the nucleus, including
interaction of particles in Nilsson orbits (Pr62, page 271), an approxi-
mation for the contribution of each particle is 3/4E~1/4<C is+0 1%
where Ep is an eigenvalue of the Hamiltonian defined in equation
(III.2). Total energy of the nucleus was taken to be the sum of rota=
tional and particle energies where particle energies were calculated
from this éxpression. Energy differences between different particle
configurations were taken to be the differences in total energles rather
than the differences in energies Ep‘ (It has been suggested (Ma63) that
the interactions need be considered only when calculating total energies,
not when determining energy differences, The principle effect is a
change of energy scale and may be simulated by a suitable change of
parameters K, p and & for levels within a shell. A change in the ex-
pression used for particle energy would increase the separation of band
heads unless some adjustment was made in Ko) The spectrum of states of
Hy + Hyop with excitation energy below 5 MeV appears in Figure 16b,

Several shortcomings can be seen in the spectrum so obtailned.

The 5+ state is 1.5 MeV above the 0% (T=1) state instead of 0.2 MeV
below it, there is no 3+ state below 3,5 MeV and there are only 7 eXe
' cited states below 4 MeV excitation instead of about 20, The first
defect might be remedied by the inclusion of H, o and Hrpc° Kelson

(Keb6lt) found that residual interacticn should lower the J=5, K=5 state



Fig. 16

(a) Single-particle Nilsson model energies in the
N=2 shell for 6=0.2, K=0.13 and p=0.33. (b) Energy
levels in 26A1 as predicted by Nilsson model for
odd-odd nuclei using the single particle energies in

(a). Inertial parameter £92¢=0.31 MeV.
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by about 1,3 MeV with respect to the J=0, K=0 one, Hrpc would mix the
J=5, K=5 level with the J=5 member of the k=4 band and would tend to
depress the lower state in energy, perhaps enough to place it below the
ot (T=1) state.

By taking a larger value of the deformation parameter, it is pos-
sible to lower the K=2 and K=3 bands bullt on particle orbits 5 and 9.‘
At the same time, the K=1 and K=l bands of particle orbit 5 and hole
orbit 6 are raised. For 6=0.3 the J=2, k=2 level is 2.4 MeV above
the 0"' (T=1) state, while the J=1, k=1 state 1s raised to 4.3 MeV above
it, RPC mixing of J=3 states in the K=2 and K=3 bands could well result
in the lowest 3"' state being below the first 2% state, in agreement with
the observed spectrum, The suggested identification of the first 5
states in 26A1 is given in Figure 17.

The Nilsson model can give a qualitative description of thp lower
levels, but more precise work is very difficult since both H, . and Hrpc
would have to be considered. The rather simple picture of two nucleons
in particular Nilsson orbits would be lost in band-mixing calculations.
Because of the complexity of a treatment taking proper account of Hres
and H'rpc' no attempt was made to calculate gamma-ray decay properties of
the lower levels,

b. The shell model with mixed configurations

Calculations were performed on the University of Alberta IEM 360

computer using & program which was made available by Dr. S.S5.M, Wong.

This program was the Oak Ridge-Rochester mixed configurations program



Fig. 17

Predictions of the cdd-odd Nilsson model for 60,3

compared to the observed spectrum,
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(Fré8), It could treat cases with as many as 6 active shells and diag-
onalize a Hamiltonian of up to 230 basis states. The user specified the
distribution of particles among the active shells, the permitted config-
urations within a shell according to the classification of Flowers (F152),
the two=body matrix elements (TRME) of the residual. interaction between
particles and, finally, the single particle energies (SPE)., As well as
giving eigenvalues and eizenstates of the Hamiltonian, the program could
calculate beta and gamma transition properties,

Study of the levels of 179 gives single particle energies (rela-
tive to the 1d5/2 shell energy) of about 1 MeV for the 2s,/p shell and
5 MeV for the 1d3/2 shell, It might be expected that configurations
having particles in the 1d3/2 shell could be ignored. Initial work was
with the 1d5/2 and 251/2 as the only active shells. All possible distri-
butions of particles were allowed-(d)lo(s)o. (d)9(s)1. (d)a(s)z. (5)7(5)3 and
(d)6(s)u;-as well as all configurations within each shell. Two=body
matrix elements and single particle energies were taken from work of
Wildenthal et al, (Wi68). Wildenthal et al, obtained TBME and SPE by
fitting 80 levels in nuclei of mass 20 to 28, using TEME and SFE for the
1d5/2 and 281/2 shells as parameters of the fit, For convenience, this
combination of configurations, TEME and SPE will be called Case 1, The
spectrum of 26Al obtained by doing a mixed configuration calculation 1s
shown in Figure 18z, This is clearly an unacceptable result, indicating
the need to include the 1d3/2 shell as an active shell for calculations

on this nucleus,.



Fig. 18

Three cases of shell model calculations compared to
the observed spectrum, (a) Single particle ener-
gles and matrix elements of Wi68, (b) Ss.P.E. and

MeEe Of Kué7 and (¢) M.E. of Kub7 and adjusted

S.P.E. (see text).

69



4dx]

=L

©

—%

s Ilas
isL . anvﬂ

(€'e)
(€'2)

(€'2)
(€'2)

s} ———

()

no

oOYe am ¥

@

sl —

THN N—M -~

15l s——

(°)

Isl

|

naN




70

If all configurationc of 10 particles in the 1d5/2. 231/2 and
1d3/2 shells are allowed, the number of basis states wou}d be much
larger than the maximum number the computer program could diagonalize.
Some truncation procedure must be followed. Particle distributions
were limited to those with 8, 9 or 10 particles in the 1d5/2 and 2, 1
or O in the 231/2 and 1d3/2 shells, TBME and SPE were those of Kuo
(Ku67). Kuo's TEME were calculated from free-nucleon scattering po;
tentials. The spectrum produced by the mixed configuratioh progranm
for Kuo's TBME and SPE (Case 2) is shown in Figure 18b, The ground
and first excited states are predicted correctly, but there is a 2 MeV
gap before a 1% state appears. |

In an attempt to remove the gap, configurations of more than'z
particles in the 281/2 and 1d3/2 shells were included. It was necessary
to further truncate the allowed configurations to allgw the computer pro-
gram to work, Seniority truncation within shells was adopted. No single=-
shell configuration with seniority greater than 3 was included in the
basis states. Seniority truncation was chosen because it was easy to
apply, not because it was expected to have physical significance. For
some spins this measure was not enough to reduce the number of basis
states to fewer than 230 and configurations of more than 2 particles in
the 1d3/2 shell were eliminated. The resulting spectrum was worse than
for Case 2, having a 0% (T=1) ground state and a 5+ first excited state
at 2,6 MeV,

Configurations limited to 8, 9 or 10 particles in the 1d5/2 shell
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were again considered, In order to reduce the gap between the first and
second excited states, the single particle energles were varied, Kuo's
SPE for the 251/2 and 1d3/2 shells were 0,87 and 5.08 MeV, respectively,
higher than that of the 1d5/2 shell., Values of 0,25 and 2,5 MeV for SPE
of the 25y /p and 1dg/p shells gave the spectrum shown in Figure 18¢ (Case
3). A1l the levels below 2 MeV are predicted to within 200 keV (except
the 1% at 1.059 MeV which is within 300 keV), Above 2 MeV the model
predicts a 5+ level which does not correspond to any known level and the
third T=1 state is predicted to be J=0 rather than J=2, The density of
levels is close to that which has been seen experimentally.

Tt is not clear how much trust should be placed in wave functions
obtained with adjusted SPE. A separation of the 1d3/2 and 1d5/2 shells
of only 2.5 MeV is much lower than is customarily used, Possibly the
smaller spin-orbit splitting compensates for errors due tc the sevsre
truncation of basis states, If such is the case, it would be expected
that different SPE would be needed for a different nucleus or for a dif-
forent set of basis states. In this regard it is interesting to note
that Bouten st al, (Bo67), who had only the 1d5/2 as an active shell,
achieved a good fit for 26Al only with an anomalously high separation of
1445 and 1d5/2 states—1l4 MeV, The wave functions resulting from work-
ing with a truncated set of basls states may or may not adequately de-
seribe properties other than excitation energies: this must be'deter-
mined for each property by doing appropriate calculations,

Some information about the composition of the wave functions of
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Case 3 is given in Table 7. The strengths represent the sums of squares
of coefficients of all bagis states having a particular distribution of
nucleons among active shells; to give éoefficients for the complete set
of basis states individually would have meant from 35 terms (for J=0,
T=1) to 119 terms (for J=2, T=1).

The striking feature of Table 7 is that the predominant config-
urations have 8 nucleons in the 1d5/2 shell and 2 in the 1d3/2. It
would have been expected that the (10,0,0) configuration would be more
important, since the sum of SFE is 5 MeV less than for the (8,0,2) con-
figuration, 7his result is not simply a consequence of adjusting SPE.
For Case 2 the strength of the (10,0,0) distribution is only 0.362 for
J=5 and 0,358 for J=0, (T=1).

Tt has been argued (Taé0b) that the spectrum of 185 35 an indi-
26

cation that the ground and first 2 excited states in “ Al are well de-
seribed by a configuration of 10 nucleons in the 1d5/2 shell, Such a
configuration is equivalent to 2 holes in a filled 1d5/2 shell and
should give states similar to those in 18F. which should consist of two
particles in the 1d5/2 shell, The lowest positive parity states in 18F
are J=1 (ground), J=3 (0,94 MeV), J=0, T=1 (1,045 MeV), J=5 (1.i25 ¥eV)
and J=1 (1.70 MeV), Talmi and Unna (Ta60b) argued that there was
fairly close correspondence between the levels of spins 3, 0 and 5 in

26A1 were two=

2611 and those in 18F, indicating that these states in
hole states, while the spin 1 states must have admixtures of other con-

figurations., The wave functions obtained in Case 3 provide a counter
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Strengths of various particle distributions obtained with SPE of 0.25

MeV and 2.5 MeV, ME of Kuo. The labels give the number of particles in

each of the ld5/2, 251/2 and 1d3/2 shells, respectively.

J;T

0;1
5;0
3;0
1;0
2;0
1;0

2;:1

Ex

(MeV)

0.0

0.07
0.60
0.73
1.60
1.73
2.42

Particle Distribution

10,0,0 2,0,1 9,1,0 8,0,2 8,1,1 8,2,0
0.263 0,000 0.000 0.634 0.054 0,048
0.260 0,002 0.004 0,603 0,086 0,045
0.005 0,001 0.000 0,836 0.151 0.007
0.000 0.003 0,000 0,646 0.330 0,020

0,013 0.001 0,702 0.275 0,010
0.081 0.005 0.001 0.567 0.297 0.049
0,150 0.003 0,002 0.690 0,111 0,044
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example, demonstrating that it is possible to obtain the energy spectrum
with other configurations.

The results summarized in Table 7 suggest that some caution is
necessary if properties of excited states are inferred by comparison with
the ground state, For example, spectroscopic factors were obtained for
the ground state and some excited states for the reaction 27A1(1:,a)26A1
(Nu68). The ratios of excited state spectroscopic factors to ground
state spectroscopic factor (relative spectroscoplc factors) were the
same as those calculated assuming a configuration of 10 particles in the
1d5/2 shell, Present results jndicate that such agreement may be acciw
dental.

Of properties other than excitation energies, only certain elec-
tromagnetic properties were calculated using the Case 3 wave functions.
in order to make use of spectroscopic factors from pickup or stripping
reactions it would be necessary to do separate calculations to get a
wave function for the target nucleus. The electromagnetic transition
probablilities are compared with experimental results for the lower
gtates in 26A1. The output of the computer program, reduced transition
probability B(M1), was converted to units of the Weilsskopf estimate for
single particle transition rates (see Wi60) by an expression

T(ML) = 0,56 B(M1) (W.u).
A similar expression was used for E2 transitions,
T(E2) = 0.22 B(E2) (W.u.),

in which the nuclear radius of 2041 was taken to be 3.5 x 10-13 em. The



75

transition rates are compared with results of lifetime measurements
(Ha68b) in Table 8. An E2 transition rate of 4.4 W.u. is calculated for
the 1.760—0,418 transition. Combined with the Ml rate in Table 8, this
gives a calculated mixing ratio [x[=0.23 which may be compared with the
resulis of Horvat et al, (Ho63)=-x=0.23 or x=2,2, In view of the large
errors in other transition rates, the agreement in mixing ratios must be
considered fortuitous,

It would be interesting to determine whether the mixed configura-
tion wave functions represent a deformed nucleus. Static quadrupole
moments should give some indication about nuclear shape. Calculated
quadrupole moments for some of the states in 26A1 are presented in Table
9. These are all small moments, equivalent to very small deformation of

a uniformly charged sphere.
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Table 8

Comparison of observed transition rates with rates calculated from a mixed

configuration shell model.

Transition Type Toxp (Wou.) Togle (Welle)
L (Ha68b)

0.418-30, E2 17. 0.4

1,059-0,229 M 1.6 8 x 1072

1.760—30,418 M < b x 1073 1.7 x 107

1.852-50.229 ) 8 x 107 7.5 x 1077
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Table 9

Quadrupole moments of the lowest levels predicted by a mixed configura-
tion shell model.

Spin Q (e2-frf)
5 4,52
3 ~4.35
1 <0.74
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VII. CONCLUSIONS

Particle-gamma coincidence measurements proved to be a good means
of determining branching ratios in the gamma-ray decay of nuclear excited
states. The advantage over gamma-gamma coincidence work was that the
gamma-ray spectra for different excited states could be recorded sepa-
rately by sorting according to the energy of the coincident particles.
The branching ratios obtained in this work were in good overall agreement
with those obtained in other recent measurements of this type. Gamma-
gamma coincidence work generally resulted in branching ratios which dif-
fered from those obtained in this work, particularly for levels above 2
MeV excitation.

Analysis of gamma-ray angular distributions did not provide pre-
cise definition of multipole mixing ratios. The reason was that both
the M=0 and M=1 substate popuiations had to be treated as unknown param;
eters for this reaction. For a given spin there was usually a wide range
of mixing ratios for which the angular distribution could be fitted. For
cases of decay to a Spin 0 level (with mixing ratio identically zero)
the level spin could be determined by fitting the angular distribution,
Spin J=1 was obtained for the level at 1,852 MeV, one of the levels at
2,07 MeV and the one at 2,740 MeV. Combined with information from strip-
ping reaction studies, results of the present work gave J"=2* for a

level at 3.159 MeV. Method II (limiting magnetic substate populations
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by detecting particles at 0° or 180°) would appear to be of most use in
determinging mixing ratios (a) when the relative populations need not be
treated as parameters or (b) when information from other work such as
stripping reaction studies limits spins to one or two possibilities.

Two models, one & model with a deformed core and two extra-core
particles and the other the shell model with configuration mixing were
used in calculating the excitation energies of states in 26Al. Model
caleulations do not clearly establish whether or not 26Al should be re-
garded as a permanently deformed nucleus, Fair agreement between experi-
ment and the deformed-core (Nilsson) model was achieved for the ground
and first 4 excited states. Inclusion of terms which had been neglected
in the model Hamiltonian would tend to give even better agreement, Fur-
ther work with the model will be difficult if rotational-particle coup=
ling and residual interaction terms are ineluded. A serious disadvan-
tage of the model is that only 8 or 9 excited states are predicted to
1ie below 5 MeV excitation. The shell model could predict the excitatlon
energies of the first 5 excited states if single particle energies cor-
responding to a small spin-orbit potential were chosen. A surprising
result of the shell mcdel calculation was that two;hole configurations
were not the dominant ones in lower jevels. It would be expected that a
similar result would be obtained if a larger number of basis states were
used. The need for inclusion of more basis states is shown by the dis-
agreement between calculated and observed electromagnetic transition

rates. Possibly the wave functions with an expanded set of basis states



would exhibit some of the properties (for example quadrupole moment) of
a deformed nucleus; this would remove the present situation that a
model for a deformed nucleus and a model with very small calculated

quadrupole moment both give fits to the energy spectrum of 26A1.
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APPENDIX A

Suppliers of apparatus used in data collection

The Van de Graaff generator was a Model CN of High Voltage
Engineering Corp,, Burlington, Massachusetts.

Annular detectors were purchased from Nuclear Diodes, Prairie
View, Illinois. The detector used in the measurements at 5.3 MeV had an
operating voltage of 100 V and a resistivity of 20,000 O~ em, For ET=6.O
MeV the detector had a resistivity of 10,000 L= ecm and was operated at
200 V,

The NaI(Tl) detector was an Integral Line, Type 12512/3 manufac-
tured by Harshaw Chemical Co., Cleveland, Ohio.

Most of the electronic equipment was obtained from Oak Ridge
Technical Enterprises Corp. (Ortec), Oak Ridge, Tennessee, Abbreviations
listed here correspond to those used in Figure 2.

PA—Preamplifier, Ortec Model 109

SC.PA~- Scintillation preamplifier, Ortec Model 113

AMP—ILinear amplifier, Ortec Model 410

S.A.F. AMP--Selectable active filter amplifier, Ortec Model 440
FZCD—-Fast zero crossing diseriminator, described by D.A. Gedcke and W.J.

McDonald, Nucl, Inst, and Methods, 56(1967)148
TAC—Time-to-amplitude converter, Ortec Model 437

DL--Delay amplifier, Ortec Model 427



SCA-——Single channel analyser, Ortec Model 406

SSCA-=Strobed single channel analyser, Ortec Model 413

DG-=Gate and delay generator; Ortec Model 416

MON ADC~-Analog-to-digital converter (Model 2174) and memory and display
unit (Model CN-1024) from Technical Measurements Corp., North
Haven, Connecticut

ADCF, ADCM==Dual analog-to-digital converter, Model ND-161F, Nuclear Data
Inc., Palatine, Illinois |

COMP~-Digital computer (24 bit/word, 16K word memory, 8 microsecond cycle
time) Model 920 of Seientific Data Systems, Santa Monica, California
The enriched-isotope magnesium targets were rolled foil supplied

by the Nuclear Division of Union Carbide Corp., Oak Ridge, Tennessee.



