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Resonance scattering of vy quanta from Mg?¢ nuclei, with excitation of the first two levels
at 1.37 and 4.23 Mev has been investigated. Analysis of the correlation formula enables
one to draw conclusions concerning the character of the excitation of the nucleus.

].. Until recently the problem of resonance scat-
tering of y quanta by nuclei was not amenable to
experimental investigation because of the fact that
usually A =hv;-hvy >T, where v; and v, are
the frequencies of the absorbed and emitted quanta,
and I' is the natural width of the excited level. As
a result, the emission line hy, and the absorption
line hyy hardly overlap, thus making it difficult to
establish the occurrence of the resonance scatter-
ing. However this difficulty has now been essen-
tially overcome, and there are many papers de-
voted to resonance scattering by various nuclei.!”

The reason for the interest in this phenomenon
is that by studying it one can not only determine
some of the quantum numbers of excited nuclear
states, but one can also decide whether the excita-
tion occurs via a collective or a single-particle
mechanism, since in many cases, as we shall show
later, the expressions for the correlation function
depend essentially on the assumed nuclear model.

2. The present paper gives a theoretical treat-
ment of resonance scattering of y quanta by Mg,
with excitation of the 2* levels at 1.37 and 4.23
Mev (cf. Fig. 1).
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Metzger? and Burgov and Terekhov® used the
method of resonance scattering to determine ex-
perimentally the width of the 2* level at 1.37 Mev.
Metzger gives a lower limit of Ly >1.6X% 107 ev,
while reference 3 gives a definite value of ry=23.8
x 1074 ev. Assuming that the Mg?* nucleus is highly
deformed,®® the 2* level at 1.37 Mev can be treated
either as a collective (rotational) level with angu-
lar momentum I =2 and projection on the nuclear

symmetry axis K =0, or as a single-particle level
resulting from the perturbed motion of a single par-
ticle in the field of the deformed nucleus. For a
collective level, the reduced probability of transi-
tion from the excited state to the ground state is’

B = % (ZeBRy/ 4m), @

where R, is the equilibrium radius of the sphere,
and B is the equilibrium value of the nuclear de-
formation parameter. Formula (1) is usually used
for determining the parameter g from the ob-
served value of B. Setting the radius Ry = 1.45AY3
x 10713 cm, one finds for Mg? the value B = 0.45.

For the case of single-particle excitation, the
expression for the transition probability to the
ground state was given by Nilsson.? It is obvious
that in Mg?* the transition from the 2* level at
1.37 Mev to the ground state occurs mainly by
emission of E2 quanta. The corresponding level
width is?

T — (4r / 758) (/)% B (E2), @)
B(E2) = (5¢ /V4r)*| 2} D2 Au,, aoAlar—o S0
i i3 o
By,
*V@hT D
X (24,00] 26/,0) (240 © — o[ 241, Q — 3) |2, @3)

Here I; and I, are the orbital angular momenta
of the nucleon in the ground and excited states,
having the values 0 and 2 (N=2 shell); Q is the
projection of the angular momentum of the nucleon
on the nuclear symmetry axis; o is the spin:
Al,Q-¢ and Aiz,SZ'-cr are the diagonalization co-
efficients corresponding to the single-particle
functions in the ground and first excited states;®

Buy, = \ Rot, Ruvrtar, @

where Ryy, and Ry1, are oscillator wave functions
for the nucleon, which depend only on the parameter
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ro which determines the level spacing correspond-
ing to the spherical oscillator potential

ho = 1%/ 2Mpr’2. ()

The expression for B (E2) depends on the param-
eters 6 = $/0.95 and r.

The nucleons in the N =2 shell can be in states
with @ =%, =%, and +%; there are three dif-
ferent states for Q ==Y, two for @ =+%,, and
one for Q = :b% . The spacing of the levels depends
on the value of hw and the deformation parameter
6. If we require that the level spacing agree with
experiment, we can determine the parameter 6
from the Nilsson model. In the Mg?! nucleus the
+Y% and +%, levels are filled if 6> 0, while the
+% and =%, levels are filled if 6 < 0. The se-
lection rules permit only Y%, —Y% and 3%, —3%,
transitions in Mg?!. For the values of the param-
eter 6 we get 6 =+0.2 from the Y —Y tran-
sition, and 6 = 0 from the 3/2 — 3/2 transition,
setting ry=1.9x 108 cm in (5).

) 10T theor’ €V 104 I‘exp, ev
0.2 63 3.8[¢]
—0.2 0.8
0.3 11.8 >1.6[3]

The values of the width of the excited level at
1.37 Mev are given in the table. We see that the
value 6 = —0.2 must be discarded, since the re-
sulting level width contradicts the experimental
value. The theoretical value of the width for ¢
= 0.2 is considerably greater than the experimental
value. But if we take a somewhat greater value for
0, say 0.3, the theoretical value of the width T is
much closer to experiment. Of course, the excita-
tion energy is then different from the experimental
value, but not very much, since with 6 = 0.3 we
get 1.72 Mev for the excitation energy. Unfortu-
nately, in Nilsson’s paper the diagonalization co-
efficients are tabulated only up to 6 =0.3. It is
to be expected that for a somewhat greater value
of 0 the agreement with experiment will be more
satisfactory with respect to both the width of the
level and the value of the energy of excitation. As
for the width of the excited level found from the
collective model, nothing definite can be said since
no satisfactory way has yet been found for deter-
mining the deformation parameter B independently
of formula (1).

The angular distribution of the scattered vy
quanta is

I(9) =1(0){l —3cos?0-- 2cos*b}. (6)

As was to be expected, the angular distribution does
not depend on the model, since we are dealing with
a pure E2 transition.

3. We can get a different result concerning the
dependence of the angular distribution on the nu-
clear model if we consider the resonance scatter-
ing of y quanta by Mg?* with excitation of the
second 2* level at 4.23 Mev. Actually vy transi-
tions can occur from this level to the ground state
as well as to the first excited 2* level. For the
transition to the ground state, the angular distribu-
tion of the 7y quanta will not depend on the model
since this transition is pure E2. For the transi-
tion to the first 2* level, both E2 and M1 transi-
tions are possible. If the probabilities of these
transitions are of the same order of magnitude,
then because of the interference term the correla-
tion function will now depend essentially on the
assumed nuclear model, and a comparison with
experiment will enable us to determine the validity
of the models. One must keep in mind that the
probabilities of E2 transitions to the ground state
and first excited state should be of the same order
of magnitude. Of course the nucleus in the first
excited state later makes a transition to the ground
state, but this can give nothing new concerning the
dependence of the angular distribution on the as-
sumed nuclear model, since this transition is a
pure E2. For this reason we shall in what follows
regard the first excited state as the final state. To
obtain the correlation between the quanta absorbed
and emitted in the transition 2 — 1, we shall start
from the two models: collective and single-particle.
However before doing this we must check whether
the conditions

W [E2(2—1)] ~ W [E2(2—0)],
W M1 (2->1)]~W[E2(2->1)],

are satisfied, where the numbers 0, 1, and 2 de-
note the ground state, the first and the second ex-
cited states, respectively.

Since both excited levels have the same angular
momentum 2*, we can use the assumption of Davy-
dov and Filippov®:1? that the nucleus can be repre-
sented as an asymmetric top, which has rotational
levels of different energies but with the same total
angular momentum. The authors cited have found
the relation between these levels as a function of
asymmetry parameter y. Since the Mg? nucleus
is highly deformed, we apply the model of Davydov
and Filippov to it, and calculate the probabilities
of the radiative transitions for the same value of
the asymmetry parameter which gives the observed
value for the ratio of the energies of the levels
(v =22°). We find
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W(E2(2—1)]/W[E2(2—0)]~1,

W ML (2->1)]/ W [E2(2-> 1)] ~ 1072 W)

We see that the probability of the magnetic tran-
sition in this case is very small compared to the
probability of the E2 transition. The correlation
function will therefore not depend on the nuclear
model, and will be given by formula (6). If how-
ever we treat the 2% levels at 4.23 and 1.37 Mev
as single particle levels according to the Nilsson
model, then as is easily shown we get for the ratio
of the radiative transition probabilities

W [E2 (2 — 1)1/ W [E2 (2 — 0)]

~W M1 (2= 1)]/WI[E2(2—1)]~1. (8)

From this it follows that the transition 2 —1
is not a pure E2 transition, and that the correla-
tion function on this model will differ from formula
(6). To find the function we use the general corre-
lation formula

1) ~2 2

pp’ My M.
D (Mol oK | Ho| MUKy (MK, A | 1Mo |
M 9
where (IOMOKOI ﬁo | I;MK;) is the matrix element
for E2 absorption of the 7y quantum with transi-
tion of the nucleus from the ground state to the 2*
state at 4.23 Mev; (I,M;K;|H; | ,M,K,;) is the
matrix element for the transition 2 — 1, in which
(E2 + M1) quanta are emitted; (IgM¢K,), (I;M;K;),
and (IM,K,) are the values of the total angular
momentum of the nucleus, its projection on a space-
fixed axis and its projection on the nuclear symme-
try axis, in the initial, intermediate, and final states,
respectively. The operators for absorption and
emission of y quanta have the well-known form!

X

2
1:/0 = — VWS ep’ (kr)2Y oy,

2
Hy=—V7/T5ep 2 Diup(n) (kr)*Y on — (veh/ Mye) V'3
=—2
X D Dhp () fukry (11 — o4+ M | TLIMYY 1, et Vs
Mu (10)
where fj (kr) are spherical Bessel functions,
multiplied by (27)%2, and DL .(n) is the trans-
formation matrix.
For the wave function of the nuclear system in
the initial, intermediate, and final states, we have®

IFOOO = Vl/8ﬂ72xp o'

‘II.L.M‘? = V5/ 16=* {XQ,Q" D,:\l _)—{—X_

8

Y
DM — 21
Q,—9 I

\F‘ZMZO - V-5/8R2XQZQ:D}!M:0 )

where Qi (i =0, 1, 2) is the projection on the

(11)
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nuclear symmetry axis of the angular momentum
of the nucleon excited in the N = 2 shell, in the
initial, intermediate, and final states, Qf is the
sum of the projections of the angular momenta of
the other nucleons in the shell.

In addition we have

)

where

Xm - 7 Z Aéiﬂi -—%R-.’liDrlnii Qi"‘”iyli’“i (0’ (P)X(G") (12')

jm;o;

is the wave function of the nucleon in the undeformed
nucleus,8 Alliﬂi -0; are the diagonalization coeffi-
ficients, x (o0j) are spin functions, XQ4 is the
wave function of the other nucleons in the N = 2
shell.

If we use these expressions, we find, after quite
involved calculations,

I(in)~2 215 e (kaoRo)2 VBB N (Q2)

pp’ MM,

X {2 B (20m, MyQ,Q,) [0 (20m,pMy) Dy, » (ny)
My

+ C (20mypmy) Dy,  (ny)]
+ X\ B(22m,p’ MyQ,Q,) [0 (22m,pM,) Dye_p,, » (1)

m,

+C (22mpM) Dy, » (01} 1%, 13)
where
N (QoQy) = DN V2E L (1,900 1,21,0) My (1uly)

AlCI R

X N { Ao, Alg—oy (129 — 5,2 1,202, — o, + 2)

+ AL, oAl 2o
X (42 —Q — 02| [ 2y — Q) — 5, + 2)},

Life
} , 1 ’ ’
B (lilamp'MyQ,Q,) = Z LD (lL2myp" | 1,2Lmy + p')

L=(—2
X (La2my + p" — My, My |1,2Lm, + p')
X N[ A%0, —on Ao, (4292 —0,2| 1,200, — o, + 2)

X (12292 - C"10 I 122L§22 - :l) + A%:Q:—sl A}J-—‘QA“%
X (32— Q) — oy, — 2| 2L — Q) — 5, — 2)
X (15285 — 5,0 1,2LQ3 — a))],

ehkzy 1

0 (lIIZmlp,M2) = 9 VV?MPC V*ém

1
X D (1 —pp 4 p' — My | 111p" — My{(lylmy — | 411,

p=—1

A 1y —w) (1 4 lp + p" — Momy — | 14, + Lymy

4+ p'— M) Ty (Lls) — (L Imy —w | L1l — Tmy — )
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X (U —1lp+p' — Mymy — | 11, — 1omy
+ 0’ — M) Te (l112)},
T(hly) =V (I + 1) (14 4+ 100] 11y 4 14,0) [(ls— I, — 2)
X (I + lg + 3) Wy (L) + 2Mpckg R¥01 M, (141,)],
Ta(lyly) =V I (11, — 100 11;—1£50) (M, (L1l)
+2M ek R2671 I, (1y1o)],

o0 1
32 41)

+ My — Ms) (kR)* My (Lly).

In these formulas Mp is the proton mass and c

is the velocity of light; ky, and ky; are the wave
numbers of the y quanta emitted in the transitions
2—0 and 2—1, respectively, while the symbols
M1,(l1,) denote radial integrals, i.e.

C (lllgmlMle) = -_— (ll2m1M1 -_ Mz, 11212”11

W (tuds) = \Rot, (r/ RY R, rdr.

From the selection rules we have |Q;— Q|
=2, |Q;-Q,| = 2. Thus in the absorption of an
E2 quantum we will have the transitions % — %,
Yo— %, % — =Y, if 6> 0. If we require that
the calculated level spacing agree with the experi-
mental value, (4.23 Mev), we will have only the
Y, — —%, transition. In this case the theoretical
values are AE = 3.8 Mev for 6 =0.3, and AE
= 2.9 Mev for 6 = 0.2, (The lack of tables of the
diagonalization coefficients for 6 > 0.3 prevents
us from getting closer to the experimental value
AE = 4,23 Mev.) In this case, in the transition
2 — 1 to the final state only the single-particle
transition -% — Y% will occur. If we substitute
the computed values of kyy and k,; in formula
(13), we finally get the correlation function

I1(8)~ (1 + Acos04 Bcos?6 4 Ccos®0 + Dcosth), (14)

where 6 is the angle between the absorbed and
emitted y quanta. For 6 = 0.3, the values of the
coefficients in (14) are

A=0.11, B=-—15C=—03, D=0.7.

The correlation function given by formula (14)
is not symmetric around 90° (cf. Fig. 2), whereas
in the case of collective excitation the correspond-

1v-1(8)

I 1 1 1 1 1
0 0 s 0 5 #e°
FIG. 2

ing curve determined from (6) is symmetric. Thus
the experimental investigation of the correlation of
v quanta in the excitation of Mg?* with an energy
of 4.23 Mev would enable us to draw definite con-
clusions concerning the nature of the excitation of
this nucleus. Unfortunately, so far as we know,
no one has as yet done such experiments.

In conclusion, it is our pleasant duty to express
our thanks to V. I. Mamasakhlisov for his direction
and continued interest in our work.
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