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Inelastic scattering of deuterons on Mg?and C'?nuclei is considered on the basis of the gen-
eralized nuclear model. The Mg® nucleus is considered to be deformed, and the C!?nucleus
to be spherical. Assuming that the rotational level is excited in the Mg nucleus upon colli-
sion with deuterons, and that a single phonon is excited in the C'2nucleus, the angular distri-
butions of the scattered deuterons have been computed with account of the Coulomb interac-
tion. The results are compared with experimental data.

].. Haffner! has carried out an experimental inves-
tigation of the angular distribution of inelastically
scattered deuterons on some light nuclei. He com-
pared the resultant distributions with the theoreti-
cal values.2:?

Huby and Newns“ considered only the nuclear
interaction between deuterons and the target nu-
cleus; calculation of the angular distribution was
carried out in a fashion similar to the calculation
of the distribution of (dp) reactions in Ref. 4.

In the work of Mullin and Guth® on obtaining the
angular distribution, only the electric interaction
of the deuteron with the nucleus was taken into ac-
count. Comparison with experimental data, made
by Haffner, shows that the theoretical computation
of the angular distribution, taking into account only
the nuclear interaction, gives a satisfactory agree-
ment at large scattering angles, while the compu-
tation taking into account only the electric inter-
action, leads to satisfactory agreement for small
scattering angles.

It is therefore of interest to consider the simul-
taneous effect of both interactions, with a view to
obtaining better agreement of theory with experi-
ment in all regions of angles. In the researches
mentioned above, the wave function of the nucleus
is considered unknown. As a consequence, within
the framework of these researches, it is not pos-
sible to clarify the relative role of each of these
two interactions.
 Clearly, consideration of both interactions is
possible only of the basis of a definite nuclear
model, which allows us to establish excitation
mechanism. As Rakavy has shown,’ we can con--
sider the lighter nuclei, with mass number 18 to
28, on the basis of a generalized nuclear model,
in which the coupling of the subshell particles
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with the surface shell of O is strong. This
means that one must consider these nuclei to be
strongly deformed. Therefore, they must possess
rotational levels, among which the levels of the
even-even nuclei are known to possess the sim-
plest property.

In the present research, we consider the ine-
lastic scattering of deuterons on certain even-even
nuclei on the basis of the generalized model of the
nucleus.

We assume that in the collision of the deuteron
with the nucleus, only collective degrees of free-
dom are excited as a consequence. In this situa-
tion, two cases are possible: (1) rotational and
vibrational levels are excited, and (2) the excita-
tion of the nucleus bears a phonon character. Ex-
istence of the first or second case depends on
whether the original nucleus is deformed or not.

2. If we assume that the nucleon in the free
state interacts with the surface of the nucleus in
the same way as in the bound state, we can write
for the interaction energy of the deuteron with the
nucleus (in the case in which the initial state of
the nucleus is deformed*)

H=%£VR3(rp—Ry) D aY s (% op)

+ VR (rn— Ro) X Yoy (9, 01) + V' 4+ V (1), (1)

in the case in which the nucleus is initially unde-
formed,

*The presence of two signs in Eqgs. (1) and (2) takes into
account the possibility that the interaction of the free nucleon
with the surface vibrations of the nucleus can have both an
attractive and a repulsive character.
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H=4-VoRd(rp — Ro) Dja.You (9, 9p)
i

+ VORoa (rn - RO) 2 “p.yzp (3m cPrz) + |4 =+ vV (I‘), (2)
w

where V, is the depth of the potential well, R,

is the equilibrium nuclear radius, (rp, 4p, ¢p)
and (rp, ¥n, ¢n) are the coordinates of the com-
ponents of the deuteron (the proton and the neu-
tron), while the same coordinatés, marked with
primes in Eq. (1), denote the fact that they refer
to a system of coordinates connected to the prin-
cipal axes of the deformed nucleus. The quantities

Ay=0a_,= %siny, a,=Bcosy(aq; =a_, =0)
denote the parameters which determine the shape
of the deformed nucleus possessing rotational and
vibrational levels. The parameters @, must be
regarded as the creation operators of the phonons.
V’ is the operator of electric interaction of the
proton with the nucleus, which is equal to®

V=0
z

V=2 e|r,— Ry|

k=1

for r, <ry,

forrp,>r,, (3)

where Ry are the radius vectors of the protons
of the target nucleus, V(r) is the radially sym-
metric part of the nuclear potential.

We expand the potential V’ in multipoles:

V=V, (4
where

/ z e2 [Rp\!
Vi= _<7’;) Py[cos (rp, Ry)]

r
k=1 P

z
2 4 \ I<,* " "
= g1 2 Y in (% 2) 2 RY im (D, on).
rp m 3

=1
We make use of the well-known relations be-

tween the parameters of collective motion in the

nucleus nnd the variables of the individual particles®

A
4 Ry\! P
= 5.3, (R) e k.
k=1

If we assume that the neutrons and protons produce
identical deformation of the nucleus, then we can
write:

’ 3Ze? Ré '
Vl = ? m Z“Zmylm (Sp» ’~?p)- (5)
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In the nuclear interaction of nucleon (1) with (2),
consideration is generally limited to surface de-
formations of second order. Therefore, in the
electric interaction (5) also, one should limit one-
self to the parameter ayym = ap. Taking this
into account and transforming to the coordinates
connected with the deformed nucleus, we shall ob-
tain
2
V,2 _ 3Ze*R;

53 2 %Yo (95, ©p)
P n

3Ze2R2 r
=5 DY o) (6)
p v

where

= 2 @Dy (%),
while wa is the transformation matrix of the
spherical harmonics Y, and ¢ = (J4, J5, ¥3)
are the Eulerian angles.

Since the ground state of even-even nuclei is
the state 0%, while the interaction operators (1),
(2), and (6) give transitions only with a change in
moment by two units, then, after the process, the
nucleus is in the state 2% which is the first excited
level of even-even nuclei.

3. The matrix element of the process under con-
sideration, corresponding to the interaction oper-
ators (1) and (6), has the form

1

I | A WL

X @ (Irp —ral) 47 () 8 (rp, — Ro)a Yy (%, p)

X exp {i X (o r,,)} @ (| rp — rn|) s (¥) drpdradx

‘

+Vexp{—F (r, + o)}
X @ (Irp — ra]) 47 (%) 3 (rn — Ro) @Y 3y (97, 1)
.k
X exp {z 5 T+ rn)} DO(rp—rn|)d: (x) dr,,dr,,dx]

3Ze;R3 SeXp {_ L._12<_' (r) + rn)}

X D (| 1p —rn | ) §7 (x) @Yo (95,90)

X exp {i 5 (0 + )} O(rp—ral) e () 2 draas . ()

p

In the case of interaction operators (2) and (6), we
have for the matrix element of the transition
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mu(ola wl 1)

Hiy=

X {iVoRo [Sexp{—— il—(zl—(r,, + r,,)] @ (|r, —rn)
X8 (rp—R,) YZIL_(&II’ @p)

X exp{i %(r,,-# r,,)} @ (|r,—ra|)drydr,
‘ik, *

+SeXp (=5 @+ } 0" (r,—ra))

X 8(rn—Ro) Yoy (8n, 9n)

X exp {i ;(r,, + r,,)} D (|r,—r,)) dr,,drn]
+ 228 Sexp (— i 0p )

. Lk drp
X O ([r,—ral) You (9, ?p)eXP{l 5 (rp + r,,)} —3 d Tn} , (8)
p

where @ (r)=va/2n e~ T /r is the wave function
of the interior state of the deuteron, k and Kk’ are
the wave vectors of the center of mass of the deu-
teron before and after scattering, ¥g(x) and

¥j (x) are the wave functions of the deformed nu-

cleus in the excited and ground states, respectively.

These functions have the form

¢y = VZ Yiu (3, 9)- i '(B )

1
q)[. = ﬁ YOO (‘9" CP) Pn ny (?v Y)’ (9)

where I is the spin of the nucleus in the excited
state, M is its projection on a fixed axis, and ¢
is the wave function of the vibrational state of the
surface of the nucleus.

The quantity (0|ay|l) in Eq. (8) represents the
matrix element of the creation of a single phonon.
It is equal to®

(Olau|1) =)/ ho/2C, (10)
where C is a coefficient characterizing the de-
formability of the nucleus, hw is the energy of
the phonon.

Expanding the plane waves in (8) in the form of
spherical waves in the fixed system, and in (7) in
a system connected with the principal axes of de-
formation of the nucleus, we get for the matrix
elements (after integration):

==y V w7
0.3Ze? J1(qr,)
(qRo) + VRS %] (11)
and
_ WRWm 4y _qg
Hip=— W[—q— tan ][-}— J2 (gR,)
0.3Ze2J .,
+ RoVi lr;frO)]ZSq’fa“Dvo(‘(*‘?q’) udr, (12)

where J1 and J, are the spherical Bessel func-
tions, q = |k- k’l Making use of the known ex-
press10n for Dvo’ we have

A= S draDlobids = (ngn, | am| ) /)5, (13)

If we consider the case in which only rotational
levels are excited in the deformed nucleus, then we
must set ng=npg and ny =ny in Eq. (13). Fur-
thermore, we must expect that the mean values of
the parameters ajp; will differ slightly from their
equilibrium values. Therefore, for the sake of
simplicity in our case, we can in Eq. (13) take B
=By and vy =0, 7, where B; is the equilibrium
value of B. As a result, we obtain

A = = B13120m0/ ng (14)

since a;=a_,=0 and a;=*B here.

4. For the differential cross section of the
process under study, we get (for the case in which
the initial nucleus is assumed to be deformed):

do\ 204 (VoRY? Q 52[ 4497
(E)l TRO\/”E? tan za]

X[ £ (GRy) + Gopo LT, (15)

are

in the case in which the deformation of the initial
nucleus is neglected,

(@), = soar (@), (16)

where p is the reduced mass of the system, and
E, is the energy of the incident deuteron. The sign
+ in front of J, is determined by the sign in the
expression for the interaction (1) and (2).

5. We compare these theoretical distributions
with the experimental data for the Mg* and C!?
nuclei. We first consider the Mg?* nucleus. In
accord with Ref. 5, this nucleus must be regarded
as deformed. Since its energy of creation is com-
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paratively small (1.37 Mev), it is natural to as-
sume that in collisions with deuterons, only rota-
tional states are excited in them. This allows us
to apply Eq. (15) to the Mg? nucleus. Before car-
cying out a comparison of the angular distribution
with experimental data, we shall show in what fash-
ion it is possible to find the values of the param-
eters By, Ry, rg, and V; which enter into Eq. (15).
In the expression for the energy of rotation of
even-even nuclei,?

Ep= (n¥/20)1 (I + 1), 17)

where J = 3BB? is the effective moment of inertia,
I=2, while B=(%7)MAR} (M is the mass of
the nucleon and A the mass number), we replace
E] = E, by the experimentally observed value of
the excitation energy 1.37 Mev. At the same time
we find the connection between the parameters B
and R,. For a determination of each of these
parameters separately, we must also have a sec-
ond relation between them. As a second relation
we can take the express which defines the quadru-
pole moment of the nucleus®

Qo = == (3/V/'5%) ZR3p;. (18)

Making use of the experimental value of the
quadrupole moment of the Mg?* nucleus (Qp =
0.66 x 10~ cm?), and taking it into account that
Eq. (18) usually gives values approximately twice
as great as the experimental, we can in a rough
way determine R, and B; from the two relations
given above. As a result, we get Ry =4 X 107 8cm
and B; = 0.77. The value of the parameter r,
can be estimated in the following way. Inasmuch
as the choice of the electrical interaction in the
form (3) denotes that it is essentially small in the
region occupied by the nucleus, then it is natural
to set ry ® Ry + 6R, where 6R is the maximum
change in the linear dimensions of the nucleus,
produced by the deformations. According to Bohr
and Mottelson,® it is equal to

?IR = V5—/TT BIR()

in our case (Y =0, m). As a result, we get ry=
5.9 x 10"8cm for the parameter r, for the Mg?
nucleus. In so far as the depth V, of the potential
well is concerned, we can determine it from the
condition that the value of the principal maximum
in the angular distribution is determined only by
the nuclear interaction. If we employ this assump-
tion and make use of the experimental value of the
principal maximum, we obtain V, =1.84 Mev. It
is easy to see that in our choice of the parameters,
the electric interaction plays a role comparable
with the nucleus interaction.

(19)
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FIG. 1

The angular distribution obtained on the basis
of Eq. (15) is shown in Fig. 1, where Curve 2 cor-
responds to the minus sign in (15) and Curve 1 to
the plus sign. The rapid fall-off of Curve 2 at
small angles is caused by the electrical term in
the interaction, while the principal maximum and
the further development of the curve is due to the
nuclear term. The principal maximum on Curve 2
is displaced by about 10° relative to the position of
the experimental maximum.

Curve 2 possesses a minimum at small angles,
while at this same value of the angle, the experi-
mental curve also has a minimum; however, in
contrast to the experimental case, the theoretical
value of the minimum is zero.

Better agreement with experiment is obtained
when we take the plus sign in (15). In this case,
the position of the principal maximum coincides
with the one observed experimentally. Moreover,
in agreement with experiment, the minimum of the
theoretical curve does not lie on the axis, although
it is displaced somewhat in the direction of smaller
angles in comparison with the position of the ex-
perimental minimum.

We can apply Eq. (16) to the C!? nucleus which,
before the reaction, is not deformed. Inasmuch as
the excitation energy is comparatively small
(4.43 Mev), we consider that a single phonon ex-
citation takes place in the collision with the deu-
teron. For an estimate of the parameter C enter-
ing into Eq. (16), we make use of the well-known

formula®
C = 4R3S — 37%2/10xR,, (20)

where the surface tension of the nucleus S is de-
termined from the relation’
4=SR: = 15.4A"sMev. (21)

It should be noted that this way of determining the
parameter C is very crude in its application to
the C!? nucleus, since the formulas employed hold
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00 not have a minimum and disagrees, in many re-
spects, with the experimental data. It agrees with
:5 ar ﬁ experiment only in relation to the presence of the
""S i $ Hiay & principal maximum.
—3“ ’ 8 ﬁé ﬂ% It is possible that this nonconformity is pro-
‘gl§ w0t ; duced by our incorrect assumption that, in the
process considered by us, a single phonon excita-
20t tion arises in the C! nucleus. Nor is it excluded
\/ that, in such light nuclei as C!2, the generalized
" w w w w deg model is generally non-applicable.
FIG. 2 I e——
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The theory of light waves in exciton-absorbing crystals, developed in Ref. 1 on the basis of
a new relation between specific polarization and the electric field, is applied to cubic crys-
tals. For each direction of propagation, the existence of three types of light waves is pre-
dicted in these crystals. One of these types is similar to ordinary waves, whereas the

other two are essentially anomalous. The frequency dependence of the refractive indices

of the three types is considered. Fresnel’s formulas are generalized for light passing
through the boundary between the crystal and a vacuum. New formulas are obtained for the
coefficient of reflection from the crystal surface and for the transparency of a plane parallel
plate. Methods are suggested for experimental testing of the theory and for obtaining a di-
rect proof of the existence of second and third light in cubic crystals.

THE present article is an immediate continuation moment of dielectric polarization and the electric
of Ref. 1, in which it was shown that in the region field are related through a differential equation
of exciton absorption of light the specific dipole rather than by a simple linear algebraic expres-



