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WE shall consider the possible appearance of
superfluid states among medium and heavy nuclei,
i.e., states which are energy wise more advantag-
eous than the state of completely degenerate Fermi
gas (normal state). In order to do this we shall
apply the variational principle of Bogoliubov! as it
arises from generalizing the method of Fock,? and
mathematical techniques developed in the theory of
superconductivity.®

Basing ourselves on the shell model of the nu-
cleus, we shall examine the weak interaction®* ex-
isting among protons (or neutrons) of the same
shell with equal and opposite values of the projec-
tion of their angular momenta upon the axis of sym-
metry of the nucleus. Assuming that the shell is
characterized by a set of quantum numbers s, the
model Hamiltonian may be written in the following
form:

H = 2) {[E (s, m) —E¢] Gy (5) Gm(s)

+[E (s,—m)—EF] aZpn_ (s) a—m—(s)}

1 ’
+5 D Jols|mm)ady(s) atm (s) am— (5) @ms (s),
s, my m’
m+m’

1)

where N is the number of levels and the other
quantities are described in reference 4. Let us
make the following canonical transformations.

G (5) = tim (5) o (5) + O (5) 941 (), @)

A (S) = U (S) %y (5) — Um (5) %o (5),
Nm (8) = thm (5)2 + Um (5)2 — 1 = 0. (3)
We shall find the average value of H = < CFHC,>
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in the new vacuum a Cy = @y Co = 0. We then
find the functions um (s), vy (s) from the re-
quirement that H have a minimum value with the
additional condition (3). As a result we obtain the
following equation for the new unknown function

Cm (s):
Con(8) = — = S\Jo(s|m, m')Co (s)

(4)

V/ {E (s, m) — Er}* + Co (5)%,

thus
1|, E(s,my—Eg |
““(S)2=Tl‘+W“—J
1 E(s, m)—Eg
oute? =317 ] ®

em () =V {E (s, m) — Ep}* + Cm (5)%,
E (s, m) = —-{E (s, m) + E (s, —m)}.

When the energy is close to the Fermi surface en-
ergy we obtain the following approximate solution
to Eq. (4) for small values of J

_ - do(se | m, my) {(mz—ml)d—E(Smm)/dm }
Crm (50) = w-’oo(sooi my, mg) p Jo (8o | Mg, ’”on) ok

me

1 , dE (S, Ma) |E(syy m' — Ep|
In 2 =— S dm In
w 2 d

(6)

my w

my
~ d Jo (8q | My, m’) 1 ]
dm' | Jo(so|my, Mmy) dE (s, m’)jdm’ |’

where E (s, m;)=EF. The functions up (s)
and vy, (s) of the superfluid state are obtained
from Eq. (5) and (6), while for the normal state
um(s)=1-6F(s,m), vm(s) =6F (s, m)
where O0p (s, m)=1 if E(s, m) < EF, and
6p(s, m)=0 if E(s, m) > Ep.

We shall now compute the difference AE! be-
tween the ground and the first excited superfluid
states in such a way as to avoid departing from
even-even nuclei to odd ones, and we find

AEL (5) = (C% oo (5) tmy (5) Holy (8) ok (5) Csd
— (CLHCS) = 22 (5),
and for s =s;, m =m,

(7)

(7')

It can be seen from this that the first excited
state is separated from the ground state by a gap
(7). Note that there is no energy splitting when
the normal state is perturbed.

We can find the difference AE between the
superfluid and normal states in the form

AEfn, (S0) = 20 exp{ (mg — my) dE (samy) /dm,,} _

Jo (8o [ g, my)
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AEm (s) = (Cisy HC$y) — (CinHC (>
{E (s, m)— Eg}?
2¢,, ()

+ {E (s, m)— Efg} {1 — 26F (s, m)},

= e () —

®)

and for s =sj;, m =m,

AE , (S0) = — Cm, (s0) ] 2. (8")

From this it may be seen that the superfluid state
turns out to be more advantageous energy wise than
the normal state and is separated from it.

Thus the interaction among protons of the same
shell having equal and opposite z components of
angular momentum gives rise to a superfluid state
of the atomic nucleus. The presence of an energy
split between the first excited and ground super-
fluid states confirm the considerations of Bohr,
Mottelson, and Pines on the possibility of explain-
ing in this way the energy split in heavy even-even
nuclei.
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In conclusion the author wished to express his
profound gratitude to academician N. N. Bogoliubov
for his constant interest in this work and for very
valuable remarks.
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EXPERIMENTS designed to study the dependence
of the cross section for meson production by low
energy particles on the atomic weight A have

shown that this dependence is not stronger than
the Az/ 3 law for elements up to aluminum, and
somewhat weaker than A¥® for heavy nuclei.!??
For primary protons with an energy of 3 Bev the
cross section for meson production increases as
A for elements up to aluminum and somewhat
faster than A¥3 for heavier elements.

We report here data on production of very slow
7 mesons in condensed media by cosmic rays in
the stratosphere. Unbounded photoemulsions of
10 cm diameter and 400 u thickness were used to
detect the slow mesons; 12X12 cm aluminum and
lead plates of varying thicknesses were used as
targets. The photoemulsions were pressed between
two plates of aluminum or lead, lifted into the strato-
sphere in balloon probes and irradiated by cosmic

TABLE 1
Number of mesons per Ui limit of
3 A Total number of 77- pper Limi
lud. A
Substences (Thick|  gooicoims | BFNRSRAgler | metonenersy
surrounding | ness and in a cm? O ha: md fev' ei
the emul- in + the eg‘g’é,seit‘:i‘cme' :lln?:;:es;o;' Ot:h:
. P
sion g/cm? T &orrection target substance
Packing
material 0.174-0.06 *| 0.534-0.12
1.62{0.584-0.09 | 1.284-0.15 0.754-0.13 13.5
Aluminum 2.7 10.84+40.12 | 1.6840.21 0.7340.11 18
5.4 |1,7940.17 | 3.1940.25 0.94+4-0.07 27.5
2.270.344-0.07 | 1.9040.19 |  0.6840.1 12
d 4.5410.9240.13 | 3.964-0.32 0.94+0.08 18
Lea 6.80|1.5190.16 | 4.30140.32 |  0.80F0.06 23
11.342.04+0.20 | 4.84+4-0.37 0.594-0.05 31

*The errors shown are purely statistical.




