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The simplification consists in replacing the partition function
(11) by the corresponding grand partition function in which the
quantities e; are not restrained by a side condition:

q —(2 )-ws f . . .f
Xde&des deer exp[EZ;, s;s;—sZ;s, ]. (1)

Here s is the conjugate variable to Z;e;, after evaluation of Q~ it
is to be adjusted at each temperature so that the Berlin-Kac
condition holds:

a lnQ~/as = —1V. (2)
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HILE investigating the spallation reactions which oc-
curred when iodine was bombarded with 240-Mev protons

in the Rochester cyclotron, three previously unreported xenon
isotopes were found.

About 200 mg of anhydrous lithium iodide ( 99 percent pure,
A. D. Mackay, Inc.), wrapped in a small envelope of 1-mil alumi-
num foil and clamped to the cyclotron probe, was exposed to the
internal beam for one hour. Within 20 minutes of the end of the
bombardment, collection of the xenon was completed and counting
begun. The all-glass gas-collecting system consisted of a reaction
tube containing a cold finger and an inlet for helium gas, a trap
of potassium hydroxide-coated glass wool kept at dry ice tempera-
&gre, and one or more charcoal traps held at liquid air tempera-

This means that we satisfy the restraint of their model in the
mean; this is sufficient by the principles of fluctuation theory,
provided each member of the assembly is itself a macroscopic
system. The evaluation of an expression of the form (1) also occurs
in BK (C3). It is, however, followed by an integration in the
complex plane which appears to play an essential role in the de-
termination of the temperature singularity of the three-dimen-
sional model.

In the present mode of computation we proceed entirely from
(1) and (2). In evaluating (1) we follow BK fEqs. (3) to (g)]
with the one reservation that the lowest mode must be excepted
from the smoothing-out process (this is familiar from the theory
of Einstein condensation). Thus, we find

2'

lnQN= —-', ln(2s —12K) ——,
' fff'(2x) '

0

Xdko~du&sdras inL2s —4fc(cosa&~+cosa&s+cos"3)]. (3)

Equations (1), (2), and (3) are sufficient to yield

U = ——,
'Ja lnQ~/aK = (J1V'/4E) (1—2s) . (4)

This is BK Eq. (18), the key equation to most of the derived
results. To complete our derivation, we must only show that we
can also derive the correct dependence of s upon temperature.
Applying condition (2) to (3), we get

23

d COId CO2dCO3

2$(s—6E) 2(2~)' ~ ~ ~ s —2X(coscoi+cos~2+cosco3)
0

For E suKciently small, this equation yields for s a value sug-
stantially larger than 6E; the first term is then negligible and
Eq. (C23) of BK is obtained. As E increases, the boundedness of
the integral comes into play, and s must approach 6K sufficiently
closely so that the first term in (5) can make up the deficit. This
feature leads to the "sticking" of s at the value 6K and yields the
entire low temperature behavior of the model. All results of the
BK paper are thus derived.

1T. H. Berlin and M. Kac, Phys. Rev. 86, 821 (1952). In this letter it is
referred to as BK.

ture. The reaction tube contained about 10 drops each of frozen
concentrated nitric and sulfuric acids, to which the target iodide
was added, and was connected to the line by a ground glass joint.
With helium slowly flowing through the system, the reaction
mixture was heated until most of the iodine was collected on the
cold finger (—78'C) and the xenon, carried by the helium, was
adsorbed on the cold charcoal. All water and acid vapors were
presumably removed by the potassium hydroxide trap. The char-
coal trap, in the form of a small U-tube, was sealed, cut from the
line, and cemented to a Lucite disk for counting.

Decay of the xenon activity, as counted through the glass wall
(0.5-1.0 mm thick) of the U-tubes, was followed with a scintilla-
tion counter having a NaI(T1) phosphor and also with a halogen
filled GM tube. Resolution of a gross decay curve obtained with
the latter yielded the following half-lives: 35 minuteh, 1.7 hours,
20.1 hours, and )20 days.

A xenon sample placed in our low resolution beta-ray survey
spectrometer showed positrons of &2.8 Mev with 1.8-hour
half-life, and 3.1-Mev positrons of 20-hour half-life. The agreement
between the latter positron energy and that of the reported' 3.6-
minute II22 suggested that Xe'~ with a 20-hour half-life had been
produced, while the other activities indicated Xe' ' and/or Xe'"
were made.

Parent-daughter isolation experiments were performed to de-
termine whether the 20-hour activity was the parent of I'~ and
to determine the half-lives of Xe'" and/or Xe'". The separation
was based on complete desorption of xenon from charcoal at
elevated temperatures' and the retention of iodine daughters as
solid iodide if silvered charcoal is used. A glass line consisting of a
series of small U-tube traps, each filled with 0.3 g silvered, ac-
tivated charcoal held in place with glass wool, was used for making
rapid periodic separations of the iodine daughters from the parent
xenon. A large charcoal trap at —196'C, containing all the xenon
collected from one target, was attached to the line by a ground
glass joint and the system pumped down with a Cenco Hyvac
pump. The xenon was transferred to the first trap of the series by
cooling that trap with liquid nitrogen and warming the original
large trap with an electric heater, after which the large trap was
sealed from the line. This procedure was repeated at regular in-
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FIG. 1. Yields of iodine daughters at successive one-hour separations
from xenon parent. Curve A (shelf 1, 2 mm from crystal), yields of I»',
shows the half-life of Xe»I to be 40('+2) minutes, and curve C (shelf 1),
yields of I»g, gives 1.7(+0.2) hours for the half-life of Xe»3. Curve B
(shelf 6, 80 mm from crystal) shows the yields of I»2 to be compatible with
20(&1) hours for the Xe»2 half-life, observed directly.
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tervals of one hour for the first 9 traps. The activity of each
sample of iodine grown in from the xenon was determined. The
last trap was sealed and mounted for counting immediately upon
transferring the xenon to it. From 3 to 5 minutes elapsed from the
starting of a parent-daughter separation and the placing of the
iodine sample under the scintillation counter.

All iodine daughter samples showed the presence of 3.4(&0.1)-
minute and 1.45(&0,1)-hour activities, presumably I'"- and I"'
respectively, 13-hour I"', and 17-day Te"'. Several determinations
of the I"' half-life on radiochemically pure iodine separated from
the target gave a value of 1.5(&0.1) hours rather than the re-
ported 1.8 hours, and the tellurium activity isolated from these
samples confirmed the observation' that I"' decays to the lower
17-day isomeric state of Te'2'. From the yields of Il" and I"'
versus the time of parent-daughter separations the half-lives of
Xe"' and Xe"~ were determined to be 40(&2) minutes and
1.7(~0.2) hours, respectively (curves A and C, Fig. 1).The yields
of I"' (curve B) proved to be completely compatible with the
half-life of 20(~1) hours found with a GM tube for the xenon in
the last trap of the series. Scintillation counter data on this
sample proved that 32-day Xe'2' had also been produced and
indicated that 18-hour Xe"' was likewise present. All limits of
error placed on numerical values are based on an estimate of the
apparent reliability of the data.

Other workers, Tilley4 at McGill University and Mathur and
Hyde' at the University of California, Berkeley, have inde-
'pendently obtained information in substantial agreement with
ours.

* Research carried out under contract with the AFC.
t du Pont Fellow in chemistry, 1951—52.
1 Young, Pool, and Kundu, Phys. Rev. 83, 1060 (1951).
2 J. A. Ayres and I. B.Johns, Radiochemical Studies: 7'he Fission Products

(McGraw-Hill Book Company, Inc. , New York, 1950), Paper No. 311,
National Nuclear Energy Series, Plutonium Project Record, Vol. 9, Div. IV.

g L. Marquez and I. Perlman, Phys. Rev. 78, 189 (1950),
4 D. E. Tilley, Abstract 77, Royal Society of Canada meeting (June,

1952).' H. B. Mathur and F.. K. hyde, private communication.
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'HE angular distribution of protons produced in (d, p) re-
actions has been calculated by Butler' and others' ' under

the assumption that a stripping process is the primary mechanism
operative. Comparison of this theory with experimental results for
the proton distribution makes it possible, in many cases, to de-
termine the angular momentum /~ transferred to the target
nucleus by the capture of a neutron. In general, the information
obtained about /p does not provide a unique spin assignment for
the resultant nucleus; a parity determination is always unam-
biguous. If a target nucleus of spin jo captures a neutron with
orbital angular momentum /~ from the deuteron, the spin of the
resultant nucleus jl is restricted to the values

(jo+bi+ /2[min=jl= f0+iiV+ 2 (1)
The production of a nucleus (j&) from a target nucleus (jo) may

be characterized by several values of lz provided these values
differ by an even number of units and obey the limiting relation

I jo+ji+ /s I mi ~=4=jo+ji+ 2. (2)

It is to be noted that if either jo or j& are zero, only one value of
/~ contributes to the reaction.

The methods and approximations applied in the (d, p) stripping
calculations can be extended to the (d, py) correlation function.
The correlation function f(8, 8) takes the form

f(8, 8) =const Z ~g& (9) ~'.
~ „(e)

(3)
t~ (2/x+1)

~ gi&(e) ~

is the angular distribution with respect to the incoming
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lar correlation function f(8, 8) for each possible assignment of
spin and parity to the 1.34-Mev and ground states of A '. It is to
be noted that if the measured angular correlation function is iso-
tropic, the 1.34-Mev state has spin -'„butno definite statements
can be made of its parity or the spin of the ground state. On the
other hand, a measured angular correlation which is nonisotropic
will determine the spins and parities of both states of A".

The authors wish to acknowledge several illuminating discus-
sions on this problem with Dr. H, Primakoff.

+ Assisted by the joint program of the ONR and AEC.
1S.T. Butler, Proc. Roy. Soc. (London) 208A, 559 (1951).
s Bhatia, Huang, Huby, and Newns, Phil. Mag. 43, 485 (1952).
g F. Friedman and W. Tobocman, private communication.
4 Biedenharn, Arfken, and Rose, Phys. Rev. 83, 586 (1951).
g This has been independently demonstrated by Biedenharn, Boyer, and

Charpie, Phys. Rev. 88, 517 (1952).
t) W, Gibson and E. Thomas, Proc. Roy. Soc. (London) A210, 543 (1952).

deuteron of the protons produced in the absorption of a neutron
(/z) from the deuteron by the target nucleus (jo) leading to the
nuclear state (jl). A&N(8) is the angular correlation function for
the (n, y) reaction in which a free neutron of angular momentum
/N is absorbed by a target nucleus (jo) leading to a new nucleus
(jl) in the excited state which subsequently decays by 2~ multi-
pole emission to the nuclear state (j&). 6 is the angle between the
directions of propagation of the absorbed neutron and the emitted
p-ray. A&~(6) is explicitly'

A,„=ZZ
tr m1m2

X (~l&m&0 ~j &mi)'(j &Lm&(mm mi—) ~j&m&)'Fr, ~ ~(d) (4).
0. is the vector sum of jp and S& (neutron spin); A 'N is that part
of the matrix element for the neutron capture process exclusive of
the Clebsch-Gordan coeKcients representing the dependence on
the magnetic quantum numbers; Fl. 2 1(8) is the classical dis-
tribution for the (m2 —ml) contribution to the 2~ multipole radia-
tion; ml, m2 are the sets of magnetic quantum numbers belonging
to the states (jl) and (j2), respectively. It immediately follows that
if the (d, p) process is characterized by only one value of /z, the
emitted p-ray is correlated to the direction of the absorbed neu-
tron —or what is equivalent, the direction of the recoiling nucleus
(jl)—just as if the neutron had been captured from an unbound
state. ' This obtains when j&=0 and Eq. (3) becomes

f(0, 6) =const~ gi„(8)~'

X Z (jiLmi(ms —m&) ~j2m2) Fr~I ~'(8)4(m&a2). (5)
m1m 2

Equation (5) exhibits no unknown parameters except those con-
tained in the internal wave function of the deuteron implicit in

gt~(8). For the general reaction in which jo&0, no statements can
be made concerning f(8, 8) which are independent of a specific
nuclear model needed to calculate the functions A, '&.

Equation (5) can be applied directly to the A"(d, p)A"*(p)A41
reaction, which has been studied experimentally by Gibson
and Thomas. ' These authors have demonstrated that the 1.34-Mev
state of A41 has either odd parity and spin —,

' or —',, or possibly even
parity and spin —,', whereas the ground state has spin 7/2 or 5/2
and odd parity. Table I gives the dependence on cosP of the angu-

TABLE I. Predicted angular distribution of y-rays from the 1.34-Mev
level of A41+ formed in a (d, p) reaction on A4'. 8 is the angle between the
recoiling A'1* and the 1,34-Mev y-ray; L is the pole of the emitted y-ray.


