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theory model and with the Peaslee excited-intermediate-
state model shows that: (i) The predictions of the 
Fermi theory, in its present formulation, do not agree 
at this energy with the experimental results. In particu­
lar, it predicts a ratio cra/<n which is at least 7 times 
smaller than the experimental one. (ii) The Peaslee 
model agrees, at least from a qualitative point of view, 
with experimental results. There is also an indication 
of the possible existence of an intermediate excited 
state which decays with 200 ^ Q ^ 250 Mev, although 

I. INTRODUCTION 

RECENTLY Pais and Piccioni1 have proposed a 
cloud-chamber experiment to verify the Gell-

Mann-Pais2 suggestion that the 0° should be considered 
as a "particle mixture." In view of the availability of a 
xenon-filled bubble chamber,3 it is of some interest to 
compare the feasibility of a bubble-chamber experiment 
with the Pais-Piccioni experiment. 

Below, a set of phenomenological equations describing 
a crude model of these experiments is given. Solutions 
for the two types of experiments are obtained. From 
these it follows that for likely values of the parameters 
involved: (a) both experiments are considerably more 
difficult than anticipated by Pais and Piccioni; 
(b) bubble-chamber experiments are somewhat more 
feasible; (c) if the 0° absorption cross section and the 
0i°, 02° mass difference are miraculously just right, 
experiments of this sort will be especially straight­
forward. 

II. PHENOMENOLOGICAL DESCRIPTION 

Our model is the following: The wave functions 
describing 0° and 0° particles are to be linear combina­
tions with prescribed phases of functions describing 0i° 

* Supported in part by the Office of Naval Research, U. S. Navy 
Department. 

1 A. Pais and O. Piccioni, Phys. Rev. 100, 1487 (1955). 
2 M. Gell-Mann and A. Pais, Phys. Rev. 97, 1387 (1955). 
3 Brown, Glaser, and Perl, Phys. Rev. 102, 586 (1956). 

the statistics do not allow a positive statement concern­
ing the existence of such an intermediate state. 
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and 02° particles. Specifically, we have 

* ( 0 ° ) = ( * i + ^ 2 ) M (ia) 

^ (0 ° )= (^ 1 - ^ 2 ) / v2 . (lb) 

The 0i° is to undergo the familiar two-7r decay with 
lifetime T I ^ 1 . 5 X 1 0 ~ 1 0 second. The 02° has a completely 
different set of decay modes with a lifetime r2^>ri. 
(To obtain detailed numerical results, we will idealize 
this and put r2= °°.) In passing through matter, the 0° 
can be absorbed while the 0° cannot. (For simplicity we 
follow reference 1 and omit consideration of all other 
processes.) This absorption will be described by an 
effective lifetime r. Clearly, 

l/r=Npvaa, (2) 

where v is the velocity of the 0°, p the density of ab­
sorber material, N the number of absorbing particles 
per gram, and <ra the absorption cross section per 
particle. 

Let the wave function describing the state at time / 
after a 0° is produced be 

V(t) = ai(t)Vi+a2(t)*2. (3) 
We have 

d*(t)_rd*(t)i rrftt(Q-j rdtt(Qi 
dt L dt JPh L it id L dt J« 

Here [_d%(t)/dQph describes the phase change due to 
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the kinetic energies. Thus, as in reference 1, we have 

where 

[-1-
L it JPh 

•mxaxit^x—io)2a2(0^,2, 

w .= IcY+mtVJ/h (*= 1,2). 

(5) 

(6) 

The expression [d&(t)/df]d is due to the 0° decay. 
Again, as in reference 1, we can write it as 

rdVl 1 1 
= a i ^ i a 2 ^ 2 . (7) 

L dt Ad 2 r i 2T2 

The expression [_d$! (t) / dt]a is due to the absorption of 
0°'s. Phenomenologically it is 

p**(0l 1 
[Component of 0°'s in * ( / ) ] . (8) P 

L * Ja 2r 

Using Eqs. (1) and (3), we obtain 

1 [ a i ( 0 + « 2 ( 0 ] -
^(t) = -[a1(t)-ia2(t)-]^(dQ)+ ¥(0°). (9) 

v2 v2 

Hence, 

r^(0 
L dt J« 

1 [ a i ( 0 + t « 2 ( 0 ] 

<ft Ja 2r 

1 

4r 

v2 

• [ a i (0+«a2(0> i 

-*(0°) (10a) 

+ — | > i ( 0 + M 0 ] * 2 . (10b) 
4r 

Since 
d\F(0 Jai da2 

= — ^ d ^2, 
J/ d/ d/ 

(11) 

we obtain, on inserting (5), (7), and (10) into (4) and 
equating coefficients of ^ i and ^r2, 

where 

da\ 

dt 

dai i 
= CL\ 

dt AT 

ax a2, 
4r 

(12) 

(13) 

X,fl=twd (»=1,2) . 
2r< 

III. SOLUTIONS 

For initial values ai(0) and 02(0), the solution of 
(12) is 

ai(t)\ a i ( 0 ) - i ? a 2 ( 0 ) 

V a 2 ( 0 / 

wC) i - j ? 2 

a 2 ( 0 ) - 2 2 a i ( 0 ) 

+ l ^ i ? 2 • * 0 (14) 

where 

Ax] 

X2I 
and 

Xl°+X2° 1 

4r 
+ { ± | [ ( X 1 ° - A 2 T + 1 / 4 T 2 ] * } , (15) 

£ = - (*/2T){(X1
0-X2

0)+C(X1°-X20)2+l/4T2]i}-1 . (16) 

The probability of the two-ir decay a t time t is 

M f l H a i W l V n . (17) 

Hence, the ratio of the intensity of decays at time t 
after production to those at time zero is 

[ a i ( 0 ) - 2 M 0 ) ] [ > 2 ( 0 ) - l k i ( 0 ) ] 
p-Mt 

1-R2 1-R2 
Re-Mt 

l«i(0)-| 
(18) 

IV. VALUES OF THE PARAMETERS 

Measuring time in units of n , we see that the relative 
intensities given by (18) depend on the two parameters 
/3= r i / r and y= nAw. Here Aco = «i—C02 arises from any 
difference in the masses of 0i° and 02°. Since such differ­
ences presumably would originate from the same inter­
actions which occasion the difference in lifetimes, it 
seems reasonable that 7 ~ 1 . To see the effects of differ­
ing values of 7, we have computed the results to be 
expected for 7 = 0, 1, and 2ir. 

While the decay lifetime n is known to be ^ 1 . 5 
X10~10 seconds, comparably accurate information for 
the 0° absorption lifetime r does not seem to be available 
at present.4 

To obtain some idea of r, let us assume each nucleon 
can absorb 0o,s with a cross section aa> Then 

1 

NopVCTa 
(19) 

where Â o is Avogadro's number and p is the absorber 
density. Thus, 

* = 7 ~ ( S ) 9 ( T ^ ) X 6 - 2 X 1 ( H ' (20) 

Assuming s~c and the absorption cross section per 
nucleon as 1 millibarn, we have 

/J(Xe)«6.2Xl0-», 

£ (Pb)«3 .0X10- 2 . 

(21a) 

(21b) 

4 The evidence of D. M. Fournet and M. Widgoff [Phys. Rev. 
102, 929 (1956)] and D. M. Ritson (Proceedings of the Sixth 
Annual Rochester Conference) seems to indicate the 0~~ cross 
section is approximately geometrical and primarily due to absorp­
tion. If the 0° does, indeed, form an isotopic doublet, <ra should 
be almost geometrical. 



P A I S - P I C C I O N I E X P E R I M E N T 1451 

With either substance we are certainly in a situation of 
little absorption. 

To obtain an extreme upper limit for /3, let us assume 
( j a ^5X 10 -26 cm2 (i.e., roughly geometrical per nucleon). 
Then 

/3(Xe)«0.3, (22a) 

/5(Pb)«l .S. (22b) 

From (21) and (22), one can conclude that with either 
xenon or lead we do not have a situation in which 0 is 
very large. Upper limits in the two cases are of the 
order of f and 1, respectively, with somewhat lower 
values being likely. 

V. CLOUD-CHAMBER EXPERIMENT 

By this we mean an experiment of the type proposed 
by Pais and Piccioni. A beam of 0°'s produced in a lead 
plate are to decay in a cloud chamber until all 0i°'s are 
removed. The remainder then passes through a lead 
plate which removes the 0° component. Since, effec­
tively, 0i°'s are produced by removing 0°'s, the familiar 
two-7r decay can be expected to reappear below the 
second plate. As indicated in reference 1, the intensity 
of decays below the second plate may be expected to 
be of the order of \ of that below the first. However, 
implicit in the derivation of this result is the assumption 
that r ( P b ) < n (i.e., 0 » 1 ) . In the other limit of 0<Cl, 
qualitatively different results will occur. If r (Pb)^>n, 
most 0io,s arising from 0° absorption will decay within 
the lead. The number of decays occurring below the 
second plate will be very small. 

To analyze the situation in detail, we can use Eqs. 
(12) and (18). On production in the first plate, we have 
0:2(0) = iai(0). After passing through a region with r ^ o o 
for a time T long compared to n , we will have 

and 
a ! ( r ) = 0, 

a2(T) = a2(0) 

= &£i(0) . 

(23) 

(24) 

Using these as the initial values when the beam enters 
a second plate, the ratio of two-7r decays occurring at 
a time t later to those occurring just below the first 
plate is 

7(0 |*| 
U-X2i_0-Xi« | 2 _ _ 

21221 
_ 6 - ( 1 + | 3 ) ( / 2 T 1 

7(0) \l~R2\2 | l - i ? 2 ] 2 

X[cosh(5i</Ti)-cos(5^/Ti)], (25) 
where 

and 

R= 

5 i + i 8 2 = | [ ( l + 2 i 7 ) 2 + ^ 2 ] i , 

iff 

l(l+2iy)+t(l+2iyy+py 

(26) 

(27) 

Let us first consider some limiting cases. 

(1) /3>1.—Here 8i~/3, 5 2~0, R~-i, and hence, 

I(t) 

7(0) 
^l e-( l+0)*/2ri h(£)-4 (28) 

The maximum number of 0° decays occurring below 
the plate is clearly obtained by choosing the thickness 
of the plate so that the time of traversal tt satisfies 

In this case we have 
T « * * « T i . 

1(0)' 
.1 
"4> 

(29) 

(30) 

(which is just the Pais-Piccioni prediction). 
(2) /3<Cl.—In this case, we have 

= 7, R--
$ 

2(1+2*7) 
(31) 

7(0 /32 

7(0) 2 | l + 2 i T | 2 
e- i '2"Ccosh(//2T1)-cos(^/T1)] . (32) 

Now the maximum number of decays occurring 
below the plate is of the order of magnitude of the 
coefficient in (32), i.e., 

[-1 
L/(0)J 

21 l+2n I2 
(33) 

Thus, for j(3=0.1 and choosing the most favorable case 
of 7 = 0, we have 

[ -1 
L7(0)I 

=0.005, (34) 

as compared with the value 0.25 of (30). 
(3) In Fig. 1 the maximum ratio of the number of 

decays occurring below the second plate to that below 
the first is shown as a function of (3 for 7 = 0, 1, 2w. 
(Maximum means having chosen the thickness of the 
second plate to make this ratio greatest.) I t is striking 
how slowly the value 0.25 is reached as a function of fi. 
For 7 = 2ir and 0 = 1.5 [which we have seen is a probable 
upper limit for 0(Pb)] , we have 

[ / / /o] m a x =0.007. 

VI. BUBBLE-CHAMBER EXPERIMENT 

I t should be possible to produce 0o,s directly within a 
liquid-xenon bubble chamber. Since one would be able 
to observe 0o,s moving in all directions from the point 
of production, a considerable increase in the number of 
0°'s observed would result as compared with the number 
observed if one produced them in a lead plate above 
a cloud chamber. The experiment we have in mind con­
sists of measuring the distance of the 0° decay from the 
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FIG. 1. Cloud-chamber experiment—maximum relative intensity as a function of 6° absorption. 

point of production. From a knowledge of the velocity 
of the 0° the time of decay is known. Equation (18) 
[with a2(0) = iai(0)] shows that the relative number of 
decays at time t after production is given by 

at) p-t/2ri 

quite low will there be any deviations from what one 
could expect for a particle with lifetime n . 

(3) In Figs. 2, 3, and 4, decay curves for various 
values of p are given, corresponding to 7 = 0, 1, and 2ir, 
respectively. 

:< h 
7(0) Kl-RS+RflJ+ARW 

{ } = [(l+i?2)2+-Ri2]e-(5l+,3/2)(/T1 

+[(£1
2+7e2

2)][(i-£2)2+£i2>-<<J/2-si></" 

+e^*i^{-2lRii(2-Ri) 

+i?2(l-i?2
2)]cos(52i/ri) 

-2i?i(l- JRi2-i?2
2-2J?2) sm(82t/ri)}. (35) 

Here R = Ri-\-iRz is given by (27) and 5i and 52 are 
given by (26). Now, of course, /3 refers to the xenon. 

(1) jS^-1.—Equation (35) becomes 

I(t)/I(0)^e-"^. (36) 

In this limit the 0°'s would behave as if their lifetime in 
xenon was double that found in cloud-chamber studies. 
This would certainly be easy to observe. Unfortunately, 
the estimates of Sec. IV indicate that we are far from 
this limit. 

(2) /3-Cl—In this case, 

lit) 

7(0) 
^r«/«+ 

P 
4(l+47

2) 
pe-mn 

+ • [ c o s ( 7 / / r 1 ) + 2 7 sin(Y</Ti)]. (37) 
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From Fig. 2 (7=0), we see that for 0 small (0<1) 
significant deviations from 0=0 (no 0° absorption) 
occur only when the number of decays is quite small. 
Thus, for 0 = J there are twice as many decays as for 
0=0 only when the latter is approximately 1/70 of its 
initial value. 

Figure 3 (7=1) leads to similar conclusions, except 
for one salient feature. For 0 ^ | there is a tremendous 
decrease in the number of two-x decays expected in the 
region where, for no absorption of 0°'s, we would expect 
1% of the decays to occur. While the observation of this 
effect would be difficult, it is hard to imagine that a 
decrease by a factor of 100 could not be seen. It should 
be pointed out that this phenomenon only occurs for a 

t/r, 

FIG. 3. Bubble-chamber experiment—relative decay probability 
as a function of time. (7=1.) 

region of values 7 ^ 1 , 0 ^ i . However, the discussion in 
Sec. IV by no means rules out this possibility. 

The curves of Fig. 4 for 7 = 27r are quite remarkable. 
Increasing 0 from zero to infinity does not change the 
curves smoothly from the straight line describing the 
decay e~t,T1 to that for e~t/2T1. As 0 increases from zero, 
the decay curves develop characteristic oscillations 
[due to the sine and cosine terms in (35)]. Since these 
oscillations probably would be averaged out in an 
experiment, we have also given curves for this average. 
These oscillations are most pronounced for 0 = 1 . The 
decay occurs increasingly rapidly with increasing 0 until 
0—12.5. In this region the decay curves look as if the 0° 
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l /T, 

FIG. 4. Bubble-chamber experiment—relative decay probability 
as a function of time. (y — 2ir.) 

lifetime is considerably shorter than 1.5X10-10 sec. 
Increasing 0 further the decay curves swing back up, 
becoming essentially straight. Two phenomena should 
be observed: 

(a) Extremely large values of 0 are required before 
the curve for 0= 00 is even approximately realized. 
Thus, 0=200 is clearly far from this limit. 

(b) The decay curves for 12.5<0<6O coincide with 
the averaged curves for 12.5>0>O. For example, the 
curve for 0=40 falls, within the accuracy with which 
one can read the figure, exactly on the averaged curve 
for 0= 1. Thus, if one did see an effect of the kind indi­
cated—namely, an apparent increased decay rate—one 
could only conclude that there are two possible absorp­
tion lifetimes r compatible with the results. 

VII. CONCLUSION 

We have seen that, in general, for reasonable values 
of the parameters the "mixture property" of Gell-Mann 
and Pais will affect only a small proportion of the 0o,s— 
in either a bubble chamber or a cloud chamber. Under 
such circumstances the possibility of observing more 0° 
decays makes the bubble chamber preferable for experi­
ments of this type. If accidentally, r ^ l , 0 ^ § for 
xenon, the bubble chamber experiment would be 
especially easy. 

It is a pleasure to thank Professor D. A. Glaser and 
Professor G. E. Uhlenbeck for helpful discussions. 


