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The 600' nuclear emulsions of type Ilford 65 were developed by
the temperature development method so as to permit an easy
detection of the highest energy protons (120 Mev) produced in the
photomeson process. The scanning was systematic and with less
than 3 percent loss. For each track in a total of 1080 found in an
area of 6.7 cm2, the angle with the gamma-ray beam was measured
and the energy was calculated from the total range in the suc-
cessive emulsions of the stack and in the gas. The reaction being a
two-body process, the conservation laws enable one to calculate
from these data (and from the known value of the m rest mass} the
center-of-mass angle and momentum of the x' meson together
wi th the energy of the incident photon. The error of each individual
track is evaluated to be &5' in angle and ~10 Mev in y-ray
energy.

The occurrence of background proton tracks was detected by
examining the region of angles and energies where photomesons are
not emitted. Their intensity and angular distribution' identified
them as coming from y, p reactions in the 0.5 percent (by volume)
oxygen and nitrogen impurities in the hydrogen gas. By extrapola-
tion, using the measured angular distribution, they were found to
amount to about 10 percent of the tracks in the region where the
photomeson protons are found, and subtracted out. Similarly, all
other sources of background could be ruled out, including the
proton Compton effect for which an upper limit of the cross section
can be set at 5%5 percent of the neutral meson cross section. The
theoretical estimate is, of course, even smaller.
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Our results are, on the whole, not inconsistent with those ob-
tained by other methods. ' ' They are in good agreement with the
phenomenological theory of Brueckner and Watson3 based on the
existence of an intermediate excited state of the nucleon with spin
—,
' and isotopic spin —,

' which predicts a 1+1.5 sin20 angular dis-
tribution and a p'k excitation curve near threshold. They seem to
disagree with the predictions of the perturbation approximation. v

The symmetry of the angular distribution with respect to 90' is
interpreted as an indication of a very small eRect of the nucleon
recoil. It was pointed out to us by Feld' that both a p'k excitation
curve and a 1+1.5 sin'8 angular distribution can be deduced from
conservation laws assuming a pseudoscalar m' meson, a magnetic
dipole interaction of the gamma-ray, and an intermediate state of
the nucleon with spin ~ (no assumption on the isotopic spin).

Xn an attempt to observe a resonance in the excitation curve' a
new exposure was taken at higher synchrotron energy. The
scanning of the plates is in progress.

The authors are grateful to J. S. Clark and to many other
members of the synchrotron group for much help during the ex-
posures, and for many valuable discussions. One of them (Y.G.C.)
wishes to thank the Centre de Physique Nucleaire, University of
Brussels, for support during the early stages of the experiment.
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Frc. 2. Center-of-mass angular distribution for the production of neutral
mesons on hydrogen by y-rays from the bremsstrahlung of 320-Mev elec-
trons. The forward angles correspond to protons stopped by the hydrogen
gas, and cannot be observed in this experiment.

The excitation curve is given by Fig. i. versus the quantity p k,
where p and k are the momentum of the meson and the gamma-

ray, respectively, in the center-of-mass frame. In computing these
data, the bremsstrahlung spectrum was calculated by the Heitler
formula and corrected for absorption along the beam and for the
finite energy resolution of the measurements. The angular distri-
bution in the center-of-mass frame is shown by Fig. 2. It is found
to be symmetrical with respect to 90~2 . When examined sepa-
rately in the low and high energy region, the angular distribution
retains this symmetry. The best fit to an a+b sin'0 law gives
b/u= 5&3.

The threshold of the reaction is found by extrapolating the
excitation curve to zero. From its value, the rest mass of the
wo meson can be calculated and it should match with the value
used for the laboratory to center-of-mass transformation. Doing
this transformation with various assumptions on the vr' rest mass,
the best match was found for m O=130~10 Mev. This measure-
ment of the ~' rest mass is not free from rather arbitrary assump-
tions, it would not hold for instance if the excitation curve plotted
against p3k showed an appreciable curvature in the low energy
region. 3

&HE experiments' on the production of neutral 7r-mesons by
the reaction y+p~p+m', as well as the known features of

positive 7r-meson photoproduction, appear to be describable in
terms of a phenomenological (isobar) theory as developed by
Brueckner and Watson. ' However, since their theory adopts cer-
tain features of various meson field theories, it is of interest to
consider the extent to which it may be possible to extract from the
experimental information those aspects which are independent of
any special meson theory. It must be emphasized in advance that
all of the results of the following considerations are contained,
either implicitly or explicitly, in the paper of Brueckner and
Watson. Et is perhaps worth while, however, to restate some of
their results in a diRerent form which may help to emphasize the
general character of the conclusions and to highlight their physical
significance.

In particular, as is well known, it can easily be demonstrated by
the methods first developed by Hamilton' that, provided a reaction
goes through an intermediate state of definite angular momentum,
the angular distribution of the reaction products is independent of
most of the specific features of the interaction. I.et us consider the
reaction y+p —+p+m . Suppose that the proton absorbs a mag-
netic-dipole p-ray (l&=1, no parity change) and goes to an
intermediate state of J=—,+. (The positive parity is with respect
to the parity of the proton. ) The decay of the intermediate state,
to a proton and vr meson, requires that the meson be in a p-state
(l =1), since the ~-meson is known to have negative parity with
respect to the proton (pseudoscalar) and since the next highest
possible value of l, three units of angular momentum, could not
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lead to the j=—, of the proton from a state of J= ~+.Following the
method of Hamilton, which permits the angular distribution to be
expressed in terms of the most general quantum-mechanical
features of angular momentum vectors, we take the incident p-ray
to define the s axis. The angular distribution of the reaction is then
given by

W(8) = Z Z Z
~
a(j;17;J;j rf ).

m~m7r mv

X(j;, ra;; l~, m~~ j;, f» 1, m=m;+ra~)$&& &(0)

&&(jj,l; I, ra/jr, m —ta; l, ta ) Y&~ (8, rp) ~s, (l)

where a is the matrix element (amplitude) for the reaction; S and
V are the vector and ordinary spherical harmonics, respectively;
j;=-,', m; represents the initial proton state, jy=-„m2f the final
proton state, J, m the intermediate state angular momentum
quantum numbers; and (jrr mr, j2, m&/j&, j&, J, ra tar+=m&) are
the Clebsch-Gordon coefficients, tabulated by Condon and
Shortley. 4 These calculations have been carried out for a number of
possibilities and the results are given in Table I. Also given in the

TABLE I. Angular and energy distributions in the photoproduction of
7f.-mesons on nucleons.

y-ray
absorbed

Mag. dipole
Mag. dipole
Elect. dipole
Elect. dipole
Elect. quad.
Elect. quad.

Intermediate l of
state 7r-meson

1/2+
3/2 +
1/2—
3/2—
3/2+
5/2 +

W(0)

constant
2+3 sin'0
constant
2+3 sin'0
1+cos'0
1+6 cos'0 —5 cos40

7t -momentum
dependence

p3
P3
P
ps
p3
P7

W(8) = (u)'+2 Re(ab*) cos8+-', ~

b)'(2+3 sin'e) (2)

where b and a are, respectively, the amplitudes for the two
processes. '

Now, the above analysis appears, 'at first sight, not to allow for
the experimentally observed difference between 7r and 2r+ pro-
duction on protons, since angular momentum considerations alone
do not distinguish between the charge states of the meson and
nucleon. Here, we can invoke the assumption of charge independ-
ence which introduces an additional quantum number into the
system —the isotopic spin. The two reactions,

last column of Table I is the expected dependence of the cross
section, or ~u~s, near threshold on the momentum, p, of the
~-meson in the c.m. system (i.e., neglecting the dependence on
p-ray energy). An interesting feature of the above results is that
S'{0)depends only on the values of J and l&. This is easily under-
stood if one considers the inverse process; an incident m-meson
along the s axis cannot alter the m-value of the system and there-
fore, irrespective of the value of /, leads always to the same
intermediate states.

The ambiguity can, of course, be resolved by an observation of
the energy dependence of the cross section near threshold. In the
case of m' production, this turns out experimentally to be cc p' of
the meson (in the c.m. system) which, taken together with the
angular distribution, indicates that the process is magnetic dipole
absorption to a J=~+ intermediate state. In the case of 2r+ pro-
duction there is, however, strong indication of a first power p-
dependence near threshold, which requires electric dipole absorp-
tion to a —,

' —intermediate state.
As can be seen from Table I, there are a variety of possible

reactions, even if we confine ourselves to dipole-absorption
processes. Furthermore, if more than one of these processes occurs
in the same reaction, it is possible to have interference effects. We
confine our attention to two possibilities only: magnetic dipole
absorption to J=-,'+, and electric dipole absorption to J= ~~ —.
The expected angular distribution is, then,

and

y+p as+ +,

differ only in the relative amplitudes of the final state wave
function in the isotopic spin —,

' and —,'components. In general, the
reaction amplitudes are

o~(~') =(V'k)o~ r=;+(v'-s')o~, r
for the first reaction, and

ag(w ) =(+3)og, ;—(Q-', )ag, ,

(3a)

(3b)

Infrared I'hotoconductivity Due to Neutral
Impurities in Silicon

E. BURSTEIN, J. J. OBERLY, AND J. W. DAVISSON

Crystal Branch, Metallurgy Division, Naval Research L,aboratory;
Washington, D. C.

(Received October 6, 1952)

MPURITY photoconductivity has been observed in silicon at
-. liquid helium temperatures out to 38 microns. The regions of
impurity photoconductivity and intrinsic photoconductivity are
well separated so that it is possible to make an unambiguous
interpretation of the data. The results, moreover, enable one to
obtain information about the ionization energies of impurities and
clearly demonstrate the value of optical measurements in the study
of impurity levels in semiconductors.

Qptical data obtained at liquid nitrogen temperature over the
range 2 to 25 microns have previously demonstrated the absorption
by neutral impurities in e- and p-type silicon involving the
photoionization of bound charge carriers. ' EBorts to detect

for the second. Following Brueckner and Watson 2 we can choose
42a~„s= —af, ;. With this choice (made only on the basis of the
experimental evidence on 7r production), the dipole-absorption
and the interference terms vanish for the 7r' process, but remain
for the 7r+ process. We are still left with two arbitrary amplitudes
for the magnetic-dipole process, i.e., a;, 3 and a;„There is, on the
basis of the present photomeson experiments, no way of choosing
these. However, the evidence from m.-meson scattering on hydrogen
has been interpreted as indicating that a.;, ;))a;,;. The relative
values of these two constants could also be obtained from a com-
parison of the cross sections for those parts of the 7r' and 7r+

photoproduction reactions corresponding to magnetic-dipole ab-
sorption (the 2+3 sin28 terms). In particular, for the assumption
of T=-', production only, the 7r' cross section would be twice as
great as the 7r+ cross section.

While the evidence is as yet by no means conclusive, the results
on 7r' production taken together with the relative magnitudes of
the 7r~ scattering processes are suggestive of a resonance corre-
sponding to a proton "isobar" state of angular momentum $ in
both ordinary and isotopic spin space."However, the shape of the
m' photoexcitation cross section is not well enough known to
permit an evaluation of the "isobar resonance" constants. Further
measurements, both on photoproduction and scattering, with
improved accuracy and extended energy range, are required before
an unambiguous answer can be given to the questions of the
existence and properties of the isobar.

*This work was supported in part by the joint program of the U. S. Ofbce
of Naval Research and the U. S. Atomic Energy Commission.

'I See preceding letter by Goldschmidt-Clermont, Osborne, and Scott
[Phys. Rev. 89, 329 (1953)] which also contains references to other ex-
perimen ts.

2 K. A. Brueckner and K. M. Watson, Phys. Rev. 86, 923 (1952).
3 D. R, Hamilton, Phys. Rev. 58, 122 (1940).
4 E. U. Condon and G. H. Shortley, The Theory of Ato7nic Spectra,

(Cambridge University Press, Cambridge, 1935), p. 76.
3 W(0) is now computed by an additional summation, in Eq. (1), taken

inside the absolute value signs and over the possible intermediate J-values.
6 It is also possible to include terms corresponding to magnetic dipole

absorption to a J =~2+ state, which gives rise to an interference term
cf- (3 cos20 —1)/2 which, however, does not lead to any asymmetry about 90'
and which is not needed for the interpretation of the experiments now
available.

7 K. A. Brueckner, Phys. Rev. 86, 106 (1952);Anderson, Fermi, Long, and
Nagle, Phys. Rev. 85, 936 (1952);Anderson, Fermi, Nagle, and Yodh, Phys.
Rev. 86, 793 (1952).


