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Photoprotons Produced by 245±15-Mev Gamma Rays on Carbon* 
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A carbon target was bombarded by 342-Mev bremsstrahlung from the Berkeley synchrotron. The energy 
spectrum of protons produced at 60 deg was measured from 90-250 Mev. Interactions due to 245±15 Mev 
gamma rays were selected out by requiring a coincidence between the protons from the target and the 
electrons associated with these gamma rays. Analysis was made using the quasi-deuteron model of Levinger. 
In contrast with previous analyses of this kind, conservation of both momentum and energy were taken 
into account in a fairly accurate way. Results of this analysis determine the momentum distribution of the 
centers of mass of the quasi-deuterons. The momentum distribution that results in the observed proton 
spectrum, normalized to one quasi-deuteron, is given by 

d*N 0.2 / Ptf \ 0.8 / Pp2 \ 
*CXPV 4 i W + (frME*)* 6XPV WEj' dPD* (4TTME^ 

where Ei = 1.6 Mev, E2 = 20 Mev. 

I. INTRODUCTION 

MANY experimenters have measured the energy 
distribution of photoprotons produced by high-

energy gamma rays on light nuclei.1,2 The most 
dominant feature of this distribution is the large 
number of high-energy protons produced at small 
angles. This was interpreted by Levinger to mean that 
the incoming photons interact with a small subunit 
in the nucleus—in particular, a neutron-proton pair 
which he called a quasi-deuteron.3 In this model, a 
neutron and a proton are simultaneously ejected from 
the nucleus. The mechanism of this interaction, al­
though similar to that of photodisintegration of the 
deuteron, is modified by the momentum distribution of 
the quasi-deuterons in the nucleus. Levinger showed 
that in this process the neutron and proton pair must 
be in close proximity. Under this condition, the wave 
function of the quasi-deuteron is just a multiple of 
that of the free deuteron. This interaction is therefore 
approximately proportional to the photodisintegration 
cross section of the free deuteron, suitably averaged 
over the momentum distribution of the quasi-deuterons. 

The basic validity of this model has been verified by 
observing conjugate neutrons and protons in co­
incidence.4 I t is thus possible to use this model to 
calculate the momentum spectrum of neutron-proton 

* This work was done under the auspices of the U. S. Atomic 
Energy Commission. 
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pairs in the nucleus from the measured energy spectrum 
of ejected photoprotons. 

I t must be pointed out that detailed experimental 
comparison with the theory is not easily obtained. 
This is because high-energy photon beams are produced 
by bremsstrahlung of electrons, so that the gamma 
rays have a continuous spectrum of energies with 
approximately a \/E dependence. This has the effect 
of smoothing out the proton spectrum and masking 
the details of the interaction. 

In order to gain more detailed information, Weil and 
McDaniel in 1953 attempted to select out gamma rays 
in a small energy interval.2 They developed a technique 
to observe the spectrum of protons from carbon due 
to 190-Mev gamma rays. However, the energy resolu­
tion obtained was rather broad ( ± 3 0 Mev), and 
furthermore, the electronic apparatus was very com­
plicated because they were trying to attain time 
resolutions not then easily obtainable. They concluded 
it would probably have been as well to perform the 
experiment by successively reducing the energy of the 
accelerator and using the subtraction technique. 

Since the experiment of Weil and McDaniel, counting 
techniques have developed to such an extent that 
coincidence-resolving times of a few millimicroseconds 
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FIG. 1. Plan view of the experimental setup. 
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with high efficiency and electronic stability are readily 
available. For this reason, we thought it was worth 
while to attempt another experiment with selected 
gamma rays. 

II. EXPERIMENTAL METHOD 

This experiment was performed at the Berkeley 
synchrotron. The experimental arrangement is shown 
in Fig. 1. The photon beam was produced by the 342-
Mev electron beam striking a 0.0013-in. tantalum 
target. Photon selection was made by an electron 
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FIG. 2. The selected photon spectrum. Plot of the efficiency of 
the electron counter for counting electrons vs the energy of the 
associated gamma ray. Curve drawn for illustrative purposes only. 

counter placed so that it observed only electrons 
associated with 245±15-Mev gamma rays. This 
counter consisted of a plastic scintillator l f X l f X 4 in. 
viewed by a 1P21 photomultiplier tube. The 1P21 was 
surrounded by a triple iron magnetic shield and about 
6 in. of lead. The counter was calibrated by means of 
a pair spectrometer. The spectrum of gamma rays 
selected had, as shown in Fig. 2, a peak at 245 Mev 
and a full width at half maximum of 30 Mev. The 
improved resolution was due principally to the thin 
window on the inside wall of the vacuum chamber. 
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FIG. 3. Proton telescope geometry. All counters 
are plastic scintillator. 

A somewhat disturbing feature of the electron counter 
was that it had only 10% efficiency for counting 
electrons. Tests indicated that the iron magnetic shield 
was not adequate. However, because the counter was 
already an imposing structure and because we thought 
that more iron might perturb the synchrotron magnetic 
field so that it would be difficult to obtain a beam of 
electrons, we decided to perform the experiment with 
the counter as it existed rather than to enlarge it. 

The residual electrons whose orbits allowed them 
to enter the electron counter had an energy of 90d=5 
Mev. Since this energy was so well defined, any 
fluctuation in the electron counter efficiency could not 
change the spectrum of selected photons. Also, since 
the whole energy spectrum of protons was observed 
simultaneously by a multichannel proton telescope, 
changes in the efficiency of the electron counter could 
not affect the shape of this spectrum. I t could, however, 
have introduced an error into the absolute magnitude 
of the results. The efficiency was observed, nevertheless, 
to be quite constant. 

The proton telescope geometry is shown in Fig. 3. 
I t consisted of (a) a small scintillator to define the 
solid angle, (b) a large scintillator to measure dE/dx, 
and (c) a series of 10 scintillators, separated by copper 
absorbers.5 These scintillators and absorbers divided 
the energy region from 90-250 Mev into nine intervals. 
The first four intervals were 15 Mev each and the last 
five were 20 Mev each. 

A triple coincidence between the dE/dx counter, the 
defining counter, and the electron counter was used 
to trigger a 517 Tektronix oscilloscope. The resolving 
time of the coincidence circuit was 3 m/xsec. The 
signals from the range counters and the dE/dx counter 
were tapped onto a coaxial delay line so that they 
could be consecutively displayed on the oscilloscope. 
The traces were then photographed on 35-mm film. 

III. TREATMENT OF THE DATA 

The events were entered on a plot of the pulse height 
from the dE/dx counter vs the number of range counters 

5Dwight R. Dixon, University of California Radiation 
Laboratory Report UCRL-2956, 1955 (unpublished). 
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TABLE I. Corrections to proton spectrum. 

1 
Range interval 

4 5 6 

Correction (%) due to range straggling in absorbers 1.4 5.9 7.4 
Correction (%) due to scattering in parent nucleus 11 11 11 11 

12.6 
9 

15.8 
9 

18.5 
7 

20.9 
7 

33.0 
7 

traversed. Protons were identified by their characteristic 
separation from meson and electron events, on such 
plots as described in detail elsewhere.6,6 

To keep accidental counts reasonably low, it was 
necessary to operate the synchrotron at about 1% of 
full beam intensity. This corresponded to 2X107 

equivalent quanta per minute. Events were recorded 
at the rate of 6 per hour. Of these, analysis showed 
that 3 per hour were protons and the remainder, 
mesons and electrons. Of the protons, 1 per hour was 
an accidental. A total of 694 protons was observed, of 
which 248 were accidentals. 

To determine the number of accidentals, runs were 
taken with the electron counter pulses delayed by a 
time equal to one revolution time of the electrons in 
the accelerator. Runs with and without the added 
delay were alternated every 2 hr (about 50 times) 
throughout the experiment. The accidental runs were 
normalized to the real runs by means of a thick-walled 
ionization chamber of the Cornell type placed in the 
gamma-ray beam. 

The proton spectrum was corrected for (a) range 
straggling of the protons in the telescope due to nuclear 
collisions in the proton telescope absorbers, (b) energy 
loss of the protons due to collisions with other nucleons 
before leaving the parent nucleus, and (c) ionization 
energy loss of the protons in the target. The first 
correction was measured at the 184-in. cyclotron by 
placing the proton telescope in a monoenergetic beam 
of protons with various select energies. The second 
correction was calculated by using the approximate 
method of Weil and McDaniel.2 The third correction 
was readily determined from the projection of the 
thickness of the target onto the direction of the proton 
telescope. The results of the first two corrections are 
shown in Table I. 

The cross section was calculated from the formula 

d?<r 
N= ftAQAEP, 

dQdE„ 
(1) 

where N= number of events in a given energy interval, 
/ = number of selected photons, Al̂  = solid angle, 
AEP = width of the given energy interval, and ^ t h i c k ­
ness of the target, in atoms/cm2. 

The solid angle of the proton telescope was 0.0276 
steradian, the solid angle subtended by the defining 

counter. The carbon target had an effective thickness 
of 2.21X1023/cm2. 

The flux of selected photons was determined from 
the previously measured efficiency of the electron 
counter and the total flux of photons, the latter being 
measured by a thick-walled ionization chamber of the 
Cornell type. 

IV. RESULTS 

The cross section calculated from Eq. (1), after the 
corrections of Table I have been made, and the 
accidentals subtracted, is shown in Fig. 4. The errors 
indicated are the probable errors due to statistical 
uncertainty only. The curves will be explained later. 

In Fig. 5 is shown a similar measurement of the 
differential cross section per equivalent quantum per 
nucleus for photoproton production from 342-Mev 
bremsstrahlung. No analysis of these data was made; 
they are shown for comparison only. 

Two features of the data in Fig. 4 should be noted. 
One is the large high-energy tail in the proton spectrum. 
The other is the sharp maximum in the spectrum at 
about 120 Mev. The evidence for the latter rests 
primarily on the point at 105 Mev. If the efficiency of 
the first range counter in the proton telescope happened 
to be lower than the others, the first point would be 
too low, showing a false peak at the next point. This 
does not seem likely, for two reasons. First, all the 
counters appeared to have 100% efficiency. Further­
more, the proton spectrum observed with the full 
bremsstrahlung spectrum of gamma rays showed no 
indication of a reduced efficiency in the first counter 
as can be seen from Fig. 5. 

V. THEORY. CALCULATION OF THE 
CROSS SECTION 

We now want to calculate the cross section implied 
by a given center-of-mass momentum distribution of 
neutron-proton pairs in the nucleus. 

Using the quasi-deuteron model, we calculate the 
cross section from the kinematics of deuteron photo-
disintegration and then perform an appropriate average 
over the motions of all neutron-proton pairs in the 
nucleus. The resulting expression is 

/ 
6 Robert J. Cence, thesis, University of California Radiation 

Laboratory Report UCRL-8921, 1959 (unpublished). 

dny CPND daD 

(1-Ai>) —8(Ey-B-Ep-En) 
dEy dPD

z dQp 

Xd"(Py+YD-1Pn-^P)diPDd"PndEpd^pdEy. (2) 
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where a— total cross section per photon per nucleus 
for the production of protons via the quasi-deuteron 
process; dnyjdEy — the energy spectrum of selected 
photons, normalized to one gamma ray; 02D=the 
velocity of the quasi-deuteron, in units of the velocity 
of light, in the z direction (this is the direction assumed 
for the incoming photons); dzND/dPD

z = the momentum 
probability distribution of quasi-deuterons inside the 
nucleus, normalized to NZ, the total number of such 
pairs in the carbon nucleus; dau/dUp= the experimental 
differential cross section in the laboratory system for 
the photodisintegration of quasi-deuterons moving 
inside the nucleus; Ep, Pp, En, Pn=iht kinetic energy 
and momentum of the final proton and neutron, 
respectively, after leaving the nucleus; B = the average 
effective binding energy of the neutron-proton pair in 
the nucleus. The factor (1— &ZD) corrects for the 
Doppler shifting of the photon flux. 

The four delta functions in Eq. (2) ensure conserva­
tion of energy and momentum. I t can be seen that the 
form of Eq. (2) evidently assumes that the energy and 
momentum of the final neutron and proton do not 
change as they leave the nuclear potential well. 
Refraction at the nuclear surface is thus ignored. 

The finite aperture ( ± 8 deg) of the proton telescope 
is also ignored. Equation (2) thus yields, by 
differentiation: 

d2a 

dEpdilp •J 
dny dzNn dan 

( 1 - A D ) — b{Ey-B-Ep-En) 
dEy dPD* d% 

X5*(?y+?D-?n-Fp)dEyd*PDd*Pn, (4) 

where d2a/dEpdQp= the differential cross section per 
photon per nucleus for photoproton production. 

The differential cross section (lab) for the photo-
disintegration of a quasi-deuteron moving inside the 
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FIG. 4. Experimental results. Plot of the differential cross 
section per nucleus per selected photon for photoproton production 
from carbon at 60 deg by 245±15 Mev photons. The curves are 
explained in the text. 
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FIG. 5. Plot of the differential cross section per nucleus per 
equivalent quantum for photoprotons produced at 60 deg by 
342-Mev bremsstrahlung on carbon. 

nucleus is taken as 

daD/dttp=- (ri/rc)3(dcrD/d£lp)iTee, (5) 

where r / = t h e radius of interaction, re = the radius of 
the carbon nucleus, and (daD/dilp)iree~the differential 
cross section (lab) for the photodisintegration of a free, 
moving deuteron. I t is a complicated function of Ey, 
P D , dp, and <j>Py where 6P and <t>v are the lab angles of the 
proton. 

The factor (ri/rc)s represents the probability that 
a neutron and a proton will be close enough to partici­
pate in the absorption of a photon. This quantity 
together with the normalization of dzNn/dPDz gives 
the familiar NZ/A dependence of the cross section. 
The ri/rc is left as a free parameter in the calculation. 

The (dan/dti) free is first determined in the rest 
system of the quasi-deuteron. This corresponds to the 
laboratory system in the usual experiments on photo­
disintegration of deuterium. I t is approximated as7 

(d(Td/d£lp
R) free= 6.7+4.6 cos$yp

R jub/sr. (6) 

The superscript R indicates variables in the rest system 
of the deuteron. The cross section is assumed to be 
independent of energy. To transform to the laboratory 
system, it is necessary to transform cosfl^22 and 
multiply the cross section by the appropriate Jacobian. 

By virtue of the threefold momentum 5 function in 
Eq. (4), the integrations over Pn can be performed. 
One more integration can be carried out by using the 
energy 8 function. This is chosen to be the integration 

7 D. R. Dixon and K. C. Bandtel, Phys. Rev. 104, 1730 (1956). 
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over 6D, the polar angle of the quasi-deuteron. These 
integrations are shown in the Appendix. The result at 
0P=9O deg is, 

Ey-B+Ep+M 

dEpdttp (E7
2 - E7PP+PP

2) 

- 2 T dn. 
D 

dE. 

CdE7 f dPL 

X 
/ » ' " any d?ND daD 

d<j>D ( I - M P D —• (7) 
J* dE„ dPD* dttp 

We have put velocity of light = 1. 
The integrations in Eq. (7) were done numerically 

by an IBM 650 computer. The limits Pm in and P m a x are 
given by Eq. (A9) in the Appendix. 

I t should be noted that the form of the energy 8 
function in Eq. (4) assumes that the quasi-deuteron 
has constant binding energy in the nucleus. This is 
perhaps the most suspect assumption in the calculation. 
Because of this, the relative kinetic energy of the 
proton and neutron of the quasi-deuteron never appear 
in the equations for the conservation of energy and 
momentum. This is because there are only two particles 
in the final state. I t is assumed in the quasi-deuteron 
model that the incoming gamma ray transfers all its 
momentum and energy to a single neutron-proton pair. 
Any excitation energy received by the residual nucleus 
arises because the final neutron and proton undergo 
collisions before leaving the nucleus. 

VI. DISCUSSION AND CONCLUSIONS 

The momentum distribution needed to fit the data 
was found by trial and error, using Eq. (7). The solid 
curve in Fig. 4, which we consider to be a good fit to 
the data, results from the following quasi-deuteron 
momentum distribution: 

d*N 0.2 

dPD* (4xMEi)* 

/ P D > \ 
expf 1 

V AMEj 

0.8 

(47rME2)^ 
•expf 1, 
> V 4 M £ 2 / 

(8) 

where E±= 1.6 Mev, E2=20 Mev, and the distribution 
is normalized to one neutron-proton pair.8 To give the 
proper magnitude we must set f j / rc=0.38; and to 
make the calculated spectrum reach a maximum at 
the same energy as observed in this experiment, it is 
necessary to set B = 4Q Mev. 

If we omit the first term in Eq. (8), the proton 
spectrum is given by the dashed line in Fig. 4. The 
second term in Eq. (8) is in agreement with previous 
work, if we assume that neutrons and protons are 
randomly distributed in the nucleus.9 I t is clear, 

8 In a previous report on this experiment (reference 6) an error 
was made in calculation which precluded satisfactory agreement 
with the experimental data. 

9 J. B. Cladis, W. N. Hess, and B. J. Mover, Phys. Rev. 87, 425 
(1952). 

however, that both terms in. Eq. (8) are necessary. 
The proton spectrum with the first term omitted 
definitely disagrees with the experimental spectrum. 
One can conclude that there are considerably more 
low-momentum neutron-proton pairs than would be 
given by a random distribution of neutrons and protons. 

Because the Berkeley synchrotron is no longer in 
operation, it is not possible for us to extend the work 
begun here. However, it is hoped that our results will 
stimulate others to do so. We feel that selected photons 
have proven themselves useful for probing nuclear 
internal momenta. 

APPENDIX 

Equation (4) in the text can be integrated im­
mediately to give 

No­

where 

/ dEy 

-(l-ftz>)-
<PND daD 

dPD* dQp 

X5(Ey-B-Ep-(Pn
2+M2)*)d*PDdEy, (Al) 

Pn2 = Py
2+PD

2+PP
2 

+ 2 ( P T - P I > - P 7 - P P - P I > . P P ) . (A2) 

Remembering that P 7 defines the direction of the 
polar axis, we can write 

d2a r dny dzN daD 
• - = ( 1 - & D ) 
dEpdQp J dEy dPD* d£lp 

X8(a- (b+2cPD+PD^)PD
2dPD 

XcosODdfodEy, 
where 

a=Ey-B+Ep+M, 

b = Py2+Pp
2+M2~2?y¥p COS0p, 

C= ( 1 / P J D ) [ P 7 COSdD~Pp COS0D COSdp 

— Pp smdp s i n f o COS(<£D—<j>p)~\. 

(A3) 

(A4) 

We now perform a rotation of the quasi-deuteron 
coordinates in the lab system: 

yD = yD COSX/Z—ZD sin^, 

ZD = ZD cos\p+yD s i n ^ , 

(A5) 

where 
c o s ^ = a / {a2-\~b2)». 

In the rotated coordinate system 

c~a COSOD, 

a=(Ey
2-EyPp+Pp

2)i, 
where 

(A6) 

(A7) 

and where we have assumed 0^=90 deg. Putting Eqs. 
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H = 4MEp+2E7(-%Pp+Ep-M)+2B(Ey-Ep+M). 
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Photodissociation of the y Meson 

M . E . EBEL* AND W. D . WALKERf 

University of Wisconsin, Madison, Wisconsin 
(Received May 26, 1960; revised manuscript received March 6, 1961) 

The cross section for the production of a charged vector boson by the dissociation of a high-energy /i-meson 
beam undergoing Coulomb scattering has been calculated. The cross section for such a process is (1 — 3) 
X10-34 cm2 in Pb. Possible experiments for the detection of such decays are discussed. 

IN the papers of Good and Walker1 the possibility of 
the photodissociation and diffraction dissociation of 

high-energy beam particles is pointed out. In general, 
the study of photoprocesses serves as a complement to 
other means of study of strong interactions (e.g., 
7r-meson scattering vs photoproduction). Thus, so far 
as the strong interactions are concerned, the Coulomb 
disintegration will probably serve as a complementary 
tool to diffraction dissociation. In the case, however, 
of weak interactions, the Coulomb disintegration of 
beam particles may be one of the few tools other than a 
study of decay processes available for probing the nature 
of the weakly interacting particles. The > meson is 
probably the most enigmatic of the fundamental par­
ticles and, consequently, the ability to photodissociate 
the fi meson represents an exciting possibility. We have 
made a calculation of the photodissociation of the /x 
meson using a specific model. The model is the one in 
which the weak interactions are mediated by a charged 
vector boson.2-3 This calculation is much simpler than 
the corresponding ones for strongly interacting particles, 
since presumably one may apply the usual perturbation 
theory treatment to the problem. 

The cross section for the production of the inter­
mediate boson and a neutrino by unpolarized JJL mesons 

* Supported in part by the Sloan Foundation and a U. S. 
Atomic Energy Commission contract. 

t Supported in part by a U. S. Atomic Energy Commission con­
tract and the Wisconsin Alumni Research Foundation. 

1 M. L. Good and W. D. Walker, Phys. Rev. 120, 180, 1855 
(1960). 

2 H. Yukawa, Revs. Modern Phys. 21, 474 (1949). 
3 R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 

(1958); J. Schwinger, Ann. Phys. 2, 407 (1957). 

of energy E incident on a nucleus of charge Ze has been 
calculated using the Weizsacker-Williams approxima­
tion. Accordingly, the cross section for photoproduction 
of B (vector boson) and neutrino by a photon of mo­
mentum q incident upon a JJL meson at rest has first been 
calculated in lowest-order perturbation theory for both 
the weak boson-lepton interaction and the electro­
magnetic interaction. The result is 

*(q) = a(q)(\-2y+b(q)(\~l) + c(q), 

a(q) = (ag2/32MB
2)(lnx+i~x-1 lnx-^+^sr2), 

b(q)=(ag2/SMB
2)(2-3x-1 lnx~x~1~2x-2)i (1) 

c(q) = (ag2/SMB
2) ( - x~l \nx-\-3x~1- 2x~2 \nx 

~2x~3lnx—3x~s), 

with MB the boson mass and A the total magnetic 
moment of the boson. Here x=q/qm is the photon mo­
mentum in units of the threshold momentum qm. Note 
that the cross section diverges for large q unless A = 2. 
The threshold momentum qm is given by 

qm=MB
2/2m, 

with m the /x-meson mass. The boson-lepton interaction 
is taken as 

£B-I= — g^/*7p^p|( l+75)^+H.c.+electron terms, 

so that the coupling constant g is determined by 

g2/MB
2=4X10r5/Mn

2. (2) 

Various terms of order m2/MB
2 relative to the main 

terms in Eq. (1) have been dropped. 

file:///nx-/-3x~1-

