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PHOTOPROTONS PRODUCED BY 2452 15-Maev GAMMA RAYS ON CARBON
Robert J. Cence and Burton J. Movyer
lL.awrence Radiation Laboratory

University of California
Berkeley, California

October 18, 1960
ABSTRACT

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 Mev to 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 previ;us 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
d3lﬁ = 0.2 exp ;(- pDZ \‘%+ 0.8 exp %‘- igi—-—- '
dPL}  (4wME,)3/2 L 4ME, /| (4vME,)3/2 \ 4ME, |
where
El = 1.6 Mev, EZ = 20 Mev.

Ky
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" PHOTOPROTONS PRODUCED BY 2452 15-Mev GAMMA RAYS ON CARBON
‘ Robert J. Cence and Burton J. Moyer

Lawrence Radiation Laboratory
University of California
Berkeley, California

October 18, 1960
1. INTRODUCTION

Many experimenters have measured the energy distribulion of photoprotons
produced by high-energy gamma rays on light nuclei.l"z The most dominant
feature of this distribution is the ilarge number of high~energy protons produced
at small angles. This was interpreted by Levinger to mean that the incoming
photons interacitﬂa\;vith a small subunit in the nucleus--in particular, a neutron-
proton pair which he called a qnasi—-deuteron.3 In this model a neutron and a
proton are simultaneously ejected from the nucleus. The mechanism of this inter-
action, although 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 cc:»im:idence.4 It is thus possible to use this model to
calculate the momentum spectrum of neutron-proton pairs in the nucleus from
the measured energy spectrum of ejected photoprotons.

It 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 electrone, so that the gamma rays have a continuous spectrum
of energies with approximately a 1/E dependence. This has the effect of smoothing “

out the proton spectrum and masking the details of the interaction.
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In order to gain more detailed information Weil and McDaniel in 1953 attempt-
ed to select out gamma rays in a small energy interval.z They developed a tech-
nique to observe the specﬁrum of protons from carbon due to 190-Mev Gamma rays.
However, the energy resolution obtained was rather broad (30 Mev), and further-
more, the electronic apparatus was very complicated because they were trying to
atj%@in time resolutions not then easily obtainable. They concludedit would prob-
ably 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 Well and McDaniel, counting techniques have devel-
oped to such an extent that coincidence-resolving times of a few millimicroseconds
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.

1I. EXPERIMENTAL METHOD

This experiment was performed at the Berkeley Synchrotron. The experimen-
tal arxangemént is shown in Fig. 1. The photon beam was produced by the 342-Mev
eléctron beam striking a 0.0013-in. tantalum target. Photon selection was made
by an electron counter placed so that it observed only electrons associated with
245% 15-Mev gamma rays. This counter consisted of a plastic scintillator
1-3/8X1+-3/8X4 in. viewed by a 1P21 photomultiplier tube. The 1P2] was sur-
rounded 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 h#lf maximum
of 30 Mev. The improved resolution was dueppiﬁcipally_to the thin window on the
inside wall of the vacuum chamber.

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 aaequate. However, because the counter was already an imposing structure

and because we thought that more iron might perturb the synchrotron magnetic field
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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 f{t.

The residual electrons whose orbits allowed them to enter the electron counter
had an energy of 90+ 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 6f the electron counter
. could not affect the shape of this spectrum. It 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. It 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 absorhers.5
These scintillators and absorbers divided the energy region from 90 to 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 Textronix oscilloscope. The resolving
time of the coincidence circuit was 3 mpsec. The signals from the rangé counters
and the dE/dx counter were tapp‘ed onto a coaxial delay line so that they could be
consecutively displayed on the oscilloscope, »::iFhe traces were then photographed

on 35-mm film.
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II. TREATMENT OF THE DATA

The events were entered on a plot of the pulese height from the dE/dx counter
ve the number of range counters traversed. Protons were identified by their
characteristic separation from meson and electron events, on such plots as described
in detail elaewhem.s’ 6

To keep accidental counts reasonably low it was necessary to operate the
synchrotron at about 1% of full beam intensity. This corresponded to 2X1 07
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 6.94 protons
was observed, of which 248 were accidentals.

To détermina the number of accidentals, runs were taken with the electron
counter pulees 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 hours (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 prétoua 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—inch cyclotron by placing the proton
telescope in a monoenergetic beam of protons with various select energies. The
second correction was calqulated 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 firet two corrections are shown in Table I.
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The cross section was calculated from the formula

_ a%
N‘ams;“ INY; AEP , (1)

where N = number of events in a given energy interval,
f = number of selected photons, } &
= golid angle,
AEp = width of the given energy interval,

| t = thickness of the target, in atoms/cmz.

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
2.21%x10%3 /em?

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. Furthermore, the proton
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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-6f-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 photodisintegration and then perform an appropriate average

over the motions of all neutron-proton palrs in the nucleus. The resulting expression

is
&Ny dog
[....I.(xgn) - S(E -B-E -E)
dPD." dQP
(2)
x6} B +B_-B_-B )ap;’ apdE_dn_ dE,
Yy D Tn Tp!D T p " TN
where o = total cross section per photon per nucleus for the production of

protons via the quasi-deuteron process;
:}'n"v:v

dn -
Tﬁl = the energy spectrum of selected photons, normalized to one

Y
gamma ray;

ﬂzD = 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;
a*Ny -
— = the momentum probability distribution of quasi deuterons inside
dF
D

the nucleus, normalized to NZ, the total number of such pairs in the

carbon nucleus:
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do
aﬁg = the experimental differential cross section in the laboratory

P
system for the photodisintegration of quasi-deuterons moving

inside the nucleus,

Ep' Pp' En Pn = the 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 - B ? corrects for the Doppler shifting of the photon flux.

z.D

The four delta functions in Eq. (2) ensure conservation of energy and mo-

mentum. It 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.

Eq. (2) thus yields, by differentiation:

a0 fan N
= (1-8.) §(E -B-E_-E)
dE_dR 7 dE D" 40 v L
PP Y P (4)
3 - 3 3
X &°(B #8, - B - ﬁp) dE 4P, dP
dza

where

= the differential cross section per photon per nucleus for
dE_dQ
P P
photoproton production.

The differential croes section (lab) for the photodisintegration of a quasi-

deuteron moving inside the nucleus is taken as

3 3 N \
do r \ do \
D : ,
d ) ( I E 2 | ' (%)
Qp e / ‘a.mp /free

where rI = the radius of interaction,
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= the radius of the carbon nucleus, and

e
/dUD\, Ay
\——-— § = the differential cross section (lab) for the photodisintegration of a
de 'lfree

free, moving deuteron. It is a complicated function of Ey,iSD,Bp,
and ¢p' where Bp and d’p are the lab angles of the proton.

The factor (rl/rc)3 represents the probability that a neutron and a proton will be
close enough to participate in the absorption of a photon. This quantity together

d3N

with the normalization of ——-—93 gives the familiar NZ /A dependence of the cross
dP
D

section. The rI,/rC is left as a free parameter in the calculation.
The (daD/de)free is first determined in the rest system of the quasi-deuteron.
This corresponds to the laboratory system in the usual experiments on photo- -

distintegration of deuterium. It is approximated as
R R 7
(dad/dﬂp )free = 6,7 + 4.6 cos eyp ub/sr. (6)

The superscript "R" indicates variables in the rest system of the deuteron. The
cross section is assumed to be indep'endent of energy. To transform to the labo-
ratory system it i necessary to transform cos GYPR and multiply the cross section
by the appropriate Jacobian.

By virtue of the threefold momentum § function in Eq. (4) the int’egration.:
over P_ can be performed. One more integration can be carried out by using the
energy § function. This is choaeﬁ to be the integration éver GD' the polar angle
of the quasi-deuteron. These integrations are shown in the Appendix. The result

at 4>p = 90 deg is,

. pmax
2 E -B+E +M / I8
do .Y P . | dE ; dpP
dE_do (E 2-E P _+p /2 ] v o D
P P Y Y P P “p
min
2w
’ dn 3
[ . . d°N do
X dopy qpt- (1-8,p) Pp = D (7)
‘o Y dP dQ
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We have put velocity of light = 1.
The integrations in Eq. (7) were done numerically by an IBM 650 computer. The

limits Pm n and P_ax 2%7€ given by Eq. (A9) in the Appendix.

i
It should be noted that the form of the energy & function in Eq. (9) assumes

a

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. It is assumed in the quasi-deuteron model that the in-
coming gamma ray transfers all its momentum and energy to a single neutron-
proton pair. Any exqitation 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:

2 2
3 P P
d°N 0.2 D 0.8 D
T = 3[2 exp (- ) + 3/2 exp({ - —————) (8)
dpP (4vME, )* 4ME {(4*ME ) 4ME
D 1 1 2 2
where El = 1.6 Mev, EZ = 20 Mev and the distribution s . normalized to one neutron-

proton pair. 8 To give the proper magnitude we must set rI/rc = 0.38 .

And to make the calculated spectrum reach a maximum at the same energy as
observed in this experiment it i8 necessary to set B = 40 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 égreement with previous work

if we assume that ceutrons and protons are randomly distributed in the nucleus.
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It is clear, 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 congiderably more low-momentum neutron-proton
pairs than would be given by a random distribution of neutrons and protons.

Because the Berkeley synchrotron i 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

ueeful for probing nuclear internal momenta.
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APPENDIX

Eq. (4) in the text can be integrated immediately to give

2 3 _
d“a [ dn d°N_. do
= Y (1-8 ) —2 P §E -B-E_- ~/1= 2, Mm% ap, 3 4E (A1)
2D 3 n D
dE_dn dE apP dQ Y P v
P P Y D P
here P “=P 4P _“+P 4+ 2(P ‘P.-P ‘B -P_-P). A2
where P =Py +FPp +P, + AP PPt Py-Pp Fp) (A2)

Remembering that PY defines the direction of the polar axis, we. can write

ae / an &N doy / s,
s (1-8- ) 6(a - Nb+2cP_ +P_ ") P " dP_ cos 6. dé.dE_,
dE_dn_ | dE 2D gp _® an b"b’'"D ™D DDy
PP 7Y D P (A3)
where a=E «-B+E +M,
Y |
b=P 2+P %+M*.2B - B_cos 6, (A4)
Y P Y P P
c = l/PD {PY cos GD-Ppcos GDc:os Op-Pp sin 6{) 8in ODcos (¢D-¢p) .
We now perform a rotation of the quasi-deuteron coordinates in the lab system:
1
*D " *p
1 '
Yp = Yp ©os q:-zD sin ¢ , (A5)
1 1}
Zpy = 2 co8 Y+ YD sin ¢ ,
where
cos § = a/(a2+b2)1/2'.
In the rotated coordinate system
c = a»cos ODx . (A6)
where a=(B.2-EP+p 4l/2, (A7)
Y YpP P

and where we have assumed ¢p =90 deg. Putting Eqs. (A5) and (A6) into

!
(A3) and integrating over cos 0_ , we have Eq. (7) in Section V.
g D 9
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In order that the integral in Eq. (A3) # 0, we must have

(l:a--I&t:.PD‘%P“Z)l/z < ac<g (b+Zo.P + P, 2)1/Z

Pmin and Pmax are deduced from Eq. (A8). The results are
- 1/2
Pain® | & (u. - ’
_ 2 1/2
Pmax =¥ (™ - w) !

where = 4MEp + ZEy(- 1/2 Pp + Ep -M) + 2B (}:-:Y - Ep + M).

Ky
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(A8)

(A9)
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Table I. Corrections to proton spectrum

Correction
(%) due to range
straggling in

absorbers

Correction
(%) due to
scattering in

parent nucleus

Range interval

1 2 3 4 5 6 7 8 9

1.4 5.9 7.4 8.8 12.6 15.8 18.5 20.9 33.0

11 11 11 11 9 2 7 7 7
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Figure Legends

Fig. 1. Plan view of the experimental setup.

Fig. 2 The selected photon spectrum. Plot of the efficiency of the electron
cﬁunter for counting electrons vs the energy of the associated gamma ray.
Curve drawn fér illustrative purposes only.

Fig. 3. Proton telescope geometry. All counters are plastic scintillator.

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.

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.
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