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Results are presented of a measurement of the differential JT 0-meson photoproduction cross 
section on Be, Al, Cu, Cd, and Ta nuclei at 154 MeV mean primary photon energy. The 7T 0 

mesons were detected by recording coincidences of the JT 0 - y + y decay photons by means 
of two scintillation telescopes. An analysis of the results obtained shows that the main con­
tribution to the cross section is due to the elastic coherent photoproduction. 

1. INTRODUCTION 

THE impulse and Born approximations are usually 
employed in analyzing the experiments on the pho­
toproduction of 1r0 mesons on nuclei. According to 
the impulse approximation, the matrix element of 
meson photoproduction on a nucleus with mass num­
ber A can be represented by the sum of the photo­
production matrix elements on separate nucleons: 

I A I 

T = <'i't ~1 Ti 1'\f·i >=A <'i'tl Ti I 'Pi), (1) 

where 1/Ji and 1/Jf are the wave functions of the 
initial and final state of the nucleus (we assume 
that the photoproduction amplitude is independent 
of the isotopic spin of the nucleon). The meson 
photoproduction amplitude on a single nucleon in 
the Born approximation is given by 

(2) 

where k and p are, respectively, the momentum 
of the photon and of the meson in the c.m.s., i:Tj 
and rj are the spin and coordinates of the j -th nu­
cleon, K and L are, respectively, the spin-depend­
ent and spin-independent part of the matrix ele­
ment for the 7T 0-meson photoproduction on hydro­
gen. For nuclei with spin zero, the photoproduction 
is described by the operator L only. 

In studying the photoproduction near the thres­
hold it is assumed that the main contribution is due 
to the process of elastic coherent 7T 0-meson pro­
duction (1/Ji = 1/Jf). We then obtain easily from Eqs. 
(1) and (2) the relation between the differential 
cross section for photoproduction on a nucleus with 
spin zero and the spin-independent part of the dif­
ferential photoproduction cross section on hydro­
gen: 

(da/d~/) 11 = A2P(q) (da/dQ)H, 

q = Ji-1 (k2 + p2 - 2kp cose)'1', (3) 

where q is the recoil nucleus momentum, e is the 
angle of emission of the meson in the c.m.s., and 
F ( q) is the nuclear form factor: 

F(q) = ( 'i'tl tlqr 11\lt) = ~ p(r) /q'dt. (4) 

" 
p ( T) represents the normalized nucleon density in 
the nuclear volume T. 

If in the matrix element of the photoproduction 
on a nucleon we consider only M1+, i.e., the am­
plitude responsible for the ( 3/2, 3/2) resonance 
in the 7TN system, then we can correlate in the fol­
lowing way the quantity (dO" /dQ )H with the total 
photoproduction cross section of 1r0 mesons on 
hydrogen ( O" t): 

(da/dQ)ff =at sin2 e /4n, (5) 

so that 

(6) 

For nuclei with spin different from zero, there is 
a contribution to the cross section from the spin­
dependent photoproduction operator. However, the 
production of mesons in that case will be incoherent, 
and the contribution of this process to the cross 
section is A times smaller than that of the elastic 
coherent photoproduction. It should be noted that 
the photoproduction operators with spin flip give 
angular distributions of the cos2 e type. 

Second-order effects in the interaction of me­
sons with nuclei proportional to A2 were predicted 
by Feinberg [i] already in 1941. The theory of 
coherent photoproduction of 1r0 mesons was de­
veloped by a number of authors. [2-4] Experimen-
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tally, second order effects in the photoproduction 
of 1r0 mesons on complex nuclei were first ob­
served in 1957. [s] In these experiments the rr0-

meson photoproduction cross sections were found 
to depend on A stronger than linearly at all angles, 
for elements from carbon to copper, at 180 and 
200 MeV maximum energy of the bremsstrahlung 
spectrum. The elastic photoproduction of rr mesons 
on nuclei was later investigated in a number of ex­
periments. [S-1i] We should like to mention espe­
cially the experiments C7J and [to] in which the pro­
cess of coherent elastic photoproduction was used 
to obtain information on the intranuclear distribu­
tion of matter. From these experiments it follows 
also that the main contribution to meson photopro­
duction at primary photon energies up to 200 MeV 
is due to the elastic coherent production. 

In the present article we describe a measure­
ment of the angular distribution of 1r0 mesons in 
the photoproduction on Be, Al, Cu, Cd, and Ta nu­
clei by photons with 154 MeV mean energy. For 
the first time the differential cross sections were 
measured so close to the photoproduction threshold 
( 135 MeV). In the c .m .s. the energy of the pro­
duced mesons amounted to ~ 17 MeV. At this 
energy, the mean free path of mesons in nuclear 
matter is equal to ~ 25 F, so that the effects of 
multiple scattering should be small even for very 
heavy nuclei. Inelastic production for 150 MeV 
photons should also be small because of the Pauli 
principle. Consequently, we can expect that the 
experimental results will be well described by Eq. 
(6) and will yield information on the form factor of 
the nuclei investigated. 

2. EXPERIMENTAL ARRANGEMENT 

The experiment was carried out using the syn­
chrotron of the Physics Institute of the Academy of 
Sciences. The investigated targets, ~ 0.1 radiation 
length thick, were place in the collimated brems­
strahlung photon beam with maximum energy of 
180 MeV (Fig. 1). The rr0 mesons produced in the 
targets were detected by recording the coincidences 
of the rr0 - y + y decay photons in two scintillator 
telescopes. The maximum angle of emission of 
the decay photons IJ!max reaching the telescopes is 
related to the lower limit of the 1r0 meson energy 
by the equation Emin = Mrrc2/sin(i/Jmax/2), where 
M7r is the meson mass (in our experiment Emin 
= 140 MeV). The upper limit of the rr0 meson 
energy was determined by the maximum energy of 
the bremsstrahlung spectrum from the synchrotron 
( 180 MeV). The angle e T (Fig. 1) determined the 
mean value of the angle of emission of the 1r 0 me-

IDLB 
IC C 

FIG. 1. Geometry of the experiment (IC- ionization cham­
ber, C- collimator, TR- target, T- telescopes 1- absorber, 
2- converter, 3- scintillator, 4- aluminum absorber). 

sons. Since the rest energy of the investigated 
nuclei is much greater than the energy of the pri­
mary photons, then the energy spectrum of de­
tected 1r0 mesons is almost independent of e T for 
a given angle if! between the telescopes and of the 
mass of the nucleus. The angle if! therefore varied 
little in the measurements, amounting on the aver­
age to 133.7°. 

The telescopes used in the experiment consisted 
of a plastic absorber 3 em thick, a lead converter 
5 mm thick, and two scintillation counters with an 
aluminum absorber between them (the two ab­
sorbers shielded the telescope from background 
electrons and low -energy y rays). The pulses 
from the scintillation counters were fed, after 
shaping, to a diode fourfold coincidence circuit 
whose output was connected through a wide-band 
amplifier and discriminator to a mechanical regis­
ter. The coincidence system worked with 100% 
efficiency for a resolving time of 5 x 10- 9 sec. 

In order to find the absolute value of the cross 
section it is necessary to know the photon detection 
efficiency of the telescopes. A new method was 
developed for this purpose, based on the detection 
of a bremsstrahlung photon in coincidence with the 
electron which emitted it. The energy of the elec­
tron before and after emission was measured by 
magnetic spectrometers. The energy difference 
determines the energy of the detected photon, 
and the ratio of the number of the y e co­
incidences to the number of electrons detected dur­
ing the same period of time gives the value of the 
counter efficiency for photon detection. A descrip­
tion of the experiments on the determination of the 
telescope efficiency can be found in [i2]. 

The measurements were carried simultaneously 
at three angles by three identical telescope pairs. 
A cyclical permutation of the pairs enabled us to 
check the performance of the system (the yield of 
the particles at each angle was determined from 
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the count of all telescope pairs). All telescope 
pairs gave the same results within the limits of 
statistical accuracy. In addition, a count from a 
carbon target was taken for a given position of the 
telescopes to check the stability of the apparatus. 

In addition to the coincidence count, control ex­
periments were carried out to find out the nature 
of the events recorded. In one of such experiments, 
we have measured the ratio of counts with the con­
verter placed respectively between and before the 
scintillation counters of the telescopes. This ratio 
was found to equal 0.06 and to be independent of 
the telescope angle with respect to the bremsstrah­
lung beam from the synchrotron. This shows that 
in the experiment we recorded photons and not 
charged pairs (the small residual count can be ex­
plained by the conversion of photons in the plastic 
absorbers, in the steel walls of the telescope, and 
in the first scintillator). In the second control ex­
periment, we have measured the variation of the 
coincidence counting rate with the maximum energy 
of the bremsstrahlung spectrum. [t1] The fast de­
crease in the counting rate when the spectrum limit 
approached the photoproduction threshold testified 
that 1r0 mesons were detected, and that the contri­
butions of chance coincidences and of charged pairs 
were small. 

Chance coincidences amounted to less than 1% 
of the effect at all angles and for all targets. To 
decrease the number of chance coincidences, the 
pulse duration was stretched to 1000 !J-Sec. This 
corresponds to a change of the maximum brems­
strahlung energy from 175 to 180 MeV. The count 
without the target, negligibly small for Be and Al, 
rose to a considerable fraction for Cu, Cd, and 
especially Ta for large values of 9T, and was sub­
tracted from the count with the target. 

For the relative measurements of the brems­
strahlung beam intensity we used a thin-wall ioni­
zation chamber. Absolute measurements were 
carried out by activating graphite detectors in the 
reaction C12 (y, n) c 11 • We compared the activa­
tion method results with the quantometer measure­
ments. The latter gave an intensity by 6% greater 
than the graphite detectors. This may serve as an 
estimate of the accuracy of the absolute measure­
ments. 

3. CALCULATION OF THE CROSS SECTIONS 
FROM THE YIELDS BY THE MONTE CARLO 
METHOD 

The quantity obtained directly in the experiment 
was the yield, i.e., the number of coincidences for 
a given telescope position relative to the intensity 

of the primary photon beam. As is well known, the 
yield of a reaction N is related to the differential 
cross section da /dn by the equation 

\ (' d-
N = n J) £ill (E, Q) 'I'](£) e (E, Q) dEdQ, (7) 

£[), 

where n is the number of target nuclei per cm2, 

TJ (E) is the primary particle flux, E ( E, n) is the 
detection probability of the process investigated 
by the apparatus employed, E is the primary par­
ticle energy, and n are the angular coordinates 
of the direction of emission of the reaction pro­
ducts. In addition to the absolute value of the cross 
section, the energy and angular resolution curves 
of the apparatus are of interest: 

R (E)=~ 'I'](£) e (E, Q) dQ, 
[), 

/((G) =\'I'](E)e(E, Q)dE. 
£ 

(8) 

(9) 

From Eqs. (7)-(9) it follows that in the reduc­
tion of data it is necessary to know the function 
E ( E, n) which is determined by the kinematics of 
the process, the geometry of the setup, and instru­
mental parameters. Because of the complicated 
kinematics of the photoproduction process, invol­
ving the detection of the 1r0 mesons through the 
two decay photons, and the geometry of the experi­
ment, an exact analytical calculation of E ( E, n) is 
impossible. We used therefore the Monte Carlo 
method to determine the detection probability in 
the present experiment. This could be done since 
the processes studied in the experiment, beginning 
with the interaction event, and ending with the acti­
vation of the mechanical register, can be repre­
sented as a sequence of random events occurring 
with a given probability. The application of this 
method consists in making a model of this chain 
of events by means of a corresponding probability 
scheme and carrying out, using this scheme, of a 
large number of trials. If l out of k independent 
trials for fixed values of Eo and n 0 result in the 
detection of the event, then as an estimate of 
E ( E0, n 0 ) we can take the ratio l/k (the vari­
ance of this estimate for k ~ l >> 1 equals l /~). 
By varying E0 and n 0 we find E ( E, n). 

For the 1r0 meson photoproduction the sequence 
of events which essentially contribute to the detection 
probability is as follows: A 1r0 meson is produced 
within volume dV with probability TJ ( V) dV. Since 
the Ffetime of a 1r0 meson is very short ( T "' 2 
x 10-16 sec), we can consider the decay to oc­
cur in the same volume element. The function 
TJ ( V) thus serves to select the point of 1r0 -meson 
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decay. The function 11 ( V) can easily be deter­
mined if the intensity profile of the bremsstrahlung 
beam and its absorption in the target are known.C 13 ] 

The direction of the photon emission in the 7T 0 

meson decay was first determined in the rest sys­
tem of the meson where the distribution is isotropic 
and then calculated in the laboratory system ( l.s .) 
using relativistic transformation formulae. If one 
of the decay photons was not absorbed in the target 
(the probability of such an event is K 12 ) and two 
photons reached the telescopes and were detected 
(with efficiency ~ ), then the trial resulted in the 
detection of a photoproduction event. A detailed 
description of the method and its execution using 
fast computers can be found in [ 13]. 

The calculated energy resolution of the system 
is shown in Fig. 2. The resolution was found to be 
identical for all angles 8T (because of the weak 
dependence of the angle l/J between the telescopes 
on eT). The mean value of the primary photon 
energy was equal to 154 ± 8 MeV. As can be seen 
from Fig. 2, an error of several MeV in the value 
of the maximum energy of the bremsstrahlung spec­
trum does not cause a large error in the detection 
efficiency and, consequently, does not influence the 
absolute value of the cross section. 

The angular resolution for various eT shown 
in Fig. 3 is practically independent of the atomic 
number of the target nucleus since the rest mass 
of all nuclei used as targets is much greater than 
the energy of the primary photons. 
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FIG. 2. Energy resolution 
of the system (energy expressed 
in rest-mass units of the rr 0 me­
son). 

FIG. 3. Angular resolution for different positions of the 
telescope. The numbers at the curves give 8T in degrees. 

The data of the present experiment were pro­
cessed using the electronic computer of the Physics 
Institute of the Academy of Sciences. 

4. RESULTS 

The results for Be are compared in Fig. 4 with 
the cross section of coherent 1r 0 meson photopro­
duction calculated according to Eq. (6) using a 
modified exponential distribution of nucleon density 
in the nucleus. The experiments on high-energy 
electron scattering [ 14] gave for this distribution 
a mean-root square nuclear radius of 3.04 ± 0.07 F 
for Be, while calculations based on the shell model 
gave 2.3 ± 0.2 F. As can be seen from Fig. 4, our 
results are well described by the model of coher­
ent photoproduction with a root-mean-square ra-

li~jdQ, ph/ sr 
t------·-+-1--_,. 

FIG. 4. Differential tJf----+-1-,-....---+---\--t----1 
cross section for rr0 me­
son photoproduction on 
Be. The curve repre­
sents the elastic co­
herent photoproduction 
cross section for the 
modified exponential 
model and the following 
values of the root-mean­
square radius: a- 1.84, 
h-2.14, c-2.44, d-
2.74, and e-3.04 F. 

i i 
o,~--~o.~~---~-o.~.5- -t 
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FIG. S. Differential rr 0 me­
son photoproduction cross sec­
tion on Al. The curve repre­
sents the elastic coherent 
photoproduction cross section 
for the Fermi model with 
t = 2.5 F and different values 
of c: a-2.57, h-2.89, c-
3.21, d-3 . .53, and e-3.85 F. 
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dius of ~ 2.4 F, which is in agreement with the 
theoretical prediction. 

In Figs. 5-8 are given the experimental data 
and the calculated results on the coherent photo­
production of mesons on Al, Cu, Cd, and Ta, as­
suming a nucleon density distribution according 
to the Fermi model. The parameters of the Fermi 
model: c (the distance at which the density de­
creases by a factor of two as compared with the 
density in the center of the nucleus) and t (the 
thickness of the surface layer) were varied around 
the values obtained for medium and heavy nuclei in 
electron scattering experiments ( c = 1.07 A113 F, 
t = 2.5 F [ 14 •15] ). From Figs. 5-8 it follows that 
near the first maximum the experiment is in agree­
ment with the calculation, while in the region of the 
second maximum there is a discrepancy. 

In calculating the differential cross section from 
Eq. (6), we used for <Tt the values obtained in [ 16] 

from the dispersion relations for 1r0 meson photo­
production on protons. In the energy range of 
interest, these values coincide with the earlier 
experimental results. [l7] 

The values of the cross section in Figs. 4-8 
are given in the l.s. For Al, Cu, Cd, and Ta the 
c.m.s. system practically coincides with the l.s. 
The corrections are much smaller than the sta­
tistical errors. For Be the correction due to 
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FIG. 6. Differen­
tial 77° meson photo­
production cross 
section on Cu. The 
curve represents the 
elastic coherent 
photoproduction cross 
section for the Fermi 
model with t = 2.5 F 
and different values 
of c: a-3.87, b-
4.07, c-4.27, d-
4.47, and e- 4.67 F. 
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FIG. 7. Differential 77° meson photoproduction cross sec~ 
tion on Cd. The curve represents the elastic coherent photo­
production cross section for the Fermi model with t = 2.5 F 
and different values of c: a- 4.63, b- 4.88, c- 5.13, d-
5.38, and e-5.63 F. 

the transformation to the c.m.s. amounts to 6%. 
Thus, a preliminary analysis of the results 

shows that the main contribution to the 1r0 meson 
photoproduction cross section near the first maxi­
mum at 154 MeV primary photon energy is due to 
the elastic coherent photoproduction of the mesons 
on all nucleons, independently of the isotopic spin 
and position in the nucleus. The discrepancy be­
tween the experiment and the theory in the range 
of the second maximum, using the data on the form 
of the nucleus from electron scattering experi­
ments indicates either an inaccuracy in the assump­
tions underlying Eq. (6) or the necessity of using in 
the calculation a nucleon density distribution in 
nuclei different from that obtained in the experi­
ments of Hofstadter et al. [ 14] A more detailed 
analysis of the experimental results will be given 
in a following article. 
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tude to Prof. P. A. Cerenkov for his interest in 
the experiment, to A. M. Baldin and A. I. Lebedev 
for discussion of the theoretical problems, and to 
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FIG. 8. Differential rr 0 meson photoproduction cross sec­
tion on Ta. The curve represents the elastic coherent photo­
production cross section for the Fermi model for different 
values of the parameters c and t (in Fermis): a- c = 6.15, 
t=2.5; b-c=6.45,t=l.5; C-C=6.45,t=2.0; d-c=6.45, 
t = 2.5; e-c = 6.75, t = 2.5. 

A. V. Kutsenko and to all workers of the comput­
ing department of FIAN for calculations on the 
electronic computer. 
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