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Results of measurements of the dependence of the cross section for photoproduction of slow

0

7 mesons on the mass number of the target nuclei are presented for nuclei between C and

Pb. o~ AY?® for synchrotron vy -ray beams of maximum energy of 265 and 210 Mev. The’

dependence of the slow =

meson yield on the maximum energy of the vy -ray beam has been

measured for carbon and lead. The results agree with the theory of 7 -meson production on

the surface of the nucleus.
1. INTRODUCTION

THE photoproduction of m mesons on nuclei has
been studied in a series of papers.!'™ It was found
that in all cases of complex nuclei (heavier than
Al) the relationship op ~ A2/ 3 holds where oA is
the cross section for the production by a photon of
a meson on a nucleus of mass number A.

There exist two different explanations of the ob-
served dependence of the cross section for the
photoproduction of m-mesons on the mass number.
The first theory® is based on the optical model
which takes into account the finite mean free path
for the reabsorption of mesons in nuclear matter.
According to this theory the cross section for the
photoproduction of m mesons on a nucleus of mass
number A is given by

o4 = coA"fa, (1)

where o, is the cross section for the production
of mesons on a free nucleon, and 7 is a factor
that takes into account the nuclear binding of the
nucleons inside the nucleus. The magnitude of
this factor is in the general case less than unity,
since the law of conservation of energy and the
Pauli exclusion principle impose a restriction on
the possible number of final states. However, the
value of 7 must be approximately the same for
different nuclei. f; is the reabsorption coefficient
given by

. 52 2,
fo= _‘17_86—-)6l)\ad1= %%1 [1 _;_;i + 2%(% + l>e—2Rl7\a]’
(2)
where A, is the mean free path for absorption,
Ry = roA&3 is the nuclear radius, V is the nuclear
volume, and x is the path length traversed by the
meson inside the nucleus. From this it may be
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seen that when 2R/A5 > 1,
o4 ~0,[3ha /4r,) A" (3)

i.e., the relationship op ~ AYS is obtained in the
case when the mean free path of the meson is con-
siderably smaller than the nuclear dimensions.

The quantity Ay is found directly from results
of experiments on the interaction of m mesons
with nuclei.!” However, in a number of cases the
meson mean free path turned out to be too large
to explain the dependence op ~ A%3 observed in
experiments on photoproduction. Therefore a sec-
ond theory has arisen® to explain this dependence,
which assumes that the formation of real mesons
is possible only on the nuclear surface. Inside a
nucleus the absorption of photons is accompanied
by photodisintegration which has a greater proba-
bility than photoproduction of mesons. According
to this theory (the theory of surface production
of mesons), the relationship g ~ AY3 is obtained
automatically in all cases (since the nuclear sur-
face is proportional to AY 3). The physical picture
of the phenomena occurring when high-energy pho-
tons are absorbed inside complex nuclei is given
by Wilson.? He assumes that the absorption of a
photon in the nucleus is accompanied by the pro-
duction of a virtual meson on one of the nucleons,
with a subsequent absorption of it by the system
comprising the nucleon that gave rise to the me-
son and one of its neighbors. Thus the absorption
of photons in nuclei leads to the photodisintegra-
tion of “qua.si—deuterons,”10 with the latter process
having a greater probability than the formation of
a real meson.

It has been established experimentally, by re-
cording n-p coincidences, that such a process
does in fact occur,!! and, apparently, is the main
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source of photoprotons of high energy. A decision
between these two theories can be made by meas-
uring the dependence on the mass number of the
cross section for the production of mesons on nu-
clei, for mesons of different energies. As is well
known,? the mean free path A5 for a meson in nu-
clear matter depends strongly on the meson energy,
increasing as the energy decreases. Therefore as
the energy of the recorded 7 mesons is reduced,
the dependence of g5, on A must approach a
linear one (instead of A2/3) if the first theory is
valid. However, if the theory of surface production
of mesons is valid, then the relationship op ~ AYS
must be obtained, independently of the meson en-
ergy. These relationships can be obtained in their
clearest form in the case of ° mesons, which is
free of the Coulomb interaction that complicates
the interpretation of the results obtained with
charged mesons.

Experiments made to study the dependence on
A of the photoproduction cross-section for -
mesons on complex nuclei,!>™3 carried out by re-
cording 7° mesons using one of the decay vy
quanta, have shown that the relationship o ~ AY/3
is preserved in the region of complex nuclei at a
maximum synchrotron 7y -ray beam energy of 265
and 200 Mev. These v -ray energies correspond
to 7% -meson spectra with maxima in the region
of 60 and 20 Mev respectively. In the work of
Panofsky et al.,2 the 7' mesons were recorded
using two decay <y quanta. The geometry of the
experiment corresponded to recording mesons
with energy greater than 100 Mev. However,
these experiments can be considered only as pre-
liminary ones, since the results of the work of
Panofsky et al.2 are subject to large error, while
the method of recording a 7’ meson by means of
only one of its decay 7y quanta suffers from cer-
tain disadvantages. Firstly, this method does not
allow one to determine the energy of the 7° me-
sons being recorded. An upper bound on their
energy is the maximum energy of the synchrotron
v rays. A reduction of this energy below 200 Mev
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results in a considerable decrease in the 7°-me-

son yield, which leads to danger of interference
from the background of y quanta scattered by
nuclei, which would be indistinguishable from the
effect under observation when such a method of
recording mesons is employed. Secondly, the re-
cording of 7’ mesons by means of one of their
decay vy quanta requires the knowledge of the an-
gular distribution of mesons produced on nuclei.

2. EXPERIMENTAL SETUP

In order to select 7° mesons of low energy it

is necessary to record both the decay y quanta.
In the system of coordinates in which the 7’ me-
son is at rest the decay 7y quanta emerge at an
angle of 180° with respect to one another, with the
angular distribution of the quanta being isotropic.
In the laboratory system the angular distribution
of the decay 7y quanta from a meson moving with

a velocity B is given by
P (0)dQ, = dQ, [ 2rwy? (1 — B cos «)?, (4)

where o« is the angle between the direction of mo-
tion of the 7° meson and the direction in which the
decay y quantum is emitted, while y=1/v1-42.
If the angle between the decay 7y quanta in the
laboratory system is denoted by ¢, then

sin (@ /2) = (cos?a’ + y?sinZa’)7'le, (5)

Here a’ is the angle of emission of the y quan-
tum in a system in which the 7° meson is at rest.

It can be seen thus that corresponding to each
value of 7°-meson energy there will exist a mini-
mum angle (critical angle) between the directions
of emission of the two decay <y quanta. This angle
is determined by the relation

sin(en/2) =y (6)

Making use of relation (5), we can easily show
that the probability that the decay <y quanta are
emitted in the laboratory system at an angle ¢
will be given by

sin gde
[t —cosq)y? — 2T py(1—cosg)= ~ (7)

p(9)de =

This probability has a sharp maximum near the
critical angle ¢) determined by relation (6). Thus,
the lower limit on the energy of 7° mesons re-
corded by means of two y quanta will be deter-
mined by the angle between the detectors of the
decay’ y quanta. Let us determine the probability
of recording mesons of various energies in the

case when the angle between the 7y -quanta detec-

tors is 180°. If the angle subtended by the detector
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at the target is ¢p, the apparatus will record 0

mesons decaying with emission of y quanta, the
angle between which lies within the limits 7 — ¢p
< ¢ = 7. Thus, the probability of recording =’
mesons will be given by:

w={ P/ {Pwd
D g (8)

2

=1—%[Y2_1_—T92(TETD)] )

The calculated values of W for ¢p =9° and
for different 7°-meson energies are plotted in
Fig. 1. It can be seen from the graph that the ex-
perimental geometry chosen by us allows us to re-
duce effectively the recording of high energy me-
sons, without significantly lowering the efficiency
for recording slow 7’ mesons.

There exists still another mechanism which re-
duces the probability of recording by the apparatus
of fast 7 mesons. It is based on the fact that the
efficiency of recording of vy quanta by the telescope
depends on the v -quanta energies. When the y
quanta from the decay of a 7 meson that moves
with a velocity B reach both telescopes, one quan-
tum must be moving in the same direction as the
70 -meson, while the other one moves in the oppo-
site direction. In such a case the energy of the
former will be given by hvyax = pocly (1+8)/2,
while the energy of the latter will be given by
hvpnin = Koc®y (1 = B)/2. Thus, there exists an ab-
solute energy threshold for the recording of =0
mesons by the apparatus, and the magnitude of
this threshold is determined by the threshold en-
ergy of the telescope at which the efficiency falls
to zero, € (hvpyin) =0.

The next section of this article gives the re-
sults of measurements of the efficiency of the tele-
scope, which show that its threshold for y quanta
is equal to 35 Mev (Fig. 2). For 7’ mesons this
corresponds to an upper threshold of 40 Mev for
the apparatus.

The energy spectrum of the # mesons re-
corded by the apparatus can be determined if we
know the energy dependence of the efficiency of
recording and the energy spectrum of the =’
mesons produced in the target. We know the first
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FIG. 3. Experimental geometry. M.C.) monitoring ionization
chamber, 1) target, 2) carbon filter, 3) lead converter, 4) scin-
tillator, 5) aluminum absorber, 6) radiator of the Cerenkov
counter.

of these functions. The energy spectrum of the

70 mesons originating in the target is determined
primarily by the momentum distribution of the
nucleons in the nucleus. Baldin has carried out -
calculations!* of energy spectra of 7’ mesons
formed in nuclei through bremsstrahlung. The
results of these calculations are in good agreement
with available experimental data. Making use of
energy spectra obtained by Baldin,! we can easily
calculate the energy spectrum of 7 mesons re-
corded by the apparatus. The spectrum obtained
in this manner has a very flat maximum in the
range between 1 to 15 Mev; a rapid decrease takes
place above 15 Mev.

Thus, the recording of 7° mesons by means of
two decay vy quanta first permits us, after making
an appropriate choice of geometry, to record me-
sons of definite energies. Secondly, this method
permits us to exclude completely the background
of scattered y quanta. Finally, with the chosen
geometry, the apparatus enables us to obtain the
total cross section directly without measuring the
angular distribution of the mesons, since for slow
mesons the probability of emission of decay ¥y
quanta is practically the same in all directions
(cf. reference 4).

0

3. APPARATUS

The measurements were made with the synchro-
tron of the Physics Institute of the Academy of
Sciences, which produces a 7y -ray beam with a
maximum energy of 265 Mev.

The experimental geometry is shown in Fig. 3.
The synchrotron beam passes through a monitor
ionization chamber, through two collimators, and
falls on the target being investigated. The m° me-
sons formed in the target are recorded by two
counter telescopes, each situated at an angle of
90° to the beam on the same straight line passing
through the target. The two telescopes are con-
nected for coincidence. Each telescope consists
of a carbon filter 6 cm thick, a lead converter 5
mm thick, a scintillation counter, an aluminum
absorber 2 cm thick, and a Cerenkov counter. The
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FIG. 4. Results of the measurement of the dependence of the
n°-meson yield on the mass number of the target for maximum
energy of the y-ray beam equal to 265 Mev (circles); the solid
curve is o~ A%,

S

carbon filter served to shield the scintillation
counter from particles and from the low-energy

v quanta copiously emitted by the target. The
scintillator was in the form of a disc 7 cm in
diameter and 3 cm thick, and consisted of a solu-
tion of terphenyl in toluol (4 g/liter) with addition
of a secondary activator. The aluminum absorber
served to raise the telescope threshold. The radi-
ator of the Cerenkov counter consisted of a cylin-
drical vessel 6 cm in diameter and 12 cm long,
filled with distilled water. All the counters made
use of photomultipliers FEU-33 with improved
time characteristics. To reduce the background,
the counters were surrounded by lead shields up
to 20 cm thick. To decrease the number of acci-
dental coincidences, the duration of the synchrotron
pulse was artificially stretched out to 3000 micro-
sec. The intensity of the beam was measured by
means of a thin-walled ionization chamber.

When the converters were removed, the count-
ing rate decreased, with the residual counts being
determined by the conversion of the y quanta in
the carbon filters and in the scintillators. The
targets used in this experiment were situated at
an angle of 45° to the vy -ray beam, and were fixed
in a device which enabled targets to be changed by
remote control. The thickness of each target
amounted to 0.1 of a radiation unit. The targets
covered the whole beam. To eliminate instabili-
ties, the measurements were carried out using
alternately the target investigated and a carbon
target, and gave as a result the ratio op /og of
the photoproduction cross section for 7 mesons
on the given nucleus to the cross section of pro-
duction on a carbon nucleus.

The energy dependence of the telescope effi-
ciency was measured by placing the telescope in
a beam of monoenergetic electrons. Electrons of
a definite energy were selected by means of a mag-
netic field in which was placed a lead target irra-
diated by the synchrotron vy -ray beam. Electron-
positron pairs were formed in the target.

The range of electron trajectories correspond-
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CAL Cu cd Pb A
FIG. 5. Results of the measurement of the dependence of
the n°-meson yield on the mass number of the target for maxi-
mum energy of the y-ray beam equal to 210 Mev (circles); the
solid curve is o~ A%,

ing to 10% accuracy in determining the electron
energy was selected by the current-carrying-fila-
ment method. As a measure of efficiency we
adopted the ratio of the counting rate of coincidences
to the counting rate of pulses of the scintillation
counter of a telescope of 100% efficiency. To de-
termine the efficiency of the telescope for 7y rays,
we measured its efficiency for electrons passing
through lead filters of various thicknesses placed
in front of the. telescope (this corresponds to pair
production at various depths within the converter).
Using the data received in this manner we calcu-
lated the values for the efficiency of the vy tele-
scope. The results are shown in Fig. 2.

4. RESULTS

Measurements of the dependence of the yield
of slow m° mesons on the mass number were
made at maximum < -ray energies of 265 and 210
Mev. In the case of measurements with Egl = 265
Mev, we used targets of C, Al, Cu, Mo, Cd, and
Pb. The results of these measurements are shown
in Fig. 4.

The results of measurements at E-Iyn = 210 Mev
are shown in Fig. 5.

The theoretical curve op ~ A¥3 in Figs. 4 and
5 was normalized for Pb, with all the experimental
points falling on the curve within experimental er-
ror in the case of both maximum energies. In the
region of light nuclei (C, Al) there is some devi-
ation from the relation op~ A%3, most likely be-
cause the number of surface nucleons is not pro-
portional to A%? in light nuclei.

In order to determine which part of the 7y -ray
spectrum is responsible for the observed effect,
we measured the dependence of the yield of slow
mesons on the maximum energy of the 7y -ray
beam. It can be assumed that the slow 7’ mesons
recorded by the apparatus are the result of inelas-
tic scattering of high-energy mesons that originate
in the target. If this assumption is correct, the
high-energy photons should make an appreciable
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FIG. 6. Dependence of the slow 7°-meson yield in carbon
on the maximum energy of the y-ray beam.

contribution to the effect under investigation. Meas-
urements were made for C and Pb targets, and
the results are shown in Figs. 6 and 7 respectively.
The quantity Y/Q shown in the graphs is the yield
of ' mesons per “effective” quantum. The number
of “effective” quanta Q is defined as the energy
flux in a bremsstrahlung beam divided by the max-
imum energy E{P The lack of precision in the
maximum energy of the beam is determined by

the “stretching” of the duration of the accelerator
pulse. As can be seen from the graphs, in the re-
gion of high vy -ray energies the yield curve has a
plateau which indicates that the contribution of
high-energy mesons to the effect being investigated
is not significant.

From the curves shown in Figs. 6 and 7 it can
be seen that the main contribution to the produc-
tion of slow 7° mesons on nuclei is made by ¥y
quanta with energies between 160 to 230 Mev.

This agrees with the results of Gorzhevskaia and
Panova,!® who showed that production of a photo-
meson of low energy (up to 6 Mev) on a nucleus

is accompanied by emission of a fast (E = 20 Mev)
recoil nucleon which acquires a considerable frac-
tion of the momentum of the incident y quantum.
Because of this, y quanta with energies even in
excess of 200 Mev participate in the formation of
slow 7 mesons.

In addition to the inelastic scattering of high-
energy mesons, a definite contribution to the effect
recorded may also come from scattering events
accompanied by charge exchange of low-energy
7+ mesons. However, available experimental
data on scattering of 7*-mesons on nuclei accom-
panied by charge exchange!®:!" show that the mean
free path for scattering accompanied by charge ex-
change of charged m mesons in nuclear matter
amounts to ~100r, for meson energies from 30
to 50 Mev, and increases rapidly with decreasing
meson energy. Thus, in the case of mesons of
energy ~ 10 Mev, we can practically neglect scat-
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FIG. 7. Dependence of the slow 7z°-meson yield in lead on
the maximum energy of the y rays.

tering accompanied by charge exchange. More-
over, if a significant contribution is made by the
scattering accompanied by charge exchange of
charged 7 -mesons, the dependence of the yield

of slow 7" mesons on A must be stronger than
AY! S, _since all the nucleons in the nucleus partici-
pate in the scattering.

Thus, experimental results show that the cross-
section for the photoproduction of slow 7° mesons
increases in proportion to the 2/3 power of the mass
number of the target nuclei, i.e., proportionally to
the nuclear surface. The same dependence of the
photoproduction cross-section on the mass number
was obtained by Popova, Semashko, and Iagudina
for low energy m~ mesons.!?

To be able to draw a final conclusion regarding
the mechanism of photoproduction of m mesons
on complex nuclei, it is necessary to investigate
in greater detail the processes of interaction of
mesons with nuclear matter and to make a quan-
titative estimate of the magnitude of the mean free
path A, for mesons of definite energies in nuclei.
An estimate of the value of the absorption mean
free path of slow 7 mesons in nuclear matter can
be made on the basis of the following considera-
tions:

1. The principal process of interaction between
a m meson and the nucleus is absorption by a pair
of nucleons (two-nucleon absorption).

2. The two-nucleon absorption cross section for
a m meson in the nucleus can be related to the ab-
sorption cross section for m mesons in deuterium
by means of the following formula:

op=To(x*+d—p+p). (9)

In the reaction 7t + d— p + p, the absorption
of a meson by a pair of nucleons, which acquire
in the final state an energy on the order ucz, takes
place when the distance between the latter is re-
duced to an order of h/uc. The coefficient I' in
formula (9) represents the ratio of the probabili-
ties that two nucleons are h/uc apart in the nu-
cleus and in the deuteron and, consequently, de-
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pends on meson energy. However, it is clear that
for low 7-meson kinetic energies, when Eg < uocz,
the quantity I' must be constant. According to the
calculations of Wilson® and Levinger,!? and also
from the analysis of experimental data of Byers,!®
Tenney and Tinlot,2’ and Byfield et al.,?! T =5t0 6
in the region of small m-meson energies.

3. The quantity (7t +d—p +p) can be ob-
tained from experiments on the absorption of =
mesons in deuterium, and also by utilizing the
principle of detailed balancing from the cross
section of the inverse reaction p + p—7t +d.

It can be easily seen that

o(x" +d—p+p)

2 M
3w

= (%)2c(p+p—>ﬁ++d). (10)
Here 7 = p,,/uc is the momentum of the 7 meson
in units of uc, while M and u are the masses
of the nucleon and the 7 meson respectively.

The energy dependence of the cross section of
the reaction p + p— 7t +d is derived from semi-
empirical considerations. It is shown by Rosen-
feld?? and Gell-Mann and Watson?® that

s(p+p—>r'+d)

= (0.14m + 1.07%)- 10727 cm? (11)
Frank et al.2¢ have made calculations utilizing
relations (9) to (11), and they have shown that the
mean free path A, for the absorption of a T me-
son in nuclear matter increases as the 7-meson
energy is decreased right down to 30 Mev. In the
energy region from 30 down to 2 Mev, Ay = 10r
and is almost independent of the meson energy.
At energies less than 2 Mev, A, decreases in
proportion to the 7-meson momentum. However,
these calculations were made for charged m me-
sons. In the case of 7° mesons the absorption is
due to the reaction 7° +d —n + p. The cross sec-
tion of this reaction is only half of the cross sec-
tion of the reaction 7t +d—p + p, since the iso-
topic spin of the n-p system may be equal to 0
and 1 with equal probability, while the isotopic
spin of the p-p system is equal to 1. The tran-
sition I =0 —1 =1 takes place when a meson is
absorbed, while the transition I=0—1=0 is
forbidden. Thus, only half of the possible final
states of the nucleons participate in the 7°-meson
absorption reaction, and the value of the mean free
path of 7’ mesons in the nucleus will be approxi-
mately 20r; in the energy range from 2 to 30 Mev,
i.e., practically for all mesons recorded in the
present work.
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5. CONCLUSION

Present experiments on the study of the depend-
ence of the cross section of photoproduction of slow
(Eg ~ 10 Mev) 7° mesons on the mass number of
the nucleus have shown that the cross section for
this process is proportional to A¥3. On the other
hand, an analysis of the absorption of slow 0
mesons in nuclei leads to the conclusion that the
mean free path for absorption of mesons of this
energy in the nucleus amounts to 20r,, i.e., all
nuclei right up to the heaviest ones must be trans-
parent for such mesons. Consequently the experi-
mentally obtained dependence cannot be explained
by the absorption of all mesons formed inside the
nucleus, as is done in the description of the proc-
ess of photoproduction of mesons from the point
of view of the optical model.® The results ob-
tained support the theory of surface production
of m mesons on nuclei,®® according to which real
mesons are produced only on the surface of nuclei.

When a y quantum is absorbed by a nucleon
situated inside a nucleus, photodisintegration of
this nucleus takes place, whereby the photon en-
ergy is transmitted to a pair of nucleons, with the
probability of such photodisintegration being
greater than the probability of 7-meson photo-
production.

The electronic apparatus utilized in the present
experiment was constructed and built by engineers
P. N. Shareiko and A. A. Rudenko, to whom the
authors wish to express their sincere gratitude.

In conclusion we take this opportunity to ex-
press our gratitude to Prof. V. I. Veksler and to
Prof. P. A. Cerenkov for their interest in our
work and for a number of valuable suggestions,
to A. D. Makov who participated in the prepara-
tion and the performance of the experiment, and
also to the members of the accelerator crew for
looking after the operation of the synchrotron.
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A study is made of the influence of anisotropy of the chemical shift tensor on the relaxation

time of fluorine nuclei.

It is found that the difference in relaxation times of fluorine nuclei

and of protons in one and the same molecule depends on the presence of nuclei of another

halogen.

FLUORINE is one of the most electronegative ele-

ments. The methods of nuclear magnetic resonance

are currently applied successfully to the investi-
gation of fluorine compounds. These investigations
are devoted chiefly to the fine structure of the
fluorine resonances, and also to the study of re-
laxation processes. Gutowsky and Hoffman'?
examined nuclear magnetic screening of hydrogen
fluoride and of a large number of other inorganic
fluorides. A considerable number of aromatic
fluoride compounds have been studied by Borodin
and Skripov.®# Gutowsky and Woessner® measured
relaxation times in a series of fluorocarbons. They
found that protons have considerably longer relax-
ation times than do fluorine nuclei in the same

molecule. The maximum value of the ratio R =
T, (H!)/T; (F!®) came to 9.2, in connection with
which the authors emphasized the dependence of
the given ratio on the strength of the magnetic
field. They also express the hypothesis that fluc-
tuations in the screening field, stipulated by the
anisotropy of the chemical shift tensor, add a
contribution to the relaxation time of the fluorine.
On superimposing a constant magnetic field H,

on the specimen, the molecular electrons undergo
a precession, by virtue of which an additional field
—oH, arises, proportional but opposite to the ap-
plied field, o (o is a constant that characterizes
the degree of screening of the nucleus by the elec-
trons). In the general case, ¢ is represented by



