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ABSTRACT: The yields of (y,p) reactions on 3 0Si, 68Zn

and °Te have been measured as a function of the brems-

strahlung end-point energy, E max, in the energy range

7S-800 MeV, using the activation method. Cross sections

have been deduced and are compared to results obtained

using a semiempirical model.
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INTRODUCTION

L

Above the threshold for the photoproduction of mesons» a

photon may be absorbed in a nucleus in different ways, e.g.,

by interacting with pairs of correlated nucleons, usually

treated as a quasideuteron absorption process, or via the

excitation of nucleon resonance states which subsequently

decay by emitting different types of mesons. However, at

intermediate energies the quasideuteron contribution to the

reaction cross section is normally very small and may be

neglected, the major part of the cross section being due

to single pion photoproduction.

The cross sections for the photoproduction of pions on

free nucleons are well known, but if similar reactions are

studied on nucleons in a nucleus, the situation is quite

different and, to interpret the results, various types of

correlations in the initial and final states have to be

taken into account.

One way to study mesonic effects in the bound nuclear system

is to examine the (y,N) reaction. Both the pion produced and

the recoil nucleon have to leave the nucleus without further

interactions, or at least with an energy transfer so small

that the excitation energy of the residual nucleus is kept

below the threshold for further particle emission.

At our laboratory, several measurements of this type of

reaction have previously been carried out and interesting

features of the reaction mechanism determined.



However, these results have mainly been obtained through a

study of the (Y>n) reaction and have, in most cases, been

performed on light nuclei.

In this work, we have extended the (y,N) studies to include

also some medium-heavy nuclei 30Si, 68Zn and 130Te for the

photon energy range 7S-800 MeV. The CY»P) reaction was

chosen since the contribution to the measured yields at

intermediate energies stemming from giant resonance processes

is known to be strongly subpressed as the mass of the target

nucleus increases. Information on (YIP) reactions at these

energies is very scarce /I,2/ and in some cases only contain

information on specific reaction channels /3/ or emitted

photoprotons /4/.

The two-step formalism, a fast nucleonic cascade followed

by a slow evaporation step, has successfully been used to

interpret various characteristics of nuclear reactions at

intermediate and high energies initiated by photons or hadrons.

However, when applied in a Monte-Carlo simulation, the model

is rather crude because nuclear shell effects are normally

only included indirectly as changes in the impulse distributions

for the nucleons in a nucleus. This particularly affects the

interpretation of reactions occuring in the vicinity of the

nuclear surface since the density distribution of nucleons is

strongly correlated to the radial part of the nuclear wave-

function.



In this work, the formalism as given in /5/ has been used

to interpret the results since it takes into account differences

in the density distributions for particles in different nuclear

shells. The same formalism was also used to interpret the

(Y,n) reactions mentioned above, making it easier to compare

the results.

EXPERIMENTAL DETAILS

L

The irradiations were performed in an uncollimated bTems-

strahlung beam from the Lund 1.2 GeV electron synchrotron at

end-point energies from 75 to 800 MeV. The targets were placed

just outside a thin exit window, about 1.3 m from the internal

Pt-target. The time-dependence of the beam intensity variations

was monitored using a Wilson-type quantameter. A carbon slab

of the same size as the target was irradiated simultaneously

with the latter and the monitor reaction 12C(Y,n)11C /6/

used to obtain'absolute yields. Target materials were in the

form of powder of natural isotopic abundance packed in thin

lucite containers. The thicknesses of the targets were less

than 0.1 radiation length. The isotopic abundances, the chemical

purities of the target materials and relevant decay data /7/

for the reaction products studied are given in the table.

After irradiation, the induced Y-activity was measured with

a 35-cm Ge(Li)-detector. The radioactive isotopes studied

were identified by their characteristic y-ray energies and

half-lives and the irradiation and counting periods were

chosen depending on the half-lives.
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EXPERIMENTAL RESULTS

L

The yields of the reactions studied are given in figure 1

as a function of the bremsstrahlung end-point energy. The

errors indicated are statistical ones including the contri-

bution from background subtraction. In addition to these,

there are systematic errors, e.g., in the solid angle between

sample and detector, in detector efficiency and in the end-

point energy of the bremsstrahlung spectrum. The total

systematic error is estimated to be about 15%. This figure

also includes possible systematic errors due to different

disturbing reactions since the samples, as pointed out above,

are of natural isotopic abundance. However, previous measure-

ments /8/ and Monte-Carlo calculations show that the (?»"*)

and (n,p) contributions are small, so that they have been

neglected. Monte-Carlo calculations also show that the (y»p2n)

cross section for Zn above the threshold for the production

of pions is small and the contribution can be neglected, since

the abundance for this isotope is only about 0.61. So far as

the contribution from this reaction originating from

processes in the giant resonance region is concerned, this

only affects the shape of the yields above 200 MeV slightly,

so that it has been included in the normalisation factor for

the giant resonance (y,p) cross section discussed below.

To determine the contribution to the neasured yield from the

photoproduction of mesons, the low energy contributions,

mainly due to giant resonance absorption, have to be properly

known. Cross section data in this energy region were taken



from /9/ for 30Si and from /10/ for Zn. Since no giant
130resonance cross section data were found for Te, we have

assumed a resonance which, integrated to 30 MeV, gives

30 MeV-mb, a valueadopted from other measurements on nuclei

in the same mass region. To estimate the cross section in

the quasideuteron region, we have coupled a tail with an

energy dependence of E ' to the giant resonance cross

section. The bremsstrahlung weighted yields due to the

cross section below the first meson resonance were deduced,

using a Schiff spectrum integrated over angle for the photon

distribution /ll/. The calculated yields were normalized to

the measured ones in the energy region 75-200 MeV. The norma-

lization factors, F, for the different reactions are listed

in the table.

The fitted yields are shown by the solid curves in figure 1,

and it is clearly seen that the giant resonance cross section

cannot fully account for the measured yields above 200 MeV.

The excess is due to the photoproduction of mesons, and the

corresponding cross sections were deduced using a photon-

difference method as described in 1121 * The cross sections

obtained are given by the solid curves in figure 2. The errors

shown by the hatched areas, mainly due to the errors in the

experimental points and the unfolding technique, are esti-

mated to be about 25%.

L
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CALCULATIONS

L

To calculate the cross sections, we have used the formalism

given in /5/. This is based on the following assumptions:

the initial reaction is assumed to be either

Y + p -* n° + p or Y + p-*-ir+ + n »

the kinematics of the reaction are based on the impulse

approximation, the kinetic energy of the target proton is

taken into account through a potential of Wood-Saxon type

and, finally, the mean free paths for the nucleons and pions

in nuclear matter are derived from experimental particle-

nucleus cross sections on light nuclei. The model is

restricted to give a (Y~P) reaction only when the pion and

the recoil nucleon both leave the nucleus without further

interactions or with an energy transfer so small that no

more particles are emitted. A further assumption made in the

model is that the intermediate isobar state produced decays

immediately into hadrons. Contributions to the reaction

cross section from a number of processes occurring with

rather a low frequency, such as inelastic scattering

processes in the final state, have also been neglected.

The calculated cross section is therefore underestimated,

but the net effect is assumed to be less than 20% /5/. The

cross section is calculated for protons, iniyially bound in

a specific nuclear shell, using the reaction probabilities

derived from the corresponding harmonic oscillator wave

functions and the elementary cross sections for photon-
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nucleon interactions adopted in the model. The proton shells

available for the reaction have been determined from

theoretical calculations /13/, using the proton and neutron

separation energies for the corresponding daughter nucleus.

The available shells obtained in this way are listed in the

table. Since the contributions to the cross section from

multiple pion photoproduction have been neglected, we have

only performed calculations for energies of the incident

photons below 500 MeV. This is also justified through

calculations as shown in /5/.

DISCUSSION

Direct reactions of the (x,px) type have earlier mainly been

studied at intermediate energies using protons as incident

particles /14/. However, for proton induced reactions, it

must be kept in mind that about half the kinetic energy of

the incidentproton goes into translational energy of the

final system. This means that to study corresponding phenomena

with protons and photons, the incoming proton kinetic energy

must be about twice the corresponding photon energy. Hence,

the reported data /14/ merely describe the mechanism below

and at the threshold for pion photoproduction.

Earlier measurements on the nuclei studied and in the energy

region of interest here have only been reported for 30Si /I/.

These yields are about 15% higher than these obtained in this

work, but since our systematic errors are of the same size,
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the experimental results overlap within the errors. In /I/,

the number of valence nucleons taking part in the reaction

was also determined to be 5.5 ± 0.9, a figure in agreement

with the assumption that the ldjo proton shell alone is

responsible for the cross section. From our measurements,

the corresponding figure is found to be 5.7 ± 0.S, which

is in good agreement with the previous measurements. We thus

conclude that the discrepancy observed is only of systematic

nature.

The cross sections obtained from the measured yields are

given in figure 2. If the results for the different target

nuclei are compared with each other, they are found to be

almost equal within the experimental errors. This fact

cannot however be interpreted as a significant Tesult since

the errors are quite large and the form derived for the cross

section can be affected by the smoothing method used.

Compared to the cross sections obtained in the semi-empirical

approach discussed above, agreement is satisfying except for

Te. In this case, the calculated cross section is about

a factor of 2 larger than that observed experimentally. This

discrepancy should not, howeverj be taken too seriously,

since, as pointed out above, it could be altered using a

stronger or an easier smoothing. In this work, an average

smoothing chosen to give the best over all fit within the

experimental limits for the nuclei studied has been used, and

agreement with the results semi-empirically calculated must

be considered to be quite acceptable for all nuclei studied.

L



CONCLUSION
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The measured yields and the derived cross sections are in

agreement with previous measurements and calculations both

in form and magnitude» The results obtained can be inter-

preted in a simple model which accounts for the main fea-

tures in the reaction mechanism. A deeper interpretation

of the results on a theoretical basis has to be postponed

since no such calculations are at present available.
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FIGURE CAPTIONS

Figure 1. Measured yields for the (Y»P) reactions

in 30Si, 68Zn and 130Te, The solid lines

are the fitted yields due to the giant

resonance and quasideuteron cross sections.

Figure 2. The solid curves show the smoothed cross

sections arising from photoproduction of

mesons and the hatched areas indicate the

estimated errors. +-signs are values

calculated using the semi-empirical

formalism.

TABLE CAPTION

Characteristics for the targets used

and the reaction residuals studied.
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TABLE

Target

nucleus

•

30Si

68Zn

130Te

Purity

(*)

>99.9

>98

>99.5

Isotopic

abundance

CD

3.09

18.57

34=4»

Y-energy

( KeV )

1273

185

813

915

1030

Half-

life

6.52m

6l.83h

4.32h

Branching-

ratio

.94

.48

.426

.1845

.1214

0.

1.

0.

F

48

14

74

Available

proton

shells

C l d 5 / 2 )*

(2p 3 / 2)
2, Clg 7 / 2}

8

"cig7/2r
2, (ig 9 / 2)

1 9

2 4
'2pl/2^ ' t p3/2^ *

^̂ ^̂ ^̂ ^̂ ^̂
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