Total reaction cross sections for charged particles in the energy

range up to 100 MeV

O. F. Nemets, L. |. Slyusarenko, and V. V. Tokarevskii

Institute of Nuclear Research, Academy of Sciences of the Ukrainian SSR, Kiey

Fiz. Elem. Chastits At. Yadra 6, 827-891 (October—December 1975)

The experimental data are systematized for the total reaction cross sections induced by protons, deuterons,
*He nuclei, and @ particles in the energy range up to 100 MeV. The methods of measuring the total cross
sections are described. The behavior of the total reaction cross sections as functions of the initial energy of
the particles and the atomic weight of the target nucleus is discussed. Isotopic effects are analyzed and
their relation to the distribution of nuclear density discussed. The theoretical models used to calculate the

total reaction cross sections are discussed.

PACS numbers: 25.40.—h

INTRODUCTION

The total cross sections for reactions induced by
charged particles with energy less than 100 MeV are
among the least studied nuclear constants. In collision
theory, one usually considers the total interaction cross
section

0=0,; -} 0Op, (1)

which is the sum of the integrated elastic scattering
cross section ¢,; and the total reaction cross section gy.
The simplest method of calculating the total interaction
cross section is based on the optical theorem!:

0 =T Imf 0=0°), (2)

where f(6=0°) is the amplitude of elastic scattering at
6=0°; k is the wave number of the relative motion.
Subtracting the integrated elastic scattering cross sec-
tion-from the total interaction cross section calculated
in accordance with Eq. (2), we obtain the required total
reaction cross section. This procedure is suitable only
for determining the total reaction cross sections in-
duced by neutrons. For charged particles, the elastic
scattering amplitude f(6) has a singularity at §=0°, and
the total reaction cross section oy =0, — 0,; is the differ-
ence of infinitely large quantities. There exists a gen-
eralization of the optical theorem for the case of
charged particles proposed by Holdeman and Thaler, 2

and this enables one to avoid the difficulty by taking into

account the screening of the Coulomb field. However,
the practical application of the modified optical theorem
to the calculation of total reaction cross sections from
small-angle elastic scattering data for charged parti-
cles is restricted to collisions in which only a few par-
tial waves participate.

The total reaction cross section can also be calcu-
lated if the absorption cross section o, is known:

Op = 0 — oz, ' (3

where 0o is the integrated cross section of elastic
scattering accompanied by the formation of a compound
nucleus. At energies of the charged particles greater
than 10 MeV, 0.z € 0,;, especially for the scattering of
composite particles, and one can therefore assume that
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Or #0,. Inturn, it is convenient to represent the ab-
sorption cross section in terms of the collision S ma-
trix. In particular, for spinless particles

i e (P B e S5 ), @)

L=0

where S; is a diagonal element of the S matrix. The
elements of the S matrix can be determined by phase-
shift analysis or they can be calculated theoretically on
the basis of one of the models of nuclear reactions (for
example, the optical, diffraction, or quasiclassical ap-
proximation, etc,).

Concluding our brief discussion of the methods of
theoretical analysis of the total reaction cross section,
let us mention the connection between the absorption
cross section and the imaginary part Wof the optical
potentiall:

2u

= (P W, : (5)

Oy = —

where ¥ is the solution of the Schridinger equation with
optical potential U= V+iW which satisfies the boundary
condition of elastic scattering. The experiment fact that
the absorption cross section is nonzero means that there
is an imaginary term in the phenomenological interac-
tion potential.

Thus, from the theoretical point of view, todetermine
the total reaction cross section it is sufficient to param-
etrize the elastic scattering amplitude. However, the
currently used methods of parametrization (phase-shift
analysis, optical model, parametrized phase-shift anal-
ysis) have a common shortcoming: They are all non-
unique to a greater or lesser extent. Therefore, the to-
tal reaction cross sections calculated on the basis of
elastic scattering data exhibit a very wide spread of
values (up to 30-40%), This accuracy is clearly unsat-
isfactory, and it is therefore necessary to determine
the total reaction cross sections experimentally.

Experimental investigations were initiated in 1959 by
Gooding® and Burge, * who proposed two methods for

~measuring the total cross sections, and also obtained

the first experimental results. Between 1959 and 1973,
the number of experimental investigations increased to
36, 26 of these being devoted to measurements of pro-

ton total cross sections, five to deuteron total cross
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FIG. 1. Extent to which the total cross sections of reactions

induced by p, d, *He, ‘He have been studied: 1) and 2) experi-
mental data for protons; 3) and 4) for deuterons; 5) and 6) for
« particles; 7) and 8) for ®He; 1), 3), 5), and 7) indicate that
the measurements were made on targets with natural isotopic’
composition; 2), 4), 6), and 8), with single-isotope targets.
The energy scale for the protons is logarithmic; for d, *He,
and ‘He, it is linear,

sections, and four to a-particle total reaction cross
sections; one measurement was made of the total cross
section of reactions induced by *He ions. Figure 1 -
gives an idea of the extent to which the nuclei of the
periodic system have been studied; it gives the ele-
ments for which the total cross sections have been
studied in the energy range up to about 100 MeV with p,
d, *He, and “He as initial particles. It can be seen from
Fig. 1 that only the proton total reaction cross sections
have been studied in any detail.

It is a fairly complicated experimental problem to
measure total reaction cross sections. One can there-
fore very reasonably ask: What new information can be
obtained by this experimental effort?

It is a fairly widely held opinion that measurements
of total reaction cross sections are necessary because
of the requirements of the optical model of the nucleus.
The point is that the differential elastic scattering cross
sections, the differential polarization cross sections,
and the total reaction cross sections are the three main
physical quantities calculated in the optical model.
Without discounting the importance of the experimental
total cross sections for the solution of this complicated
problem, we should point out a different informative
possibility of this constant which has long been used in
high energy physics but has not yet found application in
intermediate-energy physics. We are referring to the
use of total reaction cross sections to obtain information
about the density distribution of nuclear matter and,
primarily, parameters such as the radius of the nucleus
and the thickness of the boundary layer. If these data
are then compared with the results of analysis of the
elastic scattering of fast electrons, one can obtain in-
formation about the density distribution of neutrons in
the nucleus. Similar information can be obtained from
the radial dependence of the phenomenological optical
potential if one can succeed in reducing the ambiguity
that results from analyzing the experimental data in the
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framework of the optical model. To solve the problem,
it is necessary to make measurements on single-isotope
targets with an error not greater than 3-5%.

1. METHODS OF MEASURING TOTAL REACTION
CROSS SECTIONS

There are three known ways of measuring total reac-
tion cross sections: 1) the method of summation, 2) the
method of recoil nuclei, and 3) the attenuation method.

The summation method starts directly from the defi-
nition

ﬁn=2bﬂ(a- b), (6)

where the summation is over all open reaction channels
A(a,b)B. The integrated cross sections o{a, b) can be
obtained by integrating the differential cross sections,
or they can be determined by the method of induced ra-
dioactivity, This method is best used when there are
few open channels. At higher energies, there are more
open reaction channels, which makes the measurements
difficult. As a rule, the accuracy with which the cross
sections can be measured by this method is not better
than 10%.

The method of recoil nuclei exploits the obvious fact
that in every collision (scattering or nuclear reaction)
recoil nuclei are formed. By measuring the total num-
ber of recoil nuclei and calculating the fraction corre-
sponding to elastic collisions, we obtain the direct num-
ber of all inelastic collisions that determine the sum
(6). The method is convenient in the cases when the
investigated nuclei are the working medium of the de-
tector. Burge® used it to determine the total cross sec-
tions of reactions induced by protons in the carbon of a
plastic scintillator. The measured energy spectrum is
asymmetric, and the low-energy part cannot be sepa-
rated out without additional investigations. It is first
necessary to estimate the contributions of three pro-
cesses: 1) elastic scattering of the protons on the car-
bon; 2) the elastic scattering of the protons on protons;
3) the inelastic scattering of protons on the carbon.
Analysis of the theoretical and experimental spectra
yields the low-energy “tail” from which the absorption
cross section is estimated. The error in the determi-
nation of the total reaction cross sections is about 10%.

The method can be used with any scintillator, in par-
ticular gas and liquid scintillators containing inert
gases. It has been shown that inert gases have a great-
er light output and shorter decay time in the liquid
state.® The method proposed by Burge can also be ap-
plied to solid materials like germanium and silicon if
semiconducting radiation detectors are used, but the
large errors have prevented its experimental implemen-
tation in these cases.

The attenuation method consists of determining the
relative attenuation of the beam particles as a result of
interaction with the target nuclei. If the intensity of the
particles in the incident beam is I; and that of the atten-
uated beam is I, then
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FIG, 2. Arrangement of experiment for measuring total re-
action cross sections by the attenuation method using the co-
incidence—anticoincidence technique: 1) “false” target; 2) col-
limating slits; 3) target for obtaining the scattered beam; 4)
monitor; 5) Faraday cup; 6) investigated target; I-IV are de-
tectors.

I = Iyexp (—nogr), b

where # is the number of nuclei per cm® of the material
in the target; x is the thickness of the target; and oy is
the total reaction cross section.

The value of nogzx for charged particles does not ex-
ceed 10°%, and therefore

nogpt = (Iy—I)/1,. (8)

In the early investigations of Greenlees and Jarvis, ®
the intensities I and I were measured separately, which
led to large errors in the determination of the total
cross section. At the present time, there exist two
ways of measuring simultaneously the attenuation A7
=Ip=1I and the initial intensity I;: the coincidence—anti-
coincidence method®™® (which we shall call the CA
method) and the charge integration method® ! using
Faraday cups (the FC method).

The CA method. In the simplest form of the attenua-
tion method with coincidences and anticoincidences, one
uses four particle detectors I-IV arranged along the
axis of the collimated beam of particles (Fig. 2). The
target is placed between III and IV. The signals from
the detectors are transmitted to a coincidence-anticoin-
cidence circuit, which records complicated events of
the type 1234 and 1234 (in the notation of formal logic).
The number of 1234 events is proportional to the atten-
uation of the beam due to collisions with target nuclei.
The essence of the measurements is to determine Iy - I
and [, with the target and 4y - ¢ and 7, without the target.
Then the total reaction cross section is determined from

—-“’;I o it = nORT. v (9)
0 i

It is necessary to take into account nuclear reactions in
the detector IV, their cross sections depending on the
energy. The energies of the particles in the measure-
ments with and without the target are different for this
detector. To eliminate this effect, a “false target” is
placed in front of the detector I in the measurements
without target; its thickness must be such that the ener-
gy of the particles in detector IV corresponds to the en-
ergy in the measurements with target. The total reac-
tion cross section with allowance for all the corrections
can be represented in the form
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T (T

Op = —2n
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=
j O, (0) sin 0404y ==
0.

a

e
+27 \ g (0) sin 0.d6; (10)

0

here, the first term is the beam attenuation in the mea-
surement with target; the second is the background, the
beam attenuation in the measurements without target;
the third, the correction for elastic scattering; the
fourth, the correction for the reactions in the second
transmission detector; the fifth, the correction for the
emission of charged particles into the solid angle of the
fourth detector.

Dicello, Igo, and Roush® used a slightly modified form
of the CA method to measure the total reaction cross
sections at proton energy 14.5 MeV. The last stopping
detector was divided into two parts in accordance with
its two main functions: 1) of detecting the beam trans-
mitted through the target and 2) detecting inelastic pro-
cesses with the emission of particles within the angle

.8, (the solid angle of the detector).

This method made it possible to take into account
automatically the correction for inelastic processes and
eliminate the correction for them in the second trans-
mission detector since it was not necessary to use a
false absorber. The expression (10) can be rewritten
as

Ami 2 oy (@sin0de. (11)

ey =% naxiyj

uﬂf;—_‘r”_‘r

L

The electronics used in the experiment was fairly com-
plicated; it is described in Ref. 8.

The experimental difficulties of the CA method are as
follows: 1) the heavy load on the electronics (approxi-
mately 10° pulses/sec); 2) the need to obtain stable
beams with intensity 10°-~10° pulses/sec; 3) the com-
plexity of allowing correctly for random coincidences.
The method is described in detail in Refs. 3, 7, and 8.
The error of the measurements is 3—5%.

The FC method. In the charge integration method
(Fig. 3) the target is placed inside a metallic cup, with
which it is in electrical contact. The charge of the cup
Ag is increased by Ze whenever collisions take place
between the incident particle and the target nuclei that
are not accompanied by the emission of secondary
charged particles through the entry or exit openings of
the target cup (Ze is the charge of the incident particle).
Thus, the charge Aq is proportional to the attenuation
AJ of the beam after subtraction of the charged particles

7:;‘5\

Ag 2;

FIG. 3. Arrangement of experiment to measure total reac-
tion cross sections by the attenuation method using two Fara-
day cups.
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" that leave the cup. The charge @ of the Faraday cup is
proportional to the intensity of the incident beam.

The total reaction cross section is related to the mea-
sured charges Ag and @ by

(Ba—gp) , ¥ !
onr_%%—&tej 0, (6) sin 640
1
1Y i
+a 3 (f + § ) Koy (®)sin oo, (12)

q [i] n—-Bz

where 0,,(9) is the differential cross section of elastic
scattering through the angle 6; o,,(f) is the differential
cross section for the emission of charged particles with
charge ¢ at the angle 6 integrated over the energy; 6,
and 0, are half the angles subtended by the exit and en~
try openings of the Ag cup at the center of the target; K
=q/p (p and g are the charges of the incident particle
and the product particle that leaves the target chamber,
respectively); g, is the charge due to the background
components. In order to make both corrections mini-
mal, the angles 6, and 6, must be chosen on the basis
of a compromise.

The charge integration method is suitable for mea-
suring reaction cross sections in nuclei of elements
having a good conductivity. If the method is to be im-
plemented in practice, it is necessary to make the
background charge g, minimal, and this entails the so-
lution of the following experimental problems: 1) prep-
aration of beams free of low-energy and neutral parti-
cles and also admixtures of other charged particles; 2)
prevention of the occurrence of free charges in the Ag
cup due to ionization of the residual gas; 3) prevention
of the Faraday cups being charged by the y background;
4) the retention of secondary electrons and 8 particles
from radioactive decay in the target cup; 5) allowance
for charge-exchange of particles in the material of the
target; and 6) allowance for recoil nuclei that leave the
target chamber through the exit opening. The smallest
error currently achieved in measurements of the total
cross sections by this method is 3—=5%. The method is
discussed in detail in Refs. 9, 11, and 13.

When experiments are set up in a cyclotron, the CA
method suffers from all the difficulties connected with
the pulsation of the beam and, above all, the need to al-
low correctly for random coincidences. Their number
depends on the duty cycle of the beam, which may vary
from exposure to exposure. Inthe FCmethod, the nat-
ural modulation of the cyclotron beam is not of great
importance, so that this method has definite advantages.

2. REVIEW OF EXPERIMENTS

We consider here briefly experimental determinations
of the total cross sections of reactions induced by
charged particles. The main attention will be devoted
to the method used to measure the cross sections; we
indicate the nuclei investigated, the achieved accuracy,
and also brief conclusions drawn by the experimenters,
A list of the experimental reaction cross sections is
given in the Appendix, and graphical material will be
given below when we discuss the general behavior of
the total reaction cross sections.
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Pyoton total veaction cvoss sections. In 1959, Good-
ing® investigated total reaction cross sections by the CA
method. The measurements were made with 34-MeV
protons on C, Al, Fe, Sn, and Pb nuclei, and the error
was 5=7%. The results were compared with the previ-
ously calculated total reaction cross sections predicted
by the optical model at proton energies of 31.5 (Ref, 14)
and 40 MeV (Ref. 15). Completely satisfactory agree-
ment was obtained.

In the same year, Burge® measured the total reaction
cross sections in carbon in the energy range 10-68 MeV
with an error of 11-14%. Burge’s method is based on a
measurement of the low-energy “tail” of the spectrum
in the scintillator when it is bombarded by monoener-
getic protons. The results were compared with theo-
retical reaction cross sections calculated earlier in
Refs. 14 and 15.

Meyer, Eisberg, and Carlson'® investigated the total
reaction cross sections by the CA method with 60-Mev
protons on C, Al, Fe, Sn, Pb nuclei; the error was
6-"7%. The experimental data were compared with
Gooding’s® and with the neutron total cross sections at
55 MeV. " Satisfactory agreement between all three
series of experimental data was obtained. On heavy nu-.
clei, the proton cross sections differ from the neutron
cross sections because of the influence of the Coulomb
field of the nucleus. Comparison of the experimental
data with cross sections calculated by the optical mod-
el*'% indicates a satisfactory agreement between ex-
periment and the theoretically predicted cross sections.

Investigation of the total reaction cross sections on
targets of separated isotopes was begun in 1960 by
Meyer and Hintz, '® who measured the reaction cross
sections on monoisotopic targets of C, Al, Co, %%Cuy,
8%n and also on Ti, V, Fe, Ni, Ag, Sn targets of natu-
ral isotopic composition with 9. 85-MeV protons by the
method of summation of the integrated cross sections
with emission of charged particles and neutrons. The
error of the data was 13-16%, and they were compared
with the theoretical cross sections obtained by analyzing
elastic scattering and polarization at proton energies of
9.8 (Ref. 19) and 10 MeV (Ref. 20).

Albert and Hansen?! investigated the total reaction
cross sections on Cu isotopes with 10-MeV protons; the
error was 7% and they used the method of summation of
the partial-wave reaction cross sections, They pointed
out the good agreement between their experimental data
and the theoretical cross sections calculated by Bjork-
lund and Fernbach®® with the potential obtained from the
best description of elastic scattering and polarization
data in the framework of the optical model.

Greenlees and Jarvis® measured the total reaction
cross sections on natural Cu with 9. 3-MeV protons and
error 7.5% by the CA method. The experimental re-
sults agree well with the data of Refs. 18 and 21 and
also with the theoretical eross sections calculated by
Easlea® using the optical model and a potential with
surface absorption (E,=10 MeV) and also a potential
taking into account surface and volume absorption. The
theoretical total reaction cross sections found with a
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potential allowing for only volume absorption do not
agree with the experimental cross sections.

An investigation of the total reaction cross sections
on Cu with 9-MeV protons was made by Carlson et al.?*
The measurements were made by the CA method. The
error of the experimental data was about 9% and they
were compared with calculations by the optical model.
Carlson ef al. concluded that the best agreement with
the experiments is achieved when one uses either a po-
tential with surface absorption or a potential with vol-
ume absorption but with the range of the imaginary part
of the potential greater than the range of the real part.

Igo and Wilkins' in 1963 were the first to make sys-
tematic investigations of the total reaction cross sec-
tions on a large number of nuclei. The measurements
were made with 10-MeV protons on Be, C, Al, Ti, V,
Fe, Ni, Cu, Zn, Zr, Nb, Mo, Ag, Sn, Ta, Au, Pb, and
Th nuclei by an improved CA method. The accuracy
was about 5-6%, except for the heavy nuclei, for which
the error increased to 8=10%. They found that the total
reaction cross sections on C and Ni were smaller than
on the neighboring nuclei. The experimental data were
compared with theoretical data calculated at nearly
equal proton energies by the optical model., Potentials
with volume and surface absorption gave results that
agreed about equally well with the experimental values,
and it was difficult to choose a form factor on the basis
of the analysis of the total reaction cross sections.

Total reaction cross sections with protons of about 30
MeV were measured by Makino ef al. %® on C, Al, Ni,
Ag, and Au nuclei with an error of 5% (E,=29 MeV),
and also by Ridley and Turner® on **Ca, *®Fe, *Co,
55%0Ni, '*%Sn, and 2°*Pb nuclei with error 4-5% (E,
=28.5 MeV). The CA method was used. The theoreti-
cal reaction cross sections were calculated at the simi-
lar energy E,=31.5 MeV with a potential allowing for
volume absorption, the ranges of the real and the imag-
inary parts of the potential being taken equal.* To
within the error of the experiment, the data of Refs. 25
and 16 agree well with the theoretical cross sections of
Ref. 14.

The total reaction cross sections at low proton ener-
gies (6.175, 8.8, and 9.1 MeV), at which elastic scatter-
ing through a compound nucleus is important, were in-
vestigated by Dell et al.?” and Bulman et al. **° With
6. 75-MeV protons, the total reaction cross sections
were determined by the method of summation of the par-
tial-wave reaction cross sections on **Se, *'V, Mn, and
83,650y nuclei with error 7-8%. A comparison with the
optical model was made. For the analysis, Perey’s
parameters®® extrapolated to 6.75 MeV were used. It
was found that the experimental cross sections varied
with the mass number faster than predicted by the opti~
cal model. With 8. 8-MeV protons the reaction cross
séctions were measured on Al, V, Fe, Co, **%Ni, Cu,
%85Cu, Zn, and Ga nuclei by the CA method with error
5-7%.% Perey’s parameters were also used to calcu-
late the theoretical reaction cross sections on Al, Ni,
Cu, and Zn nuclei. With allowance for the contribution
of the elastic scattering through a compound nucleus, it
was possible to obtain good agreement with the experi-
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mental data except for Co, for which the experimental
cross section was greater than the theoretical. Later,
Bulman and Griffith®® measured the reaction cross sec-
tions on Mg, Ti, Cu,.®*%Cu, and Zr nuclei with 9, 1-
MeV protons by the CA method with an error of 4%.
The theoretical reaction cross sections were calculated
by the optical model with Perey’s geometrical parame-
ters® and with allowance for the spin-orbit term, Sat-
isfactory agreement was obtained for nuclei of medium
atomic weight, 40<A <80,

Pollock and Schrank®! measured the total reaction
cross sections on C, Mg, Al, Ni, Cu, and Pb nuclei
with 16. 4-MeV protons and error 7% using the CA meth-
od. A comparison with the optical model was not made.

Makino et al. * continued the investigation of the total
reaction cross sections with 28-MeV protons and inves-
tigated the influence of the closed 1f;,, proton shell on
the reaction cross sections. The measurements were
made by the CA method with error 4% on Cr, Fe, Co,
Ni, Cu, Zn, and Ge nuclei. They found that the anomaly
in the behavior of the reaction cross sections near Z
=28 MeV includes not only a decrease of the cross sec-
tion on Ni but also an increase in the cross section on
Co. The experimental data were compared with the
theoretical cross sections given in Ref. 14. The poten-
tial of the optical model used in Ref, 14 allowed for vol-
ume absorption (E,=31.5 MeV). The agreement with
the experiment was not satisfactory.

A systematic investigation of isotope and shell effects
was made by Dicello, Igo, and Roush® in 1966-1967
with 14. 5-MeV protons. The method of Igo and Wilkins
in Ref. 7 was significantly improved. Total reaction ’
cross ‘sections were measured on the isotopes **Ti,

54, 56, 57.-53Fe’ -SB,EO,GENi’ SB.SSCu, 64,66, aazn, 90.91.92,94Zr’
and 118117, 118,119, 1205, with error 2%. The experimental
cross sections were compared with the theoretical
cross sections obtained by analyzing polarization and
elastic scattering data. The reaction cross sections ob-
tained by analyzing the polarization differed somewhat
from those obtained from elastic scattering. In both
cases, the difference between the experimental and
theoretical cross sections exceeded the experimental
errors. As a whole, the cross sections predicted by
the optical model were smaller than the experimental
cross sections, except in the case of Sn, for which the
experimental value was lower. The experimental cross
sections increased with increasing number of neutrons
at constant Z faster than predicted by the optical model
for the isotopes of Fe, Ni, Zn, and Zr.

Isotope effects in the total proton reaction cross sec-
tions were also investigated by Menet ef al. ** The total
reaction cross sections were measured with 30-MeV
protons on 2C, ®Ni, *Zr, '2%Sn, and 2**Pb nuclei; with
40-MeV protons on 120, 2”A1, 54, 56, 57, “Fe, 58, 60, 62, “Ni,
¥Co, %%Zn, *°Zr, *%Sn, and 2°®Pb nuclei; with 49. 5-MeV
protons on *C, %Ni, *Zr, '2%n, and 2®*Pb nuclei; with
60. 8-MeV protons on %C, #7A1, %oTi, %y, %Cr,

'54.55.5’!’.55Fe, ES.GB.BE.BiNi’ 59C0, “Zn, QO.QSZr, 116Sn’ aﬂﬂpb

nuclei, It was pointed out that the data agree well with
reaction cross sections measured at 30 MeV in Refs.
25 and 26, while the 60. 8-MeV data differ from the data
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given in Ref. 16. A strict dependence of the reaction
cross sections on the neutron excess was found for Ni
and Fe isotopes. A similar dependence can be observed
for isotopes with N=28, although it is less well ex-
pressed. The model of an absolutely black nucleus was
used for analysis, and completely satisfactory agree-
ment with the experiment was obtained. Analysis by the
optical model showed that to describe the experimental
data well it is necessary to increase the volume part of
the optical potential and decrease the surface part when
the proton energy is increased. Attention was drawn to
the striking dependence of the product of the depth and
diffuseness of the imaginary part of the optical potential
with surface absorption on the neutron excess (N- Z)/A.

A systematic investigation of the energy dependence
of the total reaction cross sections was begun by De-
launay et al.* and Bearpark et al. * in 1964. The for-
mer investigated the energy dependence of the total re-
action cross sections on Ni and Cu nuclei in the energy
range 9-12 MeV. They used the CA method and the
error of the experimental data was 4-5%. These data
were compared with theoretical data calculated with the
optical-model potential allowing for surface absorption.

The investigation of the energy dependence of the to-
tal reaction cross sections was continued by Bearpark
et al.,* who used a new FC method to measure the re-
action cross séctions. Thése were measured on Al,
Fe, Co, Ni, "*%Ni, Cu, **%Cu, Zn, Ag, Cd, In, and
Au nuclei in the energy range 8. 5-11. 5 MeV with an
error of 3.5-4%. They were compared with the optical
model only for Cu, for which good agreement was ob-
tained.

Dicello and Igo® investigated the energy dependence
of the total reaction cross sections on C in the energy
range 9.88-19. 46 MeV and on Ca in the range 10. 3—
21.8 MeV. The total cross sections were measured by
the CA method with an error of 12-17% on C and an
error of 4=5% on Ca. Dicello and Igo pointed out the
resonance nature of the dependence of the total reaction
cross sections on the energy for C and Ca. A compari-
son was made between the reaction cross sections and
the integrated cross sections for elastic scattering on
2 and *°Ca, andalso the integrated cross sectionfor the
excitation of the first state of *C. A preliminary com-
parison was made with the optical model for *Ca (un-
published work of Perey was used). The theoretical
cross sections agreed well with the experiment,

The behavior of the proton total reaction cross sec-
tions on Be in the energy range 16-28 MeV was inves~
tigated by Montague ef al. *® The reaction cross sec-
tions were compared with the predictions of the optical
model based on analysis of elastic scattering. The
agreement was good. The reaction cross sections were
also analyzed by the model of an absolutely black nu-
cleus, which is usually applied to the investigation of
reaction cross sections on nuclei of medium and heavy
atomic weights. The simple model correctly predicts
the observed energy dependence but one requires a
larger value of the radial parameter of the nucleus than
in the case of heavier nuclei.
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Kirkby and Link' measured the total reaction cross
sections with 100-MeV protons by the FC method on 41
nuclei from Be to U. Targets of natural isotopic com-
position were used. The experimental cross sections
were compared with theoretical ones calculated in the
semiclassical approximation.

Deutevon total veaction cvoss sections. Igo and Wil-
kins®® used the CA method to measure the total cross
sections of reactions induced by 22. 4-MeV deuterons on
Be, C, Al, Ti, V, Fe, Ni, Cu, Zn, Zr, Nb, Rh, Ag,
Sn, Ta, Au, Pb, Bi, and Th nuclei with an error of 3-
5% in the case of nuclei of light and medium atomic
weights and 7-9% in the case of heavy nuclei. The re-
action cross sections increased in proportion to A% up
to Cu, but thereafter they were practically constant up
to Au. The experimental data were not analyzed by the
optical model.

Mayo et al.*’ used the CA method to measure the total
reaction cross sections for 25. 1-MeV deuteronsonB, C,
Mg, Al, Ti, V, Fe, Ni, Co, Cu, Zn, Zr, Rh, Ag, Sn,
Ta, Au, and Pb with error 3-5%. Their data confirmed
the tendency to a dependence on A found by Igo and Wil-
kins, though their cross sections were larger in abso-
lute magnitude except for the light nuclei. The main
difference between the two series of experimental data
was the minimum in the region of Ni found by Mayo’s
group but not by Igo and Wilkins, It should also be
pointed out that the reaction cross sections for the
group of heavy nuclei Ta, Au, and Pb were appreciably
larger than the cross section on Sn; this effect was not
observed with 22. 4-MeV deuterons. The experimental
reaction cross sections on Mg, V, Fe, Ni, Co, Cu, Ag,
Au, and Pb were compared with theoretical values cal-
culated by the optical model. It follows from the analy-
sis that the experimental total reaction cross sections
agree better with the theoretical ones obtained with an
optical-model potential allowing for surface absorption.

The differential cross sections for elastic scattering
of deuterons with energy 25. 9 and 21. 6 MeV and the to-
tal reaction cross sections at 25.1 MeV were analyzed
by the optical model in Ref. 41. A variation of the dif-
fuseness parameter of the imaginary part of the optical
potential made it possible to achieve satisfactory agree
ment with experiment. The analysis made in Ref. 41
indicated that the parameters of the optical potential
depend on the nuclear structure. For nuclei neighbor-
ing on **Ni the parameters of the potential were found
to fluctuate, this being reflected in the total cross sec-
tions.

An investigation of the deuteron total cross sections
on targets of separated isotopes was begun by Budzanow=-
ski et al. ,** who measured the total reaction cross sec-
tions on '2C, %%5%Ni, and 2%Bi with 12.8-MeV deuterons
by the method of summation of the partial-wave reaction
cross sections. The cross sections were determined
with an error of 8-15%. The experimental cross sec-
tions were compared with theoretical ones obtained with
an optical potential allowing for volume absorption.

The experimental and theoretical cross sections agreed
well for ®*Ni and '°°Bi.

0. F. Nemets et al. 340



Bearpark et al. *® measured the total reaction cross
sections on **®Ni and **%Cu isotopes with deuterons of
about 11 MeV by the FC method. They were not com-
pared with the optical model.

The total reaction cross sections of Al, Fe, Ni,
80,84Ni, Co, %*%5Cu, Zn, Ag, and Sn were measured with
13. 6-MeV deuterons and an error 2. 5-5% by the FC
method in Ref. 43. It was found that the deuteron total
reaction cross sections varied irregularly in the inter-
val A=56-65. The experimental data were analyzed by
the optical model using unique and optimal sets of pa-
rameters obtained by analyzing the differential elastic
scattering cross sections.

Tolal cvoss sections of reactions induced by *He and
‘He particles. Igo and Wilkins** determined experimen-
tally reaction cross sections on Be, C, Al, Ti, V, Fe,
Ni, Cu, Zn, Zr, Nb, Mo, Ag, Sn, Ta, Au, Pb, Bi, and
Th nuclei with 40-MeV « particles by the CA method.
The reaction cross sections on light and medium nuclei
were determined with an error of 2-3% and on heavy
nuclei with an error of 4-6%. The reaction cross sec-
tions were found to depend linearly on A2/3 from Be to
Ti, and then a reduction of the cross section by about
18% was observed in the region of Ni. The experimen-
tal results were compared with optical-model calcula-
tions. Good agreement was observed for nuclei of
medium atomic weight, except for the minimum in the
region of Ni. For the light nuclei, the experimental
cross sections were smaller than the theoretical; for
heavy nuclei, it was the other way round.

Budzanowski ef al.*® used the CA method to measure
the reaction cross sections on Cr, Fe, Ni, Co, Cu, and

Zn nuclei with 24. 7-MeV o particles with error 2. 5-4%.

The total reaction cross sections were found to depend
linearly on A?”’. A reduction of the cross sections in
the region of Ni was not observed. The experimental
data were compared with theoretical optical-model data.
Agreement was obtained to within the errors of the ex-
periment. The analysis revealed an ambiguity in the
determination of the parameters of the optical potential.

The investigation of the total reaction cross sections
was continued by the Cracow group with 23.2 and 27. 8-
MeV o particles.!® Reaction cross séctions were ob-
tained for Ni, Co, Cu, Pd, Ag, In, Sn, Ta, Pt, Pb, and
Bi nuclei by the FC method with error 3-5%. The
effect of electron capture by an ¢ particle in the ma-
terial of the target was reduced by placing a carbon foil
behind the target. A comparison with theory was not
made.

The total reaction cross sections for 27.2-MeV «
particles were determined for Al, Fe, Ni, %"®Ni, Co,
Cu, 651’%Cu, and Zn nuclei with an error 3-5% in Ref.
43. The FC method was used to measure the cross
sections. The experimental data indicated ananomalous
behavior of the reaction cross sections in the region of
Ni, and also a more rapid increase of the cross sec-
tions on isotopes than follows from the A%/® law. The
experimental cross sections were compared with the-
oretical ones calculated by the diffraction and optical
models. Satisfactory agreement with the experiment
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was obtained on the basis of optical potentials with only
surface absorption.

The energy dependence of the total cross sections of
reactions induced by @ particles on C in the range
15.8-20.1 MeV was investigated by Labie et ¢l.%® An
analysis was made using the optical model and a poten-
tial allowing for the L dependence of the imaginary part.
The experimentally observed minimum in the region of
18.5 MeV was described satisfactorily. Attention was
drawn to the correlation between the variations of the
total and the differential cross sections (at angle 176°)
as functions of the energy.

Total cross sections of reactions induced by *He
particles were measured by Balcarcel and Griffith. %7
The reaction cross sections were determined for Mg,
Al, Fe, Ni, Cu, and Ag nuclei with 29-MeV *He parti-
cles with error 2—3% by the CA method. The reaction
cross sections were found to increase smoothly with
increasing atomic weight. The experimental reaction
cross sections were compared with theoretical ones
calculated by the optical model.*®'*® Satisfactory agree-
ment was obtained only for the Al nucleus.

Baugh®® made a detailed analysis of the data of Ref.
47, using an optical-model potential with volume ab-
sorption. He obtained good agreement with the experi-
ment.

3. DEPENDENCE OF THE TOTAL REACTION CROSS
SECTIONS ON THE ENERGY OF THE INCIDENT
PARTICLES

The sparseness of the experimental data for total re-
action cross sections means that the dependence of oy
on E can be investigated in any detail only for the inter-
action of protons with nuclei. For other particles, the
dependence can be followed only in a very narrow ener-
gy range.

Let us attempt to sketch here the general picture, in-
dicating the main tendencies in the energy dependence
of the total reaction cross sections in the energy range
up to 100 MeV, beginning with the light (Be) and ending
with the heavy (Pb, U) nuclei, and also some of the
characteristic features (resonances in the light nuclei,
correlation between the total reaction cross sections
and other nuclear processes). The total reaction eross
section is the sum of the cross sections of all inelastic
processes that result in the particle’s being taken out
of the entrance channel. The number of open reaction
channels increases with increasing energy of the inci-
dent particles. The total reaction cross section is in-
fluenced by the ratio of the initial particle energy to the
height of the Coulomb barrier of the nucleus, and also
by the thresholds of the various nuclear reactions.
Therefore, oy at low energies of the particles will de-
pend very strongly on the energy. At low energies, the
wavelength of the incident particle is comparable with
the nuclear dimensions, and one usually considers the

" interaction of the particle with the nucleus as a whole,

without allowance for its internal structure. At higher
energy, the influence of nucleon-nucleon collisions
begins to be manifested, and their importance increases
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steadily until finally, at high energies, they become
predominant.

Let us analyze first the experimentally observed de-
pendence of the total reaction cross sections on the en-
ergy of the incident particles (Fig. 4). It should be
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FIG. 5. Energy dependence of total reaction cross sections
and the cross sections of elastic and inelastic scattering on
120, a) the black circles show the differential cross section
for elastic scattering of a particles through 176°; the open
circles, the total cross sections for a particles. b) The
black circles are the proton total reaction cross sections; the
open circles the integrated cross sections for elastic scatter-
ing of protons from 41 to 180°; the black squares are the in-
tegrated cross section for inelastic scattering to the first ex-
cited state of 2C (@ =—4.43 MeV). The experimental points
have been joined by curves for the sake of clarity.
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FIG. 6. Comparison of the en-
ergy dependence of the proton
total reaction cross sections
and the integrated cross sec-
tions for elastic scattering of
protons on Ca and Cu nuclei.
a) the black circles are the ex-
perimental total reaction
cross sections for Cu; the
black triangles, the integrated
cross section for elastic scat-
tering from 60 to 180°; the
continuous curve is a calcu-
lation by the optical model of
the nucleus. b) The black
circles are the total cross
sections of reactions on °Ca;
the open circles, the inte-
grated cross sections for
elastic scattering from 41 to
180°; the experimental points
are joined by curves.
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noted that the experimental data at different energies
and for different nuclei were obtained in the majority of
cases in different laboratories and sometimes differ
considerably at the points of overlap (same energy and
the same nucleus). An examination of Fig. 4 shows
that the behavior of the reaction cross sections on light
nuclei (Be, C, Al) differs from the behavior of o5 on
medium and heavy nuclei (Ni, Zr, Sn, Pb). The reac-
tion cross sections on Be decrease smoothly in the en-
ergy range from 10 MeV to 30 MeV, except for the
slight structure in the region 15-20 MeV. The best
studied nucleus is *C. Inthe range 10-17 MeV one ob-
serves a clear resonance structure, but then the
strength of the resonances is weakened and their fre-
quency reduced, after which o decreases upto100 MeV.

The reaction cross sections for nuclei of medium and
heavy atomic weights increase with increasing energy
of the incident particles in the region of small E; the
energy dependence then exhibits a smooth bend and,
finally, a slow decrease right up to 100 MeV. A more
detailed analysis of the energy dependence of the reac-
tion cross sections on medium and heavy nuclei is dif-
ficult because of the absence of experimental data and
also because the measurements were made at intervals
of 10 MeV or more.

Let us dwell in slightly more detail on the observed
resonance structure in the E dependence of oz. This is
most clearly expressed for *C and *°Ca [according to
the available experimental data (Figs. 5b and 6b)]. Two
peaks are observed in the E dependence of oy for %C:
in the region 10.2-10.3 MeV and at 14 MeV. At excita-
tion energies of about 14.6 and 17.1 MeV, which cor-
responds to this case, a large number of levels of the
compound nucleus are excited. The reaction cross sec-.
tion, which is an integral sum of the partial cross sec-
tions of the inelastic processes, can have a resonance
energy dependence if at least one of the partial exeita-
tion functions has such a dependence. Therefore, it
need not be attributed to the existence of individual
resonance levels of the compound nucleus. In Fig. bb,
we compare the total reaction cross sections and the
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integrated cross sections for inelastic scattering on the
first excited state of '3C in the proton energy range
10-19 MeV. We observe a correlation between the
variations of the total cross sections and the integrated
cross sections of inelastic scattering as functions of the
energy; this is due to the strong excitation of low-lying
states of the *2C nucleus.

At low energies of the incident particles, when pro-
cessges that proceed through a compound nucleus con-
tribute to the reaction cross section, i.e., when the
total reaction cross section can be identified with the
cross section for the formation of a compound nucleus,
information can be obtained about the density of levels
of the compound nucleus on the basis of the experimen-
tal data on the total reaction cross sections. With in-
creasing energy of the particles, direct processes be-
come more and more important, and the connection be-
tween the density of levels and the total reaction cross
section becomes more complicated. The correlation
observed in some investigations*® between the variations
of the excitation energy and the total reaction cross
section as functions of the atomic weight merely indi-
cates that these two nuclear constants are related to a
definite parameter which reflects the structure of the
nuclei or the composite systems (particle +nucleus).

Note finally the correlation between the energy de-
pendences of o, and the integrated cross section for
elastic scattering of protons. With increasing oy, the
latter decreases (see Fig. 5 and Fig. 6 for 2C, %Ca,
and Cu). A similar picture is observed in the total
cross sections of reactions induced by « particles.
Figure 5a shows the energy dependence of o and of the
differential cross section of elastic scattering at 176°
on C. One can clearly see the correlation in the en-
ergy range 16-20 MeV of the « particles. It is inter-
esting to note that an anomaly is also observed in the
proton total cross sections in this energy range; this
indicates the importance of the contribution of low-lying
states of the '2C nucleus to the total cross section for
bombardment by both protons and « particles. In the
general case, on the basis of the connection between
the total reaction cross section and the total elastic-
scattering cross section for charged particles obtained
in Ref. 2, we may conclude that the increase in the total
elastic-scattering cross section leads to a reduction of
the total reaction cross section; this explains the ob-
served effect qualitatively.

We now turn to a comparison of the energy depen-
dence of the experimental total reaction cross sections
and the theoretical predictions. The absorption cross
section can be written in the form

L max

Op=mi2 2.0 (2L +1) Tz, (13)

L=

where x=7/V2M(E - V) is the de Broglie wavelength of
the relative motion (M is the reduced mass of the par-
ticle and the target nucleus; V is the height of the cor-
responding Coulomb barrier; E is the energy of the
incident particle); L is the angular momentum of the
relative motion.
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The transmission coefficient T, can be expressed in
terms of the S-matrix element by

Tr=1—|S.P / (14)

To calculate T, it is necessary to use one of the model
representations.

Qualitative conclusions can be drawn from the model
of strong absorption, in which it is assumed that

r, ={ 1 for LLLy; (15)

0 for L=L,,

where L, is the critical angular momentum correspond-
ing to a grazing collision of the incident particle with
the nucleus:

Ly=kR Y T—V/E; (16)
B=r A%, if xgred' }

R=r A" 4r,, if % ~rds 17

here, #, is the radius of the incident particle. Then
Op=nR(1—V/E). (18)

In accordance with (18) and with allowance for (17),
the total reaction cross section increases monotonically,
reaching its limiting value for E > V;

6y —nR2. (19).
With a further increase of the energy, a dependence of
the reaction cross section on the energy occurs in (19)
through the dependence of R on X. This expression
gives a good approximation of the experimental data for
the proton total reaction cross sections for Be in the
energy range 15-30 MeV, although Eq. (19) is more
valid for nuclei of medium and heavy atomic weights.
When Eq. (19) is used to describe the energy depen-
dence of the total reaction cross sections one can ob-
tain unambiguous information about the sizes of the
nuclei. However, in order to clarify this possibility,
additional investigations are required: In what energy
range is this equation valid and for what types of inci-
dent particle (see Sec. 4)?

The transmission coefficient of the Coulomb barrier
of the nucleus can be determined numerically in the
framework of the optical model of the nucleus, which,
as is shown in Refs. 33-35 and 38, can be successfully
used to describe the energy dependence of the total
reaction cross sections. Taking into account the ener-
gy dependence of the optical-potential parameters, to
calculate 7} it is desirable to use unique (or averaged)
sets suitable for explaining the differential cross sec-
tions of elastic scattering in a wide energy range. At
the present time, unique sets have been obtained for
protons in the energy range up to 60 MeV (Refs. 51 and
54) and for deuterons up to about 20 MeV (Ref. 55). For
‘He ions the literature data have not yet been system-

- atized.

In Fig. 4, the continuous curves are the excitation -
functions for the total reaction cross sections calculated
in Ref. 51 using unique parameters found from a global
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search (the values of the parameters are given in Sec.
8). There is a perfectly satisfactory explanation of the
observed energy dependence, especially for the Sn and
Pb nuclei.

Similar calculations using Perey’s potential®® were
made in Ref. 56, in which the energy dependence of the
deuteron total reaction cross sections was investigated
in the range 5-45 MeV for *Fe (Fig. 7a). The reaction
cross sections increase strongly with increasing energy
from 5 to 15 MeV, and one then observes a slower in-
crease of the cross sections up to 30 MeV. Beginning
at 30 MeV, the reaction cross sections hardly depend
on the energy at all, i.e., the behavior of the cross
sections above 30 MeV no longer depends on the
Coulomb barrier of the nucleus. For comparison, in
Fig. 7a, we show the energy dependence of the total
cross section obtained when the expressions (17) and
(18) are used to take into account the Coulomb interac-
tion. Equation (18) only qualitatively predicts a depen-
dence of the cross section on the energy and then only
up to the “saturation” region.

The total cross sections of reactions induced by «
particles on nuclei from Ne to U in the energy range up
to 46 MeV (see Fig. 7b) were investigated theoretically
by Igo and Huizenga® and Igo and Planck.*® The cal-
culated reaction cross sections were found to increase
strongly with increasing energy, exhibiting a depen-
dence similar to the deuteron and proton cross sections
considered above.

In the energy range 30-60 MeV an attempt was made
to describe the energy dependence of the proton fotal
reaction cross sections by means of the intranuclear
cascade model.?® The energy range 30-60 MeV for
protons lies far from the Coulomb barrier, even for
heavy nuclei. Although an agreement with experiment
to within 10% was achieved, it is necessary to justify
the application of this model at such low energies.
Earlier, the model had been used to describe the cross
sections of reactions induced by protons in the range
350-3500 MeV.

Thus, at the present time it is only by means of the
optical model of the nucleus that one can describe the
energy dependence of the total reaction cross sections
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for light to heavy nuclei and for different types of par-
ticles. By introducing a dependence on L into the
imaginary part of the potential one can describe the be-
havior of oy in the region of the resonances; this was
done, for example, for the case of @ particles in Ref.
46. In a small energy range one can also describe the
energy dependence of the total cross sections of reac-
tions induced by protons by means of the semiclassical
expression (19).

4. DEPENDENCE OF THE TOTAL REACTION CROSS
SECTIONS ON THE MASS NUMBER OF THE TARGET

NUCLEUS

The nature of the functional dependence of the total
cross sections of charged particles on the atomic
weight of the target nucleus is determined by the ratio
of the height of the Coulomb barrier to the initial ener-
gy of the particles. The reaction cross sections in-
crease with increasing geometrical size of the nuclei if
the reaction cross sections are not affected by the
Coulomb field of the nucleus, which is the case at par-
ticle energies appreciably higher than the Coulomb bar-
rier of the nucleus. At energies comparable with the
height of the Coulomb barrier one observes a competi-
tion between the increase in the geometrical cross sec-
tions of the nuclei and the reduction of the transmission
coefficients due to the increased height of the Coulomb
barrier. Similar effects occur in a narrower range of
atomic weights in the region of both medium and heavy
nuclei. Therefore, it is desirable to consider the de-
pendence of the total cross sections on the atomic
weight at particle energies considerably exceeding the
height of the Coulomb barrier of the nucleus. On the
other hand, with increasing energy the wavelength of
the incident particle decreases, and the importance of
nucleon-nucleon collisions increases. These two fac-
tors must be taken into account when one considers the
dependence of the reaction cross sections on the atomic
weight of the target nucleus.

The reaction cross sections are shown as functions of
the atomic weight for protons of 100 MeV (Ref. 10),
deuterons of 25.1 MeV (Ref. 40), o particles of 40 MeV
(Ref. 44) and ®He particles of 29 MeV (Ref. 47) in Fig.
8. It can be seen that for all types of particles there is
a region in which the total cross sections are propor-
tional to A%/3, i.e., proportional to the geometrical
cross sections of the nuclei. Thus, the total reaction
cross sections at a proton energy of 100 MeV increase
linearly with increasing geometrical size of the nuclei
in the whole range of atomic weights. Small fluctua-
tions are observed only in the region of Sn and Au-Pb.
The total cross sections of reactions induced by deu-
terons and o particles vary irregularly as a function of
the atomic weight of the target nuclei. Characteristic
irregularities are observed in the region of Ni; Sn, and
Pb, i.e., for nuclei that have closed proton shells with
Z=28, 50, 82. The deepest “dip” in the total reaction
cross sections is observed on Ni for deuterons and o
particles. The anomalous behavior of the total cross
sections in the region of Ni will be considered below.

Here we shall merely attempt to establish whether
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FIG. 8. Total reaction cross sections as functions of the
atomic weight of the target. The open triangles are the reac-
tion cross sections for 29-MeV He particles!’; the open
squares are the total reaction cross sections for 40-MeV o
particles“; the open circles are the total reaction Cross sec-
tions for 25.1-MeV deuterons'’; the black circles are the total
reaction cross sections for protons with an energy of about

99 MeV (Ref. 10) (left-hand scale). a) Dependence of ag on

A for Fe and Ni isotopes for 60. 8-MeV protons® (right-
hand scale).

the observed irregularities in the behavior of the total
reaction cross sections in the region of Ni, Sn, and Pb
could be explained by competition between the Coulomb
and nuclear interactions. In Ref. 56, Dubar’ ef al.
made a theoretical calculation of the reaction cross
sections for 13.6 and 22.4-MeV deuterons as a func-
tion of the atomic weight using Perey’s averaged optical
potential®® (Fig. 9). The two dependences of opon A
are effectively coincident only up to A =20, after which
the discrepancy between them increases with increas-
ing atomic weight of the target nucleus. The curves
for the two deuteron energies have different forms. At
13.8 MeV the reaction cross sections increase smoothly
up to A=50; in the range 50<A <100 the cross sections
are practically constant. Inthe range 100<A <160 one
observes irregularities in the behavior of the cross
sections. This is the region of the sub-barrier and
superbarrier energies (12-15 MeV), where the influ-
ence of the Coulomb field of the nucleus is most impor-
tant. Beginning with A> 160, the reaction cross sec-
tions decrease smoothly to U. With 22.4-MeV deu-
terons the reaction cross sections increase with in-
creasing atomic weight of the nuclei up to A ~100; in
the range 100<A <180 one observes irregularities in
the behavior of o, and, finally, beginning with A >180,
the cross sections decrease smoothly. The competi-
tion between the Coulomb and nuclear interactions does
not explain the experimentally observed reduction of
the cross sections in the region of Sn and Pb; it is
evidently due solely to the influence of the closed pro-
ton shells. As regards Ni, as we have already noted,
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the deepest dip is observed here in the total reaction
cross sections. The competition between the Coulomb
and nuclear interactions at these energies of deuterons
and ¢ particles can reduce the reaction cross section
by not more than 0.3-1.0%. Another possible explana-
tion of the reduction of the cross section on Ni is the
relatively low content of neutrons in the Ni nucleus
and the large proportion of **Ni in the natural mixture
(see below).

At proton energies exceeding the Coulomb barrier of
the nuclei, including the case of heavy nuclei, the de-
pendence of the total reaction cross sections on the
atomic weight can be well approximated by Eq. (19).
Comparison of the experimental and theoretical Ccross
sections enables one to determine the radial parameter
¥, of the nucleus. This is a very important nuclear
constant and a unique determination of it could be very
helpful. However, the value of ¥y determined in this
way does not always reflect physical reality, especially
in the cases when the reaction cross sections vary ir-
regularly with the energy, Thus, the parameter 7, ob-
tained by comparing experimental and theoretical reac-
tion cross sections may be a function of the energy. In
the region of 100 MeV the reaction cross sections are
reduced by the influence of nucleon-nucleon interac-
tions. The parameter ¥, determined from the reaction
cross sections in this energy range may be underesti-
mated, i.e., it may again be a function of the energy.
The optimal energy for determining ¥, is the energy at
which the influence of the Coulomb field of the nucleus
has been reduced but the nucleon-nucleon interactions
have not yet become significant.

Figure 8a shows the total cross sections on Fe and
Ni isotopes as functions of the atomic weights of the
isotopes for 60-8. MeV protons. It can be seen clearly
that the reaction cross sections on the isotopes increase
faster than follows from the general dependence of
cross sections on the atomic weight of the target nuclei
(see oz at E,=100 MeV). This question will be con-
sidered in Sec. 6.
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FIG. 9. Deuteron total reaction cross sections as functions

of the atomic weight of the target, calculated by the optieal po-
tential®® with Perey’s unique set of parameters®: the black
circles show o5 for 13, 6-MeV deuterons; the open circles,

o for 22.4-MeV deuterons. The curves join the calculated
points (left-hand seale); the continuous curve is the height of
the Coulomb barrier (right-hand scale).

0. F. Nemets et al. 345



s N
og, mb. { | l
10001 {‘ ﬁ’—hmm o0k
zzat)| [ &ELP)
600}
1500} L
A 800} 10.3(p)
] )| b
1600 a0t 1,2) M
1 267000 130T 74500)

1700 -

{

27.2(0t) 3
1000 i

Y

1500} [
L
1600} “(@) [0 2P

i

1400} 20Mev(He)| 102 #0(P)
] 1 - 60.60p)

X 100MeV(p)
[ i

£ AL

a0

- 7]
150ﬂ—1:\|\:|\\r|\|l -I"I\]'L\‘l L
85 55 58 00 62 64 6§ A 30 52 54 56 35 60 6264 A

17001

NG

FIG. 10. Behavior of total cross sections for reactions in-
duced by p, d, *He, and ‘He in the region of Ni. The lines join
the experimental points; the experimental data are taken from
Refs. 7, 8, 10, 26, 28, 32, 33, 36, 39, 4345, 47.

5. ANOMALOUS BEHAVIOR OF THE REACTION
CROSS SECTIONS IN THE REGION OF NICKEL

It is still a matter of dispute whether the reaction
cross sections on nickel are lower than on the neighbor-
ing nuclei: some experimental data indicate that they
are, others do not. The observed reduction of the
cross section on nickel is 10-20% of o,. This also ex-
plains the main difficulty in its determination. At the
present time, the error in determination of the total
reaction cross section by any method is at least 3-5%.
It should be pointed out that this error is the error in
measurement of the absolute value of op; the relative
dependence of cross sections can be determined with
greater accuracy.

Let us consider the experimental data. The depen-
dence of 0 on A in the region of Ni for protons in the
range 8.8-100 MeV, deuterons at 13.6, 22.4, and 25.1
MeV, « particles at 24.7, 27.2, and 40 MeV, and *He
particles at 29 MeV is shown in Fig. 10. In the major-
ity of cases, targets of natural isotopic composition
were investigated. In the figure we do not give the
cross sections of reactions on the isotopes since we
have already pointed out that they increase faster than
follows from the general variation of cross sections
with atomic weight of the target nucleus. They will
therefore only mask the observed effect. I{ can be seen
from the figure that the total cross sections of reac-
tions induced by protons of all the given energies (ex-
cept 100 MeV), of deuterons at 13.6 and 25.1 MeV, and
of o particles at 27. 2 and 40 MeV decrease in the re-
gion of Ni. If one measures the decrease at Ni relative
to the cross section on Fe, the dip is 10-23% at low
proton energies and 3—-12% at energies appreciably
higher than the Coulomb barrier of the nucleus, while
it is 9-12% for deuterons and 6-9% for o particles.
For 22.4-MeV deuterons, 24.7-MeV « particles, and
29-MeV ¥He particles no irregularities are observed
in the region of Ni.
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Let us consider possible explanations for the reduc-
tion of the reaction cross sections on Ni: 1) competi-
tion between the Coulomb and nuclear interactions
(especially at low particle energies); 2) the relatively
low content of neutrons in the **Ni nucleus and the high
content of *Ni in the natural mixture; 3) influence of
the closed proton shell with Z =28.

In Ref. 56, Dubar’ et al. investigated the influence of
the Coulomb and nuclear interactions in formation of
the deuteron total reaction cross sections at 13.6 and
22.4 MeV. The calculation was made with Perey’s
averaged optical potential, *® which satisfactorily de-
scribes the differential cross sections of elastic scat-
tering in a wide range of atomic weights at deuteron
energies in the range 10-30 MeV. It is known from
Refs. 33 and 43 that a satisfactory description of the
total reaction cross sections is possible only if one uses
optical potentials with optimal parameters. However,
to elucidate the role of the Coulomb interaction in for-
mation of the total reaction cross section it is more
convenient to use averaged parameters of the optical
potential in order to avoid a possible masking of the
“Coulomb effects” by changes in the structure of the
neighboring nuclei. It can be seen from Fig. 9 that in
the range 56 =A =65 irregularities are observed in the
theoretical reaction cross sections. Nevertheless,
although the theory predicts a reduction of the cross
section on Ni by 2% (0.3%) compared with Fe at deuteron
energies of 13.6 MeV (22.4 MeV), the experiment gives
8 (9)%. Thus, although the competition between the
Coulomb and the nuclear interactions does become
significant in the observed irregularities of the total
cross sections at low deuteron energies, it is not the
only factor. With increasing deuteron energy, the
strength of the Coulomb repulsion decreases and the ir-
regularities in the Fe—Ni-Co region are smoothed in
the calculated curves, although the experimental data
do not indicate a disappearance of the effect.

The dependence of the total reaction cross sections
on the relative neutron excess will be analyzed below.
Here we shall only consider the conclusions. The total
cross sections of reactions on Fe, Ni, Cu, Zn, and Zr
isotopes increase by 5-15% in the transition from the
light to the heavier isotopes, i.e., nuclei with rela-
tively low neutron excess (N - Z)/A have smaller cross
sections than nuclei with large neutron excess. The de-
pendence of oy on (N-Z)/A for nuclei in the region of
Ni (deuterons with initial energy 13.6 MeV) is shown
in Fig. 11. It can clearly be seen that ®Ni, which has
the smallest neutron excess among these nuclei, also
has the smallest total cross section. The particular
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FIG. 11. Experimental total reaction cross sections for 13.6-
MeV deuterons as a function of (N —Z)/A.
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TABLE 1. Values of the parameter », from analysis of the
total cross sections of reactions induced hy protons, deu-
terons, and @ particles in accordance with the model of

an absolutely black nucleus with sharp boundary.

Ep, MeV
Nucleus Eg=13.6 MeV| E, =27.2 MeV
14.5 28.5 99
5iFe 1.06+-0.02 — - — L
56Fo 1.4740.02 | 1.352-0.03 — — —
37Fg 1.140.02 — = = E»
58Fe 1.204:0.02 — — - —_

Fe — — 1.09+0.01 | 1.28+:0.03 | 1.32--0.02
%8Co — 1.352£0.02 | 1.10:£0.01 | 1.27220.02 | 1.224-0.02
BNj 1.10+-0.02 | 1.254-0.02 — — —
G0N 1.1240.02 | 1.26:0.03 — 1.22+0.05 | 1.28+0.02
62N 1.1740,02 — — — —
BN — — — 1.28:0.02 | 1.32+0.02

Ni = — 1.10+0.01 | 1.19220.01 | 1.23+0.02
53Cu 1.11+0.02 — —_ 1.25+0.03 | 1.21:40.02
85Cu 1.1120.02 — = 1.26::0.02 | 1.2540.02

Cu — = 1.14+0.01 = —
S4Zn 1.094-0.02 — — - —
867Zn 1.13420.02 — —_ = -
5370 1.140,02 — — - —

Zn - —_ 1.43=20.01 | 1.214-0.02 | 1.33+0.02

interest in the Ni nucleus is also due to the fact that in
the majority of investigations targets of natural isotopic
composition were investigated, and Ni, which has a high
percentage of the light isotope **Ni, occupies a dis-
tinguished position among the other elements heavier
than Ca in that it has the smallest (N- Z)/A. There-
fore, the connection between the total cross section

and the neutron excess is manifested most strongly in
the region of Ni. .

Finally, let us consider the influence of a closed
shell with magic proton number. The absence of ex-
perimental data prevents a detailed analysis, though
one can note that the observed reduction in the reaction
cross sections on the Sn and Pb nuclei with Z =50 and
82 indicates that the reduction of the total cross section
on Ni is at least partly due to the influence of the closed
proton shell with Z =28.

6. ISOTOPIC EFFECTS IN THE TOTAL REACTION
CROSS SECTIONS

The existence of a proportionality between the total
reaction cross sections and the geometrical cross sec-
tions of the nuclei gives hope that the total reaction
cross sections contain information about the nucleon
density distribution in the nucleus. To investigate this
possibility, we shall make a calculation of the constant
¥y, the radius of the equivalent distribution, for several
isotopes, using the model of an absolutely black nucleus
with a sharp boundary, on the basis of the experimental
proton total cross sections [E,=14.5 MeV (Ref. 8), E,
=28.5 (Ref. 26), E,=99 MeV (Ref. 10)], the total
deuteron cross sections [E;=13.6 (Ref. 43)], and the
total cross sections of reactions induced by o particles
[E,=27.2 MeV (Ref. 43)]; we use Eq. (19). In order to
reduce the influence of the change in the height of the
Coulomb barrier of the nucleus on the total cross sec-
tion, we shall consider only nuclei with nearly the same
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Z. The values obtained for the parameter ¥y are given
in Table 1. The averaged values () for all nuclei for
the three types of particle are fairly close to each other
and are equal to 1.13+0.02 (£,=14.5 MeV); 1.30+0. 03
(E,=28.5 MeV); 1.10+0.01 (E,=99 MeV); 1.25%0.02
(E4=13.6 MeV); 12.8+0.02 (E_ =27.2 MeV). For 99-
MeV protons, #, is appreciably smaller, this being due
to the reduction of the proton total cross sections near
E,=100 MeV because of the decrease in the cross sec-
tion of nucleon-nucleon scattering. For some nuclei,
the deviation of 7, from the averaged value exceeds the
experimental errors, which reflects the influence of
individual features of the nuclei on the total reaction
cross section. The search for the origins of this in-
fluence must be begun with an analysis of the depen-
dence of the total reaction cross sections on the neutron
number N and the proton number Z, i.e., by compar-
ing the total reaction cross sections on isotopes and
isotones. The available experimental data are shown
in Figs. 12 and 13. It can be seen from a comparison
of these figures that for practically all the investigated
isotopes the total reaction cross sections increase
systematically with increasing number of neutrons in
the nucleus at unchanged Z; if the number of protons is
increased at unchanged N, the total cross sections de-
crease as a rule or remain unchanged to within the ex-
perimental errors. We shall refer to the more rapid
increase of the total reaction cross sections with in-
creasing number of neutrons in the nucleus as compared
with the change of the total cross sections with increas-
ing number of protons in the nucleus as the isotope-
isotone effect in the total reaction cross sections. The
isotope-isotone effect is manifested for different nuclei,
different energies, and different types of incident par-
ticles; therefore, despite the still appreciable experi-
mental errors, we may say that we are here dealing
with a new phenomenon that characterizes the proper-
ties of nuclei.

In the investigation of the elastic scattering of pro-
tons, deuterons, and @ particles, two new types of
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FIG. 12, Total cross sections of reactions on isotopes as

functions of the number of neutrons in the nuclei. The lines
join the experimental points, and the values of the total reac-
tion cross sections are taken from Refs. 8, 18, 21, 27, 29,
33, 36, 42, and 43,
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FIG. 13. Total cross sections of reactions on isotones as
functions of the number of protons in the nuclei. The lines
join the experimental points, and the values of the total reac-
tion cross sections are taken from Refs. 3, 10, 18, 26, 28,
32, 33, 36, 39, 40, 43, and 45.

isotope effect were discovered: 1) a change in the posi-
tion of the maxima and minima in the angular distribu-
tion without a change (or with only a slight one) of the
integrated cross section; 2) a change in the profile of
the angular distribution (for example, the large-angle
effect found in Ref. 60 in proton elastic scattering) or
the pronounced change of the integrated cross sections
found in Refs. 61 and 62, in which elastic scattering of
deuterons was investigated. The isotope effect of the
first kind should not lead to a significant change in the
total cross section of inelastic processes, whereas the
isotope effect of the second type directly indicates the

necessity for an analogous effect to be manifested in the-

total cross sections because of the relation between the
elastic scattering cross section and the total cross sec-
tion of inelastic processes.

One can conclude from the analysis of the experimen-
tal total reaction cross sections as functions of A (see
Sec. 4) that the cross sections of reactions on isotopes
increase faster than follows from the general variation
of cross sections with atomic weight of the target
nucleus. Indeed, on the basis of the experimental data
given in Fig. 8 one can determine the slopes Ag/AA of
the straight lines, which fit the dependence of the total
reaction cross sections on A%/? (for deuterons and a
particles, the range of atomic numbers is such that the
influence of the Coulomb field of the nucleus has prac-
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tically no effect). The average slope for 99-MeV pro-
tons is 9.6+ 3. 5; for 25.1-MeV deuterons it is 16.9
+3.5; for 40-MeV ¢ particles it is 12.1+3.3. Much
larger slopes are obtained for the A?/® dependence of
the total reaction cross sections on separated isotopes.
For the Fe and Ni isotopes with 60.8-MeV protons we
have, respectively (for only a nominal “straight line”)

*$5.2+30.5 and 37.0+18.5 (these are cross sections at

an energy much higher than the Coulomb barrier of the
nuclei). Figure 14 (from Ref. 63) demonstrates the
more rapid variation of the total reaction cross sections
on isotopes than the one predicted from the A3 pro-
portionality.

The difference between the behavior of the total re-
action cross sections for isotopes and isotones can
partly be explained by the influence of the Coulomb field
of the nucleus. To confirm this, let us consider the
behavior of the theoretical reaction cross sections cal-
culated by the optical model. The advantage of these
calculations is the correct allowance for the influence
of the Coulomb field of the nucleus on the total reaction
cross sections. In Figs. 15a and 15b, we give the total
reaction cross sections for Cr, Fe, Ni, and Zn isotopes
calculated by the optical model using Perey’s® unique
set B for 13.6-MeV and 22.4-MeV deuterons.® As can
be seen from Fig. 15, the values of o for the isotopes
of this element increase with increasing number of
deuterons, forming “isotope” straight lines. For 13.6-
MeV deuterons, the “isotope” straight lines for dif-
ferent elements are shifted relative to one another and
almost coincide at 22.4 MeV. The slopes of the isotope
straight lines in the two cases are very nearly equal,
as can be seen by comparing the values of Ac/AN,
where Ac is the difference between the cross sections
of the two extreme isotopes and AN is the difference
between the neutron numbers. These ratios for the Cr,
Fe, Ni, and Zn isotopes are respectively 13.5(13.5),
12.5(13.0), 11.8(12.3), 11.2(11.7) (the values of the
ratio Ag/AN at deuteron energy 22.4 MeV are given in
parentheses). The value of Ac/AN calculated from the
experimental reaction cross sections on Ni isotopes for
13.5-MeV deuterons is 34.7+15.5, i.e., more than
twice the theoretical values.

The theoretical cross sections for reactions on iso-
tones with N=26, 28, 30, and 36 for 13.6-MeV and
22.4-MeV deuterons were calculated in Ref. 56 by
Dubar’ et al. by the optical model. The reaction cross
sections on the isotones decrease with increasing Z at
13.6 MeV and remain practically constant at 22.4 MeV.
Figure 15b shows the variation of the parameter #, cal-
culated in accordance with Eq. (19) from the theoretical

1500 7, | FIG. 14. Total cross sections of
reactions on Zn isotopes as func-

tions of the relative neutron ex-

£ e cess in the nucleus (Ref. 63).

Zn The straight line is drawn through
the experimental points; a) is the
variation of the total reaction
cross sections with the atomice
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FIG. 15. Behavior of deuteron total reaction cross sections
on isotopes and isotones calculated in the optical model (Ref.
56). a) Total reaction cross sections on isotones with N =26
28, 30, 36 as functions of the number of protons Z in the
nucleus; the black circles are isotones with N =26; the open
circles, with N=28; the crosses, with N=30; the open tri-
angles, with N=36. b) Dependence of the parameter #, ob-
tained in accordance with Eq. (19) from analysis of the theo-
retical reaction ecross sections. c¢) Total reaction cross sec-
tions on isotopes as functions of the number of neutrons N in
the nucleus; the black circles are for Cr isotopes; the open
circles for Fe isotopes; the crosses for Ni isotopes; and the
open triangles for Zn isotopes. d) Parameter », calculated by
Eq. (19) on the basis of the theoretical reaction cross sec-
tions, as a function of N; the notation is the same as in Fig.
15c. In all cases the continuous lines are drawn through points
corresponding to 22, 4-MeV deuterons; the dashed lines,
through points corresponding to 13.6 MeV.
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reaction cross sections for these groups of isotones for
13.6-MeV and 22. 4-MeV deuterons. As one would ex-
pect, at these two deuteron energies the Coulomb field
of the nucleus has a strong influence on the parameter
¥y In the same way as we did in the investigation of
isotopes, we introduce for the isotone straight lines the
slope parameter Ag/AZ, where Ao is the difference in
the cross sections for the two extreme isotones and AZ
is the difference between the proton numbers. The ratio
Ao/AZ for isotones with N=26, 28, 30, and 36 is re-
spectively —12.5(=1.0), —-12.8(-1.7), —14.0(- 2. 26),
-16.0(~4.0) for the deuteron energies 13.6 and 22. 4
MeV (in parentheses). The minus sign indicates a de-
crease of the cross sections with increasing Z. The
value of Ag/AZ obtained on the basis of the experimen-
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FIG. 16. Correlation between total cross sections of reac-
tions induced by « particles (a) and deuterons (b) and excita-
tion energy of the compound nucleus. The continuous lines
join the experimental reaction cross sections; the dashed lines
show the excitation energy.
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tal data for 13.6-MeV deuterons is 60+ 50 (~N=30) and
47163 (N=36). Unfortunately, the errors in the deter-
mination of the reaction cross sections are still too
large, so that quantitative estimates are hard to make.

Thus, although allowance for the influence of the
Coulomb field of the nucleus on the nature of the varia-
tion of the total reaction cross sections in isotopes and
isotones qualitatively reproduces the observed isotope -
isotone effect, it does not explain the more rapid in-
crease of the cross sections on isotopes compared with
the general variation of cross sections as functions of
A (see Fig. 8). To draw further conclusions, it will be
necessary to consider in detail the connection between
the total cross sections and the structure of specific
nuclei. One could attempt to attribute the observed
effect to the properties of the compound nucleus; these
must be taken into account since the main contribution
to the total reaction cross section at medium particle
energies comes from inelastic processes accompanied
by the formation of a compound nucleus.

In Fig. 16, we compare the variation of the total
cross sections of reactions induced by deuterons and o
particles with the excitation energy of the compound
nucleus (the values are normalized to unity for the **Ni
isotope). In some cases there is a clear correlation
between the variations of the total cross sections and
the excitation energy. The effect is to some extent re-
lated to the density of levels of the compound nucleus;
this has the strongest dependence on the excitation
energy. Since the total reaction cross sections are
usually measured on fairly thick targets, there is an
automatic averaging over an energy range of the order
0.5-1.0 MeV, i.e., over a very large number of levels
of the compound nucleus. Because of the appreciable
overlapping of these levels, there is no direct connec-
tion between the total cross section and the density of
levels of the compound nucleus. This conclusion fol-
lows from the dependence of the deuteron total cross
sections on the energy for Ni and Cu nuclei (Fig. 17).
With increasing kinetic energy of the incident particles,
the total reaction cross sections change little, whereas
the density of levels of the compound nucleus increases
exponentially. Nevertheless, a detailed investigation
of the total cross sections as functions of the energy has
not yet been made, and one cannot entirely eliminate the
possibility of a connection between oy and the properties
of highly excited states of the compound nucleus and, in

~particular, fluctuations in the density of levels.

The variation of the excitation energy from nucleus to
nucleus is a consequence of the change in the binding
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energy, i.e., essentially it reflects the change in the
structure of the nuclei. Therefore, the correlation ob-
served in Fig. 16 indicates a connection between the
total reaction cross sections and the properties of the
target nucleus in the ground state (shape of the surface,
distribution of the nuclear density, etc.).

A possible explanation of the isotope effects in the
total cross sections of reactions induced by deuterons
and @ particles was proposed in Ref. 64 by Dubar’
et al. They consider the connection between the total
cross sections of reactions induced by charged particles
and the density distribution of the nuclear matter. To
obtain information of this kind, they used the diffrac-
tion theory to analyze the cross sections of reactions
on the isotopes °*8%84Nj with 27.2-MeV a particles,
and the optical model of the nucleus to analyze the
cross sections of reactions on the isotopes %'8%84Ni with
13.6-MeV deuterons.

Let us first consider the approximations on which
equation (19) is based. First, it does not take into
account the dependence on the Coulomb field of the nu-
cleus. When it is used to analyze the variation of the
total cross sections on isotopes of one element, this is
not important, since correct allowance for the Coulomb
interaction (for example, in the framework of the opti-
cal model) leads only to a renormalization of the con-
stant ¥, without violating the relation (19). The con-
stancy of ¥, for different isotopes and the renormaliza-
tion effect when the energy of Z is changed is clearly
illustrated by Fig. 15d. Second, Eq. (19) is valid for
an absolutely black nucleus with a sharp boundary. In
reality, the transparency of the nucleus is nonzero and
there is a region near the surface in which it varies
smoothly from a small value & inside the nucleus to
unity outside it. The theoretical absorption cross sec-
tion obtained in the quasiclassical approximation is
given by®®

O & 1 (1— €2) (B! +n%3) + 2 (1 — e)? Rya, (20)

where a is the diffuseness of the boundary of the nucle-
us. For an absolutely black nucleus (e =0) with sharp
boundary (a=0) the expression (20) is equal to the geo-
metrical absorption cross section nR3. The parameter
R, in (20) corresponds to the distance from the center
of the nucleus at which the transparency coefficient is
0. 5.

Third, the expression (19) is valid for spherically
symmetric nuclei. If the target nucleus is not spher-
ical, its geometrical cross section will be greater than
that of a spherical nucleus of equally large volume. If
the nucleus has an ellipsoidal shape with small quad-
rupole deformation parameter g and nonsphericity ¥,
the absorption cross section for a point incident parti-
cle is given by®

op=aR] {1+ P*[3+ 2 cos (2y —1/3)]/8x}. (21)

Allowance for the finite size of the incident particle
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leads to an additional term, which can be calculated
approximately from
Adg ~ 2nRyre {1 4-B2[25 + 14 cos (2y —1/3)]/64x}. (22)
For axially symmetric nuclei (y=0 or y=n/3) the
expressions (21) and (22) simplify and the total cross
section for the absorption of ¢ particles is given by
Op =0 (1-+ B/2m), (23)
where cr% is the absorption cross section of a spherical
nucleus given by (19). As follows from (20) and (23),
the diffuseness of the boundary of the nucleus and the
nonsphericity of the nuclear shape increase the absorp-
tion cross section compared with values calculated
from (19) for an absolutely black spherical nucleus with
a sharp boundary. Analysis of data on the elastic scat-
tering of eiectrons on separated isotopes of Ca (Ref. 67),
Ni (Ref. 68}, aud Sn (Ref. 69) shows that the rms
radius of the charge distribution does not increase fast-

er when neutrons are added than follows from the A/?
proportionality law.

Since the radius of the neutron distribution is equal
to the charge radius for light and medium nuclei, *° it is
reasonable in the framework of the model considered
here to assume that the parameter 7, is the same for
the different isotopes. We define the ratio

(24)

€ T,
80/0 = (0 — Og)/Ck,

which characterizes the deviation of the absorption
cross section for a given isotope from the value of, cal-
culated in accordance with Eq. (19) or (20) under the
condition that none of the geometric parameters change
for the various isotopes. One can then attempt to ex-
plain theoretically the value of 50/0 obtained experi-
mentally: by an increase in the deformation parameter
with increasing neutron number, by an increase in the
diffuseness parameter, or by a joint influence of both
factors.

It can be seen from (23) that for typical variations of
the parameter g(8=0.1-0. 2) the expected increase in
the absorption cross section does not exceed 0.8%,
whereas the experimentally observed increment of the
cross section on ®*Ni is an order of magnitude greater
(60/0=9.4+3.8%). To explain this change in the cross
section it would be necessary to assume a deformation
parameter for 8Ni §=0.6, which contradicts the data
of other experiments.

Let us consider the influence of the diffuseness pa-
rameter on the total reaction cross section. Equation
(20) is valid for the absorption of point particles. It
can also be assumed to apply to the absorption of «
particles if R, is understood to be 7,A'/®+ 7, where
¥,=1.1 F is the half-density radius of the @ particle.
The variation of the absorption cross section on the
transition from a nucleus with A nucleons to one with
A +n nucleons under the assumption that v, is constant
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is given by

Aog=o0p""—of » %T} R, (Ry+a)
+[%n2a+Ro(2—4s+%%)]ﬂAakanﬂaA£, (25)

where Az and Ae are the changes in the diffuseness and
the transparency of the nucleus when # nucleons are
added, respectively; Ry=7,A3+7,.

It is known from the analysis of elastic scattering of
a particles in accordance with the optical model that
the parameter e is of order 0.05. Assuming that it is
constant for all the Ni isotopes, we can find Aa. The
experimentally observed increase in the cross section
of absorption on ®Ni (50/0=10.1+3.8%) can be ex-
plained by assuming that the diffuseness of the isotope
®Ni is approximately 0.2 F greater than that of Ni
[a=0.57 F for **Ni (Ref. 70) and 7=1.30 F according
to Eq. (19)].

The theoretical total reaction cross sections calcu-
lated in accordance with Eq. (20) as functions of the
parameter a for the isotopes *'%84Nj under the as-
sumption that 7, is constant (»;=1.30 F) are shown in
Fig. 18. The figure shows that agreement with experi-
ment (the hatched strips) is achieved for the following
values of the parameter a: 0.57+0.10 F) (*®Ni); 0.75
+0.20 F (°*Ni); 0.85+0.10 F (®*Ni). The difference be-
tween the diffusenesses for "®Ni and ®*Ni exceeds the
experimental errors and is 0.28:0.20 F. In reality,
the change in the diffuseness may be somewhat less if
the ®Ni nucleus is less spherical than the ®Ni nucleus.
Thus, the increase in the experimental absorption
cross section on isotopes, which exceeds what one ex-
pects from the increase in the radius of the nucleus
when nucleons are added, can be explained by the
greater diffuseness of the nuclear boundary. A qualita-

0% a6 a.¢ Lo

FIG. 18. Total cross sections of reactions induced by «
particles on Ni isotopes as functions of the diffuseness param-
eter of the nuclear boundary. The hatched regions are the ex-
perimental values of oy (With allowance for experimental er-
rors); the points are the result of calculation in the quasiclas-
sical approximation.
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FIG. 19. Total reaction cross sections on Ni isotopes as
functions of the diffuseness of the imaginary part of the optical
potential. The hatched regions are the experimental values of
ag (with allowance for the experimental errors); the points
are the result of calculation by the optical model.

tively similar result is also obtained from analysis of
the total deuteron cross sections of reactions on Ni
isotopes in the framework of the optical model.

The calculations used the optical-potential parameters
found earlier in Ref. 71 from an analysis of the elastic
scattering of 13.6-MeV deuterons on Ni isotopes (V=172
MeV, W=17 MeV, »,=1.35 F, vy=1.27 F, a,=0.73 F,
dp=1.715F).

For the calculation of o all the parameters of the
potential were taken to be the same for all the investi-
gated Ni isotopes except for the parameter ay, which
was varied in the range 1.6-2.1 F. Figure 19 shows
Or as a function of ay. The total reaction cross sections
on the Ni isotopes can be described with the following
values of the parameter ay: 1.65-1.85 F (**Ni); 1.6~
2.1 F(Ni); 1.95-2.10 F (®*Ni). As can be seen from
Fig. 19, it is impossible to reconcile the experimental
and theoretical cross sections of reactions on the Ni
isotopes if the parameter a, has the same values.
Agreement with experiment can be achieved by assum-
ing that the isotope **Ni has a greater diffuseness than 5Ni.
Let us consider briefly the quality of the description of
the differential cross sections of deuteron elastic scat-
tering on Ni isotopes with the sets of potential param-
eters which have been found. The experimental and
theoretical angular distributions of deuteron elastic
scattering on the Ni isotopes are shown in Fig. 20. The
hatched regions correspond to the variation of the dif-
ferential cross sections when the parameter a, is varied
in the range 1.65-1.75 F (**Ni), 1.75-1.90 F (¥°Ni),
1.90-2.10 F (®Ni). The remaining parameters have
fixed values for all the Ni isotopes. The sets of optical-
potential parameters found can be regarded as suitable

“for simultaneous description of elastic scattering and

the total reaction cross sections on Ni isotopes.

The value of the ratio 6a =a(®*Ni)/a(**Ni) obtained by

0. F. Nemets et al. 351



7, —

.
4, deg

FIG. 20. Experimental and theoretical angular distributions
for Ni isotopes. The hatched regions correspond to the vari-
ation of the differential cross sections when ay is varied in the
ranges 1.65-1.75 F (*®*Ni), 1,.75-1.90 F (*Ni), 1.90-2.10 F
(™Ni). The dashed curve corresponds to ay=1.75 F.

analyzing the experimental deuteron reaction cross
sections by the optical model (6g=1.23+0.14) agrees
well with the ratio obtained by analyzing the absorption
cross sections of a particles by the diffraction model
(5a=1.49+0.35). Let us compare the ratios of the dif-
fuseness for the Ni isotopes that we have found with
those obtained by analyzing the elastic scattering of
electrons on the same isotopes.”™ The diffuseness of
®Ni is approximately 2% greater than that of **Ni, which
is appreciably smaller than the ratio we obtained. The
radii of the nuclei found from electron scattering on Ni
isotopes™ are described by the relation R =7;A!/% to
within 1%. The diffuseness obtained from the analysis
of electron elastic scattering characterizes the decrease
of the proton density at the nuclear boundary. There-
fore, the difference between the diffusenesses observed
for the Ni isotopes on the basis of electron elastic scat-
tering and the total reaction cross sections can be at-
tributed to the existence of a more spread out distribu-
tion of the neutron density in the surface layer of the
nucleus. Many other experimental facts confirm this
conclusion. The experimental data on deuteron break-
up as a result of collision with Ni isotopes™ also indi-
cate that the ®*Ni isotope is more diffuse than **Ni. An
earlier analysis of the differential cross sections for
elastic scattering of 13.6-MeV deuterons on even Ni
isotopes® had shown that to explain the absolute mag-
nitude of the elastic scattering on **Ni it is necessary to
reduce the parameter ¢ compared with its value for the
other isotopes. Similar isotope effects are revealed by
the analysis of scattering of 6.5-MeV deuterons on Ni
and Zn isotopes. %

The conclusion that the nuclear surface may become
more diffuse when neutrons are added can also be drawn
from an analysis of the averaged parameters of the op-
tical potential as a function of the neutron excess (N
- Z)/A. This question is discussed in detail in Sec. 8.
Here we merely mention the work of Kashuba and
Kozin, ™ who analyzed the differential cross sections of
elastic scattering, the total interaction cross sections,
and the polarization for neutrons with energy of about
4 MeV on 20 elements from Al to U. They obtained the
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following expression for the diffuseness of the real part
of the optical potential:

a=[0.568--0.813 (N —Z)/A] F. (286)

This dependence characterizes the variation of a not
only on the transition from element to element but also
when the number of neutrons in the isotope changes. In
this case, because Z is constant but N and A change,

the dependence is more clearly expressed. Relations
analogous to (26) but for the diffuseness of the imaginary
part of the potential were obtained later by analyzing
neutron and proton data over a wide energy range® %
(see Sec. 8).

It is interesting to note that representation of the total
reaction cross sections as functions of (N-Z)/A and
not as functions of A (or A%/%) “regularizes” to a con-
siderable extent the law of variation of oy on the transi-
tion from nucleus to nucleus. To see this, it is suf-
ficient to compare the data shown in Figs. 11 and 16.
This can serve as an additional indication that there is
a direct connection between the total cross section and
the diffuseness of the nuclear surface.

Thus, the collection of experimental data for Ni iso-
topes can be successfully interpreted by assuming that
the radii of the isotopes satisfy the usual law R=7,A'/3,
whereas the diffuseness increases on the transition
from a light to a heavier isotope, this being due to the
change in the neutron density in the boundary layer of
the nucleus. In all probability, a similar situation ob-
tains for other isotopes.

7. USE OF PHASE SHIFTS TO CALCULATE THE
TOTAL REACTION CROSS SECTIONS

When the method of partial waves is used, the main
formula for calculating the total reaction cross sections
is (4). The diagonal elements of the S matrix

Sp=|S5|exp (i28,) =Re 8y, +ilm S, (27)

can be determined in many ways by analyzing elastic
scattering. In the potential approach, they are found
by solving the Schridinger equation with appropriate
boundary conditions. The use of a phenomenological
complex pseudopotential to calculate the total cross
sections is discussed in detail in Sec. 8. One can also
determine |S;| and 6, by a phase-shift analysis of the
differential elastic-scattering cross sections. As is
well known, it is expedient to make a phase-shift analy-
sis when there are few partial waves, since the ambi-
guity of the analysis increases with increasing L, i.e.,
with increasing energy E of the particles. The point is
that at low energies one can fairly often take into ac-
count only the real phase shifts §;, assuming [S;[ =1.
This halves the number of phase shifts. It is a conse-
quence of this approximation that the theoretical total
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reaction cross section is zero, which contradicts ex-
periments. If one goes over to complex phase shifts
(see, for example, Refs. 90-92), the phase shifts are
not determined uniquely and, as a consequence, there is
an uncertainty in the value of the theoretical total reac-
tion cross section. It is therefore not surprising that
phase shifts which parametrize differential cross sec-
tions splendidly can predict total reaction cross sec-
tions very different from those measured experimentally
(see the dashed curve in Fig. 21). Thus, the experi-
mental total reaction cross sections are more often
used to reduce the ambiguity of phase-shift analysis
than phase-shift analysis of elastic scattering is used to
calculate total cross sections.

To reduce the ambiguity of phase-shift analysis, one
can postulate a functional dependence of |S;| =7, and o,
on L of the type

. =n(L, p), (28)

8.—=6(L, py), (29)
or equivalently,

Re Sy = (L, pi); (30)

Im S, =1 (L, p), (31)

and regard L as a continuous argument in the range
[0,%]. The constants p; in (28)—(31) are free param-
eters that ensure the best approximation of 7, and &,
(or ReS; and ImS,) at the points L=0, 1, 2, ... . The
procedure for finding the functional dependences (28)—
(31) and the values of the constants P; by analyzing the
experimental reaction cross sections is known as pa-
rametrized phase-shift analysis (PPA). This method
has been widely used to analyze differential cross sec-
tions of elastic scattering for various types of particles.

After the classical investigation of Akhiezer and
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FIG. 21. Comparison of experimental total cross sections of

reactions induced by @ particles with theoretical values cal-
culated by the optical model and PPA. The open squares are
the experiment, the open circles the PPA calculation, the
open triangles the optical-model calculation., a) Values of oy
taken from Ref. 44 for 40-MeV a particles; o g data taken -
from Refs. 56 and 83. b) Energy dependence of the total eross
sections of reactions indueed by « particles on the C nu-
cleus, !¢
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Pomeranchuk, ” who used a one-parameter representa-
tion of the S matrix in the form

0
Bz = {exp (2ioy)

L< Ly
R e (32)
a large number of different types of functional depen-
dences (28)-(31) were proposed. Many of them are
considered in the reviews Refs. 76 and 77, and also in
the papers of Inopin et ql. 7881

If there are only a few free parameters (up to five),
one can explain perfectly satisfactorily the angular dis-
tributions in the range of angles ¢ =60° using compara-
tively simple analytic expressions for calculation of
the eross sections. The possibilities of using PPA to
calculate the total reaction cross sections have not yet
been sufficiently investigated. We shall distinguish
two cases: 1) the analytic, when a simplified choice of
the parametrization (28)-(31) enables one to calculate
the series (4) analytically, and 2) the numerical. In
Ref. 77 with a three-parameter representation of the S
matrix:

Re S =9 (L, Ly, A); ; (33)

Im Sy, = bag/aL, - (34)
where

@ (L, Lo, A) = {1 +exp [(L— Ly)/Al}™, (35)

the following simple expression is obtained for the ab-
sorption cross section:

won (B [43 () ]S G0

where L, &, and b are parameters found by analyzing
the differential cross sections of elastic scattering.

To calculate the total cross sections of reactions on
1Al induced by 27.2-MeV a particles Eq. (36) was
used. From an analysis of the differential elastic-scat-
tering cross sections the following parameters were ob-
tained: L,=11.5, A=0.62, and b=1.08, which corre-
spond to 05 =1000 mb, about 13% smaller than the ex-
perimental value. Bearing in mind the simple form of
Eq. (36) and the absence of free parameters, this re-
sult can be regarded as entirely satisfactory. If we use
the exact Eq. (4) and five-parameter representations
of the S matrix in the form

Re8p,=q (L, Ly, Ay); (37)
Im §y, = p 2 llofon 80 (38)

then in the same case we obtain 05=1211 mb, i.e.,

‘about 7% more than the experimental value. The pa-

rameters Ly, =11.31, Lj,=11.75, A;=0.74, A,=0.70,
and b=1.08 are determined from an analysis of elastic
scattering.
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The parametrizations (37) and (38) were used to cal-
culate the total cross sections of reactions induced by
a particles with energy 39-44 MeV in Ref. 83 by Gon-
char and Zheltonog, who used the PPA to analyze
elastic scattering of @ particles on a large number of
nuclei. The results of the calculations are compared
with the Igo and Wilkins experimental cross sections**
at E,=40 MeV in Fig. 21. It can be seen that in many
cases the discrepancy between the PPA calculations and
experiment appreciably exceeds the experimental
errors.

When a sufficiently large number of free parameters
are used in PPA one can achieve a detailed description
of the experimental data for elastic scattering and the
total cross sections. These parameters must be found
by minimizing a functional of the type

N
2 S 0y [0° (B) — 0% (O] +- o [0k — o], : (39)

=1

where N is the number of experimental points in the
angular distribution, o(g) are the differential cross sec-
tions of elastic scattering, and w; are certain weight
factors. The purely computational problems in this
case are about as great as those involved in the numer-
ical integration of the Schrddinger equation with an op-
tical interaction potential. At the same time, for the
same number of free parameters, the optical model
describes the differential cross sections of elastic scat-
tering in a wider range of angles than the PPA; there-
fore, for numerical methods it is better to use the op-
tical model for simultaneous analysis of the differential
and the total cross sections.

8. THE OPTICAL MODEL AND TOTAL REACTION
CROSS SECTIONS

The many-parameter potential of the optical model
currently used to describe scattering and nuclear reac-
tions explains a large number of experimental facts.
However, any physical experiment determines only a
certain region in the parameter space, and the boundary
of this region is diffuse because of the errors of the ex-
perimental data. Therefore, several experiments must
be carried out if unique results are to be obtained. Such
experiments include ones to determine the differential
and total reaction cross sections and polarization. The
parameter regions determined by means of each of
these experiments may overlap partly, enabling one to
obtain unambiguous information about the parameters
and the form of the potential. On the other hand, it is
very helpful to have sets of parameters that enable one
to find, and possibly predict, observable experimental
values with a fairly high accuracy.

The optical potential currently used has the form
U (r)=Ve(r)=Vfa(a)— i (Wef (&) + Woafow ()] + Ve (LS, (40)

where
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fo(@)=(1+expayt;
fo(2)= —4a 5 fi (2);

e (2)=exp (—2%;

K2
c

Ve ()= (5 )" Voo fo @)

z=(r—r,4'")/a,

V.(¥) is the Coulomb potential of the interaction between
the incident particle and the nucleus; V and W are the
depths of the real and the imaginary parts of the poten-
tial; f,(x) is the Woods—Saxon form factor; fp(¥) is
the form factor of the imaginary part in.the form of the
derivative of the Woods—Saxon form factor (or in the
form of a Gaussian function); # and a are the radius
and diffuseness parameters, respectively [in the gen-
eral case, they are different for different components
of the potential (40)]. The last term in (40) determines
the spin-orbit interaction of the incident particle with
the nucleus (S-spin operator; L is the orbital angular
momentum of the incident particle). In what follows, to
shorten the expression of the potential (40), we shall
specify only the subscripts of the function f(x) in (40)
and the number of free parameters of the central nu-
clear potential. For example, the optical potential with
surface absorption in the form (40) and with different
geometrical parameters for the real and the imaginary
parts will be denoted by SD6, etc.

The differential cross sections and the absorption
cross sections can be calculated by means of the rela-
tions

o =140 (41)
=2 3 GL+1)(1—| S (42)
L=0

A(0)=A; (0) -+ 3 (2L4-1) (SL--1) exp (2icy) Py (cos6), (43)
L=0

where A(8) = (- y/2k) cosec?(9/2) exp(2io, — 2iy In sing/2)
is the amplitude of Coulomb scattering; y=mZ,Z,e?/
(k7)? is the Coulomb parameter. The absorption cross
section 0, includes the sum ¥} 0; of partial-wave cross
sections of inelastic processes and oy, the cross sec-
tion for elastic scattering with the formation of a com-
pound nucleus:

Og = %} 0; +0cg, (44)
where the summation is over all open reaction channels.
At the present time, one can determine experimentally
only the total reaction cross section oy, which includes
the sum 0;=3},0; of the cross sections of the inelastic
processes. At the same time, the absorption cross
section o, can be calculated theoretically. This situa-
tion makes it difficult to compare the experimental data
with calculations by the optical model at low energies,
for which the cross section of elastic scattering through
a compound nucleus, o.g, is large.

O. F. Nemets et al. 354



The optical model is successfully used to describe
elastic scattering and polarization of protons and the
elastic scattering of deuterons and a particles. Un-
fortunately, the sets of optical-parameter potentials
obtained are not unique. There are two types of am-
biguity in the real part of the optical potential: a)a
continuous ambiguity for which a small change of one
parameter can be compensated by a change of the
others; b) a discrete ambiguity for which at a given
radius of the real part of the potential good agreement
is observed with a family of potential depths. There is
also an ambiguity in the choice of the imaginary part of
the optical potential, this being inherent for all types of
particles.

When the first experimental determinations of total
reaction cross sections were published, analysis by the
optical model in the energy range 10-100 MeV was
basically restricted to elastic scattering of protons and
the neutron total cross sections. However, the analysis
of Saxon and Glassgold'*'!® already indicated that it was
necessary to include in the optical-model analysis of
the proton total cross sections an additional experiment
capable of reducing the ambiguity in the optical-potential
parameters and choosing the form factor of the imagi-
nary part of the potential.

As follows from (5), the total reaction cross section
determines the imaginary part of the potential. How-
ever, this does not mean that the parameters of the
real part of the potential are unimportant for analysis
of the experimental data on total reaction cross sec-
tions: In the framework of the optical model, elastic
scattering and absorption are inseparably linked and
must be described by one and the same potential. Thus,
o must be calculated at the same time as do/dQ and,
comparing both values with experiment, one must find
the optimal optical-potential parameters by successive
approximations.

Proton total veaction cvoss sections. During the last
few years, a systematic study has been made of the
elastic scattering and polarization of protons in the en-
ergy range 9—60 MeV (Refs. 51, 53, and 54). Unique
optical-potential parameter sets have been found capa-
ble of describing the experimental data on elastic scat-
tering and polarization in a wide range of energies and
atomic weights. However, in the majority of cases the
information obtained is on the real part of the optical
potential and the spin—orbit potential.

On the other hand, Perey’s detailed analysis®® of
elastic scattering of protons with energy 9-22 MeV
shows that allowance for the dependence on (N- Z)/A in
the real part of the optical potential enables one to ex-
plain elastic scattering and polarization well but not the
experimentally observed reaction cross sections.

From an analysis of the differential cross sections of
elastic scattering and polarization in the proton energy
range 30-61.4 MeV (Refs. 53 and 54) the following ex-
pression is found for the real part of the optical poten-
tial;

V=49.9—0.22E, 4+ 0.4Z/4" + 26.0 (N — Z)/A.
P ( )

365 Sov. J. Part. Nucl., Vol. 6, No. 4

Let us turn to an analysis of the information obtained
on the basis of the optical model with inclusion of ex-
perimental data on the total reaction cross sections.

_Becchetti and Greenlees®® made a global search for
optical-potential parameters in the proton energy range
10-40 MeV on the basis of experimental data on elastic
scattering [40 values of ¢(0)], polarization [28 values of ...
P(g)], and total reaction cross sections (eight values of
og). The inclusion of the experimental total reaction
cross sections in the analysis was helpful from the point
of view of making more precise the parameters Wg, 7y,
and ay as functions of A and E. To describe the reac-
tion cross sections, it was found to be best to introduce
a term proportional to (N- Z)/A in the diffuseness of
the imaginary part of the optical potential. The search
yielded the following expressions for the parametriza-
tion of V, Wg, Wp, and ay:

¥V :=54.0 —0.32E, + 0.42/4"3 1 24.0 (N — Z)/4;
Ws=0.22E,—2.7;
Wp=11.8—0.25E, 4 12.0 (N — Z)/A;
aw =0.51+ 0.7 (N — Z)/A.

(45)

Becchetti and Greenlees® also analyzed the experi-
mental data on the elastic scattering of neutrons [30
values of 0(g)], the polarization [four values of P(g)],
and total cross sections (28 values of o) in the neutron
energy range up to 24 MeV. The parametrizations of
Ws and W, obtained from the best agreement with the
neutron data have the form

Ws=0.22E, — 1.56; }

Wp=13.0—0.25E, —12.0(N —Z)/A. (46)

In Ref. 51, Becchetti and Greenlees obtained an ex-
pression for the real part of the optical potential giving
a good description of the neutron and proton data:

Vp=05.2—0.32E, —24.0 (N —Z)'4; } 47)

2
Vp=55.2—0.32E, —24.0 (N —Z)/A--0.272,4™3.

The influence of the total reaction cross sections on
the choice of the depth of the imaginary part of the op-
tical potential as a function of the energy and the nu-
clear symmetry term in the proton energy range 30-
61.4 MeV was investigated in Ref. 33. Figure 22 shows
the dependence of Wpay, on the (N—Z)/A term found
from analysis of elastic scattering, polarization, and
total reaction cross sections at the proton energies 30,
40, and 61.4 MeV. There is a clear tendency for Wpay
to increase with (N-Z)/A. Since the absorption on the
nuclear surface is proportional to Wyay, a dependence
on (N —Z)/A can be included either in W, (Refs. 30

& - 'FIG. 22. Dependence of Wpay
- szt on the (N —Z)/A term for de-
i i scription of elastic scattering,

polarization, and total reac-
tion cross sections for pro-
tons of energy 30 MeV (open
squares), 40 MeV (open cir-
cles), and 61.4 MeV (open
triangles). Data taken from
Ref. 33.
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FIG. 23, Measured and pre-
dicted total cross sections and
cross sections for inelastic
scattering of 24-MeV neu-
trons, Data taken from Ref.
84. The continuous curve is
caleulated with W§?; the
dashed curve, with W .

and 84) or in a, (Ref. 51). The following parametriza-
tion of Wg, Wp, and a, was obtained on the basis of the
analysis:

Ws=1.240.09E,;

Wy 4.2 —0.05E, -} 15.5 (N — Z)/A; } (48)

aw = 0.74—0.08E,+ 1.0 (N — Z)/A.

Comparison of (45) and (48) shows that the use of total
reaction cross sections to parametrize the parameters
of the imaginary part of the optical potential leads to a
more accurate energy dependence of Wg and W;: With
increasing energy, the volume part of the potential in-
creases while the surface part decreases. It also fol-
lows from the analysis that the diffuseness of the imagi-
nary part depends on the energy: With increasing ener-
gy the diffuseness decreases.

Satchler, ® who analyzed scattering of 24-MeV neu-
trons with an optical potential taken from analysis of
the scattering of 30-MeV protons, showed that the total
cross sections and the cross sections of inelastic pro-
cesses have a greater influence on the choice of Wj, as
a function of (N - Z)/A than the differential cross sec-
tions of elastic scattering.

It follows from a comparison of (45) and (46) for Wp
values obtained, respectively, from analysis of the
proton and neutron data that they are virtually the same
except for the sign in front of the (N~ Z)/A term. The

- influence of the choice of the sign in front of the (N=-2)/
A term in W on the description of the total cross sec-
tions and cross sections of inelastic processes for 24-
MeV neutrons was investigated by Satchler.® The re-
sults are shown in Fig. 23, from which it can be seen
that both processes can be described successfully only
with W$’. A similar result was obtained by Menet
et al.,® who used the parametrization (48) to describe
the neutron data. This can be interpreted as a conse-
quence of the complex potential’s being proportional to
the term (t.T), which is analogous to the allowance for
‘the isospin dependence in the Lane potential. % Thus,
the dependence of the imaginary part of the optical po-
tential on the (N=Z)/A term does not indicate a dif-
ference between the #—p and p—p interactions. Satchler®
notes that the dependence on (N - Z)/A reflects a change
in the geometry of the nuclear surface, where the
greatest absorption is observed. This is also indicated
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by the results of Dubar’ et al., % who investigated iso-
tope effects in the total cross sections of reactions in-
duced by deuterons and a particles, and also by the de-
pendence of 0 on (N—Z)/A discussed in Secs. 5 and 6.

A global investigation of the parameters of the imagi-
nary part of the optical potential as functions of the en-
ergy and the nuclear symmetry term has not been made
for other types of particle. A similar analysis based
on experimental data for the total cross sections of re-
actions induced by deuterons and « particles is at
present impossible because data in a wide range of en-
ergies and atomic weights are not available.

Deuteron total veaction cross sections. In Ref. 43,
Dubar’ ef al. compared the experimental deuteron total
cross sections with theoretical values obtained by ana-
lyzing differential cross sections of elastic scattering™
on the basis of the unique®® and optimal sets of optical
potentials. Whereas the cross sections calculated with
the former only qualitatively reproduce the behavior of
the experimental cross sections, when optimal parame-
ters are used it is possible to reconcile the experimen-
tal and theoretical cross sections for virtually all the
analyzed nuclei. **** Agreement with experiment is
achieved basically by changing parameters in the optical
potential such as W, 7y, and ay. It is helpful to use the
experimental deuteron total reaction cross sections to
reduce the sets of optical-potential parameters. In par-
ticular, the experimentally obtained values of o for Fe
and %°Cu nuclei can be explained by means of just one
optical-potential set, whereas Vereshchagin ef al. ™
gave 11 sets for Fe and three for **Cu. The value of og
on ®Ni is described by eight sets of the 24 given. The
region of continuous ambiguity for the Ni and Fe nuclei
could be reduced by eliminating the potentials with a
=0,74 F. Further, none of the optical-potential sets
given in Ref. 71 for *Co and *Cu (eight for *°Co and
three for ®Cu) can explain the experimental value of .
The analysis*® of Dubar’ et ol. indicates, in particular,
the need to obtain experimental data with a high accura-
cy. Thus, for the ®*Ni nucleus (error of determination
about 8%) all the 18 sets given in Ref. 71 are equally
suitable for explaining og.

The sensitivity of the total reaction cross sections to
the choice of the form factor for the imaginary part of
the optical potential can be seen in the example of **Ni.
In Ref. 71, there are optimal parameters of the type
S84 and SG6 for ®Ni. The absorption cross sections
with optimal parameters of the S84 type are approxi-
mately 21% smaller than oy (error 4%). Optical poten-
tials of the SG6 type describe the experimental value of
the cross section satisfactorily.

It has also been found helpful to use the total reaction
cross sections to investigate the discrete ambiguity.
Thus, the so-called shallow optical potentials, for
which ¥ £ 30 MeV, predict in all investigated cases
(6*85Cu, %°Co, ®Ni) theoretical cross sections smaller
than the experimental by about 15% on the average (the
error in the determination of the cross sections is 5, 4,
3, and 4%, respectively)., Thus, it follows from Ref.
43 that to describe the total reaction cross sections for
13. 6-MeV deuterons four-parameter optical potentials
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FIG. 24. Theoretical total cross sections of reactions on the
Al nucleus as functions of the optical-potential parameters
(volume absorption). The hatched region corresponds to the
experimental value of gy (with allowance for experimental er-
rors); the black circles show o5, the open squares a, the
crosses W (left-hand scale), the open circles V, the open tri-
angles »; (right-hand scale).

with volume absorption and shallow six-parameter po-
tentials are unsuitable.

Total cross sections of reactions induced by & parti-
cles. When elastic scattering of a particles is analyzed
by the optical model, one obtains a discrete ambiguity
in the choice of the depth for the real part of the poten-
tial and a continuous ambiguity of the type V% =const.
If the real and the imaginary potential have the same
geometrical parameters, there is a preference for tak-
ing a potential with volume absorption, this leading in
the calculation of do/d® to better agreement with exper-
iment in the region of forward scattering angles. If the
real and imaginary potentials have different geometri-
cal parameters, the description of the angular distribu-
tions of elastic scattering is more or less equally good
with volume or surface absorption.

We now consider the information obtained by compar-
ing the experimental total reaction cross sections with
the theoretical ones calculated by the optical model.
The change of the theoretical reaction cross sections on
#1Al resulting from a change of the optical-potential pa-
rameters (a four-parameter potential was used) is
shown in Fig. 24. A clear correlation is observed only
between the total cross sections and the diffuseness pa-
rameter: oy increases with increasing diffuseness,
However, as can be seen from Fig. 24, agreement with
experiment is obtained with only one optical-potential
set. Analysis of the total cross sections of reactions
induced by 27.2-MeV a particles*® showed that a poten-
tial allowing for volume and surface absorption is better
suited to the description of reaction cross sections on
the 27Al nucleus. It follows from the analysis in Ref.
43 of the total reaction cross sections on nuclei of me-
dium atomic weight with 27. 2-MeV « particles that the
use of four- and six-parameter potentials with volume
absorption does not, in the majority of cases, lead to
agreement with the experimental cross sections, al-
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though the differential cross sections of elastic scatter-
ing are described perfectly well by such potentials.

Simonov, Terenetskii, and Tokarevskii® compared in
detail potentials of the type SS4 and SD4 corresponding
to eight discrete regions of continuous ambiguity in the
range of variation of V from 40 to 300 MeV for the de-
scription of the elastic scattering of 27. 2-MeV « parti-
cles on ®Ni. Comparison of the theoretical total cross
sections which they calculated® with the experimental®®
measurement of o, shows that satisfactory agreement
exists only for a potential of the type SD4. The theoret-
ical cross sections calculated with the potential SS4 are
smaller than the experimental values for all discrete
sets. However, the angular dependence of the differen-
tial cross sections can be parametrized better by the
potential SS4, and this emphasizes once more the need
to analyze both experiments simultaneously in order to
obtain realistic information about the optical potential.

CONCLUSIONS

The measurement of total reaction cross sections
during the last 10—15 years has developed into a fruitful
direction of nuclear physics, making it possible to ob-
tain important information about the sizes of nuclei, the
distribution in them of nuclear matter, the variations of
these characteristics for isotopes and isotones, etc.
Since these parameters reflect the detailed structure of
nuclei, their measurement is very important for the
further development of our ideas about nuclear struc-
ture.

It is very important to measure the total cross sec-
tions and select the most suitable parameters of the op-
tical potential; this has independent value and is also
important for the successful use of the distorted-wave
method and the coupled-channel method. Thus, a fur-
ther development of this direction will foster the de-
velopment of the theory of the nucleus and the theory of
nuclear reactions. If data on total reaction cross sec-
tions are to be used successfully for these purposes, it
is important to reduce the error in the measurement of
the total cross sections to 1% or less. One of the main
experimental tasks here is the development of precise
methods for determining the thicknesses of targets.

It is necessary to continue measurements of the total
reaction cross sections on targets of separated isotopes
and especially of the excitation functions, which enable
one to obtain data about the density distribution in the
surface layer of the nucleus. It is desirable to set up
experiments on the same target nuclei with different
types of particle and evaluate them simultaneously with
a view to obtaining consistent results. It is of great in-
terest to include the total reaction cross sections in the
global search for unique parameters of the optical po-
tential of composite particles., At the present time,
there is an acute shortage of experimental data suitable
for this purpose.

Among the unresolved problems, it is particularly
important to eliminate the blanks in the investigation of
the total reaction cross sections. Above all, it is nec-
essary to develop methods for calculating total cross
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sections with allowance for structure of the colliding
nuclei. Such methods are needed to interpret the ex-
periments already performed with deuterons and *He
ions and they will be even more necessary when new
experiments to measure total cross sections of reac-
tions induced by heavy ions are undertaken. We also
mention the absence of experimental data for the total
cross sections of reactions induced by tritons. .

APPENDICES

Proton total reaction cross sections

E, OR. Liter- E, oR, Liter-

Nucleus MeV ml; ’ Liute Nucleus MeV mi A
Be 9.93 (a) | 633+14 [7]1 || Ca 13,45 (a) | 93146 37
10,15 (a) | 663+14 7 13,46 (a) | 953450 37

16,20 (a) | 574418 [38] 13.97 (a) | 88344 37

17,00 (a) | 599+17 | [38 14,48 (a) | 920447 37

18.50 (a) | 555-+15 [38 14.97 (a) | 822435 37

20,00 (a) | 542415 | [38] 15.51 (a) | 76639 37

21.90 (a) | 530416 | (38 16.40 (a) | 765+35 | [37

24,20 (a) | 519+17 | [38 17.51 (a) | 85034 37

26,60 (a) | 48447 | [38] 18,54 (a) | 821+35 37

28.00 (a) | 47413 | [38] 19.55 (a) | 806433 37

99,30 (6) | 231+7 [10] 20.57 (a) | 86134 37

21.59 (a) | 87432 37
28.50 (a) | 913+:38 | [26]
c 9.88 (a) | 195::47 | [37 99.70 (b) | 58047 | [10]

6.75 (€) | 433457 27
10.20 (a) | 18153 37 99.30 (@) | 63418 {10}
9.

15 (a) | 75024 | [29]

13151 (a) | 20789 | [37] [T 88 oo | Tioado | M8
e ;H:; %ﬁg i 9.99 (a) | 81744 [7}
14.79 (a) | 235440 | (37 10,22 (a) | 83044 | 7]

99.20 (b) | 67419 | [10]

17.30 (a) | 431417 87] |l oTj 14.50 (a) | 93119 18]

19.46 (a) | 40124 | [37] { somy 60.80 (a) | 85380 | [33]

22,00 (d) | 420+42 | [88
23.38 (a) é?sgiig [8; v 8.80 (a) 730i?30 (28]
%:30?3 dosts | &1 9.85 () | Mikysg| [18]
26.40 (a) | 378=18 | [87 9.96 (a) | 782462 | [7)
28,00 (a) | 396313 | [87 99,90 (b) | 69220 | [10]
nmd w3

el = sty 6.75

i 445420 3 .75 () | 646143 | [27]
23.% f:; ) %3{ 60.80 (a) | 78735 | [33]
42.00 (d) | 40535 | [88] ‘
49,50 (a) | 345+13 | [33] [ Cr 28,00 (a) | 98041 | [32]
54.00 (d) | 39550 |. [4]
Q0.0 | a=id | Ba |oe 60,80 (a) | 708::190| (33]
S | B |

BT} =k S 6.75(c) | 50543 | [27]

F 99.10 () | 35310 | [10] | 54Fe 14,50 (a) | 86516 | [8]

40,00 (a) | 856337 | [33]
60.80 (a) | 798332 | [33]

Mg 9.15 (a) | 60225 | [29]
16.47 (a) | 71256 | [31]
99,10 (b) | 39942 | [10] [ sepe 14.50 (a) |1012+19 | [8)

28,50 (a) | 114043 | [26]
; 40.00 (a) | 99143 | [33]
2741 8.80 (a) | 67445 | [28) 60.80 (a) | 899432 | [33]

60 S1Fe 14.50 (a) | 97614 | [8]
9.85() | T41£5) | 18] 40,00 (a) | 1124130 [33]
9.88(b) | 59426 | [36 60.80 (a) | 783+120| [33]
s | e | f
10.12 (a £
10.3913,% 610426 [%6 58Fe 14.50 (a) [ 1089420 | [8]
16.29 (a) | 701=34 | [31 40.00 (a) |1313:130| [33]
29.00 (a) | 77537 | [25] 60.80 (a) |1059+90 | [33]

60.80 (a) | 499227 | [33] [/ Fe 8.90 (a) | 68050 | [28]
61.00 Ea; 39225 Eiﬁ 9:21 () | 693+32 | [36]
goR| e | b can| @ |

100 373437 9 85 (c fl 8
o W & i 9.97 (a) | 74747 171

Ca 10.34 (2) | 50559 | [37 10.74 833029 | [36]
11.38 (a) | 73654 | [37 11.25 ((E; 828+29 | [36]
12.42 (a) | 71763 | [37 28.00 (a) | 973£35 | [32]

12.42 (a) | 74267 | |37

Continuation
B, OR, Liter- B, ORs Liter-
Nucleus MeV mb ature Nucleus MeV mb ature
Fe 34.00(a) | 90272 | (3] [os ;
61.00() | 617240 | [16] | =" 15500 | 9010 I8
99.40®) | 74721 | [10
#Zn 9.85(c) | 94685 | [18)
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9.78 ) | 84031 | [36] fo8zn 1450 a) 107517 | (8)
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9.31 ® | 77133 | [36]
aE
S8N§ .90 (a ey
Ni Dol | S {%g 1012 (a) | 850443 | [7]
14.50 (a) | 92727 | (8 1(‘]@(‘3 o B
28.50 (a) [1038:32 | [26 b Dt | 12
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10.70 ®) | 83029 | |36 60.80 (a) | 145360 | [33]
ol pu2 |
16,37 (a) | 95564 | |at) | "Sn [ 14.50 (@) |1107:047 | (8]
28100 (a) 102435 | [32
@Z:%E‘;} S {ég ussn | 14.50 () | 119420 | (8]
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Continuation Total cross sections of reactions induced by o particles
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