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The individual evaporation residue cross sections have been measured for '?C- and '*N-induced
reactions on “!'Pr and 171501521549y targets at incident energies of 5 to 10 MeV/nucleon.
Gamma-ray detection techniques were used. The competition between neutron, charged particle,
and gamma-ray emission was studied as a function of the excitation energy, angular momentum,
and the distance of the compound nucleus from the stability line. The general behavior of the mass
and charge distributions of the reaction residues is in agreement with complete fusion-evaporation
calculations, but some aspects of the data point to a small contribution of other reaction mecha-

nisms.

I. INTRODUCTION

Many experimental and theoretical works have been de-
voted to the study of formation and decay of the highly
excited systems in heavy-ion collisions at energies below
10 MeV/nucleon (see, e.g., Refs. 1 and 2 and references
quoted therein). In spite of the fact that the major prop-
erties of fusion-fission or evaporation are now quite well
understood, systematic studies covering a large number of
compound nuclei (CN), excitation energies, or projectiles
are not very abundant. In particular, only a few experi-
mental works>* were devoted to the quantitative studies
of the influence of the neutron deficiency of the CN on
the competition between neutron and charged particle
emission. The detailed knowledge of this effect is impor-
tant when attempts are made to produce isotopes far re-
moved from the beta stability line. This influence may be
best studied for target elements which possess a large
number of stable isotopes, as is the case for Sm targets.
The interest of performing experiments for compound nu-
clei in the 4 ~160 mass region is increased by the fact
that relatively high angular momenta may contribute to
the production of evaporation residues® before fission
occurs.

In this paper we present an extensive study of the com-
petition between neutron, charged particle, and gamma
ray emission from compound nuclei in a large domain of
excitation energies, angular momenta, and CN neutron to
proton ratios. For this purpose a number of Sm and Pr
targets were bombarded with >C and N projectiles from
the variable energy cyclotron in Grenoble. The residual
product cross sections were determined by on-line
gamma-ray spectroscopic techniques. The gamma-ray
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detection for this kind of experiment was also used by
others (see, e.g., Refs. 7—11).

The experimental results cover a fairly large domain of
compound nuclei, from neutron-rich systems mainly deex-
citing by neutron and gamma-ray emission, to very
neutron-deficient ones for which charged particle emis-
sion dominates. These results are presented in terms of
evaporation: removed mass AA, charge AZ, and neutron
number AN as a function of the excitation energy, en-
trance channel angular momentum, and distance of the
compound nucleus from the beta stability line. A number
of systematic trends are distinguished and compared with
heavier projectiles. A simple discussion of the angular
momentum effects is followed by a more detailed compar-
ison of the experimental data with two different evapora-
tion codes, ALICE (Refs. 12 and 13) and LANCELOT (Refs.
14—16). Some indications of the occurrence of processes
other than complete fusion are obtained by comparing the
results for the '*C and !N projectiles.

The experimental data presented in this paper were
partly gathered during the search and identification of the
high-spin isomers in the investigated mass region.!” The
measurements of the intensities of gamma rays, prompt
and delayed with respect to the beam pulse, as a function
of the bombarding energy, cross bombardments, gamma-
gamma coincidence experiments, and the determination of
the prompt and delayed gamma-ray multiplicity made an
unambiguous identification possible for most of the ob-
served gamma lines. Preliminary or partial results of the
present study were presented previously.!8—20

II. EXPERIMENTAL PROCEDURE
Self-supporting, isotopically enriched targets of '**Sm,
1478m, *0Sm, '?Sm, and !>*Sm and a natural target of
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41pr were prepared from metallic samples rolled under
argon atmosphere.?! Their thicknesses ranged from 5 to
18 mg/cm?. These targets were irradiated with '*)C and
YN beams. The typical irradiation time for a beam
current of 0.3 particle nA was about 2 h. The incident en-
ergy was varied from 71 to 110 MeV for '2C ions and
from 68 to 120 MeV for “N ions. The experimental con-
ditions are given in Table 1.

The experiment consisted of measurements of gamma
rays prompt and delayed with respect to the beam.
Natural beam pulsing in the nanosecond range and mil-
lisecond pulsation of the ion source were used. The gam-
ma rays were recorded by three Ge(Li) detectors and a
multiplicity setup consisting of 14 Nal(TI) counters.

The first Ge(Li) detector of about 10% absolute effi-
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ciency and 2.2 keV energy resolution for ®Co lines was
placed at 125° with respect to the beam direction, at 10 cm
from the target. Its efficiency was calibrated against stan-
dard sources with an accuracy higher than 5%. This
detector was used for the determination of the absolute in-
tensities of gamma rays during the beam irradiation and
immediately after the beam shut-off.

At 55° a small planar detector was placed at a distance
of 20 cm from the target. This detector recorded simul-
taneously with the first Ge(Li) counter the fluorescent K
x rays of the target atoms and the low energy gamma
rays. The intensity of the K x rays, corrected for absorp-
tion in the target (correction typically of the order of 5%),
served for the cross-section normalization of the gamma
rays recorded in both Ge(Li) detectors. The cross section

TABLE 1. Experimental bombarding conditions.

Enb Eip? E & Target thickness
Beam Target (MeV) (MeV) CN. (MeV) (mg/cm?)

2c 144Sm 82 73.5 136Er 49.6 18
‘ 90 81.9 57.4
98 90.3 65.2
110 102.5 76.5

47Sm 90 85.2 19y 63.9 10
98 93.4 71.4
110 105.8 82.9

1509 m 90 85.2 162 68.2 11
< 110 105.8 87.3

152§m 71 65.5 164Ey 51.8 12
90 85.2 70.1
98 93.4 71.7
110 105.8 89.2

154§ m 90 88.0 166y 74.1 5
110 108.0 92.6

4ipp 82 77.4 153Th 56.6 10
90 85.5 64.1
98 93.8 71.7
110 106.1 83.1

14N 1448m 80 66.5 158Tm 39.9 18
95 83.0 54.9
107 96.0 66.8

47Sm 80 73.0 161Tm 51.9 10
95 88.5 66.0
107 101.0 77.4
120 114.5 89.7

1509m 80 72.0 164Tm 53.7 11
95 88.0 68.3
107 100.5 79.7
120 114.0 92.1

1528m 80 71.0 166Tm 55.0 12
95 87.0 69.7
107 100.0 81.6
120 113.5 93.9

lipy 68 59.5 155Dy 40.1 10
80 72.5 52.0
95 88.0 66.1
107 101.0 77.9
120 114.0 89.7

“Energy of the beam at half-thickness of the target.

Average excitation energy of the compound nucleus.
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for the K-shell ionization of target atoms was calculated
using the plane-wave Born approximation (PWBA) with a
number of corrections. The details of the normalization
procedure are presented in the Appendix.

The third Ge(Li) detector at 90°, similar to the first one,
worked in coincidence with the multiplicity setup. The
relative intensities of the gamma lines from this detector,
collected in a zerofold, onefold, twofold, and greater-
than-or-equal-to-threefold coincidence with the 14
Nal(T1) counters were transformed into the multiplicity of
the corresponding gamma cascades. The details of data
acquisition and evaluation were reported in Ref. 22.

The pulses from the Ge(Li) counters were sent, through
the 200 MHz analog-to-digital converters (ADC’s), to
three independent multichannel analyzers and were routed
to different parts of their memory according to the timing
conditions with respect to the beam pulse and, for the
third Ge(L1i), also fold conditions. About 400 spectra (2K
and 4K each) were recorded and analyzed® in this work.

III. ANALYSIS OF THE DATA

A. Evaluation of the cross sections
from the in-beam gamma ray spectra

An example of gamma-ray spectra collected during the
beam bursts is presented in Fig. 1 for the N+ #!Pr reac-
tion at five different bombarding energies. The '3?Dy,
5ipy, %Dy, and *°Dy lines, dominating the 68, 80, 95,
and 107 MeV spectra, respectively, are clearly seen. The
lines of °Tb, "Tb and *'Gd, *®Gd, and **Gd appear
at higher energies.

The peak to background ratio deteriorates with increas-
ing incident beam energy. This effect, due to the increas-
ing gamma-ray multiplicity and broader distribution of
the residual nuclei, makes the identification more difficult
and increases the errors of the calculated peak areas. For
example, the production cross sections of the 2Dy nu-
cleus at 68 MeV and of the '“*Tb nucleus at 120 MeV are
similar (100+20 mb and 110+50 mb, respectively), and
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FIG. 1. Gamma-ray spectra following the N+ !*'Pr reaction collected during the beam bursts at 68, 80, 95, 107, and 120 MeV
bombarding energies. Only the strongest lines are explicitly indicated in the figure.



the main part of the gamma flow goes through a single
yrast cascade for both nuclei. One observes (Fig. 1) very
well-pronounced peaks in the case of 2Dy, whereas the
19Tb lines are much weaker with respect to the back-
ground in the 120 MeV spectrum.

The ground-state production cross sections were deter-
mined from the in-beam gamma-transition intensities
corrected for the side-feeding and summing effect. In
heavy-ion fusion reactions the residual nuclei are usually
produced with high angular momenta and the main gam-
ma flow passes along the yrast cascade (with possible ex-
ceptions for some odd-odd nuclei). The weak side-feeding
in the low spin region can then be easily estimated and re-
liable corrections made. The correction for summing in
the Ge(Li) detector depending on the gamma-ray multi-
plicity and total efficiency of the detector was made ac-
cording to Ref. 24. This correction was usually of the or-
der of 20%.

The identification of the in-beam gamma lines was
based on the existing literature data, completed by the re-
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sults obtained during a search for high spin isomers in
this region.!” The levels of light Tm isotopes (4 < 157)
were identified in a separate experiment, and their prelim-
inary level schemes are presented in Fig. 3. Level schemes

of 2heavier Tm isotopes (A4 >158) were recently report-
ed.25—28

B. Evaluation of the cross sections
from the radioactive decays

The in-beam gamma-ray measurements were supple-
mented by radioactivity measurements of short-lived iso-
topes abundantly formed in the investigated mass region.
Delayed spectra were collected under the same conditions
as the in-beam data but during the off-beam time in
nanosecond and millisecond beam pulsing. Figure 2
presents an example of such spectra collected between the
nanosecond beam bursts for the reaction N+ “'Pr, The
observed transitions originate from various isomers excit-
ed in this reaction and from the radioactive decay of the
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FIG. 2. Gamma-ray spectra following the *N+!*!Pr reaction collected between the beam bursts in the nanosecond range.
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FIG. 3. Partial level schemes for '3~13"Tm nuclei, excited in
the "¥Sm('*N,xn) and ¥Sm(!*N,xn) reactions at bombarding
energies from 80 to 120 MeV. The gamma cascades were estab-
lished from excitation functions, angular distributions (for
155Tm and !*"Tm only), and prompt and delayed gamma-gamma
coincidences. In **Tm the observed cascade is fed by a high
spin isomeric state. Except for the !"Tm nucleus, the order of
transitions is only tentative.

produced residual nuclei.

In order to deduce the formation cross section from ra-
dioactivity data, the correction for the recoil of nuclei
from the target was applied assuming full momentum
transfer from the projectile to the compound system. Ow-
ing to thick targets employed in the present work, this
correction was small, usually of the order of 10%. For
the radioactive products having half-lives longer than or
comparable with the time of measurement, the correction
for the growth of activity was also made, assuming no
beam variation during the irradiation of the target. The
intensities per decay for radioactive gamma rays were tak-
en from Refs. 29 and 30.

The cross sections determined from radioactive decay
were particularly useful in the cases of some odd-odd nu-
clei, for which in-beam transitions are not well known or
the ground state is fed by a number of weak cascades.

IV. EXPERIMENTAL RESULTS

A. Cross sections of heavy reaction residues

The complete set of the heavy residue production cross
sections is presented in Tables II—-V. Errors take into ac-
count uncertainties in the determination of the peak areas,
in the correction factors described in the preceding sec-
tion, and, in some cases, the ambiguities of line identifica-
tion.

We estimate the absolute normalization error (not in-
cluded in Tables II—V) as 20%. The relative errors be-
tween different systems and energies are, however, smaller
due to the method of normalization, which does not de-
pend on the target thickness and its homogeneity (see the
Appendix for details).

For several bombardments only relative cross-section
values were determined. In such cases the normalization

factors were obtained by interpolation of the total ob-
served cross section and/or the cross section for the target
excitation measured for the same system at other energies
(and assumed to vary smoothly with the bombarding ener-
gy)-

For the cross sections of some products only the upper
limits are given. These limits mean that a given product
was looked for but could not be found with a good confi-
dence level. In the following, the upper limit values are
not taken into account in the data where the sum of the
cross sections was of interest. The detection threshold for
the individual gamma transitions varied with projectile
energy. For the lowest bombarding energies, transitions
of 1—2 mb were detected, whereas this limit was about 10
mb at higher energies.

In Fig. 4 the excitation functions for the formation of
Dy(xn) and Tb(pxn) nuclei in the *N+ *'Pr reaction and
in Fig. 5 examples of mass and charge distributions are
shown as an illustration of the data given in Tables II-V.
At high bombarding energy the cross sections for AZ =1
and AZ =2 residues are as important as for the AZ =0
ones in the reactions on *!Pr and *’Sm targets, and even
more important in the reactions on the '**Sm target. For
systems which are more neutron-rich, the neutron evap-
oration dominates in the whole energy range studied.

A group of residues with A4 =12 to 16 and AZ =5 to
7, well separated from complete fusion products, can be
observed in Fig. 5. This group of ‘target neighboring”
nuclei is systematically produced by the '*N projectile and
is almost unobserved (see Tables II—V) for the
12C.induced reactions. Its whole cross section is attribut-
ed to reactions where only a small part of the projectile is
transferred to the target. This cross section does not
exceed 10% of the total observed cross section. In the fol-
lowing, the cross sections for residues of AZ greater than
4 are not included in the data where the evaporation from
the compound nucleus is discussed.

The evolution of the total cross section observed with
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FIG. 4. Experimental excitation functions for the xn and
pxn products observed in the N+ *!Pr reaction. The lines are
drawn to guide the eye. Some experimental points, correspond-
ing to small cross-section values having relatively big errors, are
not shown explicitly, but are taken into account in the extension
of the curves.
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FIG. 5. Examples of mass and charge distribution of
evaporation residues. The results of the evaporation code LAN-
CELOT are given by the solid histogram.

the center of mass energy of the colliding nuclei, E 1, , is
presented in Fig. 6. The calculated®!—34 fusion cross sec-
tions are shown by way of comparison. These calcula-
tions are discussed in Sec. V A.

B. Gamma-ray multiplicity

Gamma-ray multiplicity has been measured for a num-
ber of residues. This measurement clearly indicates the
range of angular momentum we are dealing with and al-
lows a comparison with the previous studies performed in
this mass region.>3%36

In order to convert the experimentally determined
gamma-ray multiplicities (M ) to the angular momentum

(I, ) of states prior to gamma decay, the usual formula

Al I T T M I T I

2C +Pr
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FIG. 6. The total observed cross section versus the inverse of
the incident- energy in the center of mass system. Solid lines
represent the fusion cross-section calculations according to Ref.
32, dashed lines those according to Refs. 31 and 34. The closed
points are taken from Ref. 7 for the 2C+!52Sm reaction, open
points from the present work (the data normalized by interpola-
tion between other energies are not plotted). Horizontal bars
shown for reactions on the !Pr target indicate the upper and
lower limits set by the energy spread in the target.

was employed:
() =f(MY—K)+1,, , (1

where f is the average angular momentum removed from
the excited evaporation residue by the yrast gamma transi-
tion, k is the number of “statistical” gamma quanta
which remove, on the average, a zero angular momentum,
and I, denotes the spin of the ground state in a given
residue. Constant values f =2 and k =4 have been used
according to Ref. 5.

In Fig. 7 we compare the average (I,, ) for the xn frac-
tion of the cross section, {7, ),,, with the average initial
angular momentum of the compound nucleus, (I ), cal-
culated from the classical trajectory model of Beck
et al.’! (as discussed in Sec. V A, this model reproduces
the experimentally observed cross sections well).

Up to about 407, (1, )., well represents the initial an-
gular momentum, while above 407 (I,,,, =60%) a satura-
tion occurs. This saturation was explained in Ref. 5 as
the approach of the critical angular momentum for fission
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TABLE II. Heavy residue cross sections given in millibarns. Ej,, is the average projectile energy at half-thickness of the target;
oxk is the calculated cross section for fluorescent K x rays in barns. The data corresponding to the oyx values marked with asterisks

were normalized by interpolation from other energies (see the text).

Reaction 2C 4 1448m 2C 4+ 147Sm 2C 4 150§m
E,, (MeV) 73.5 81.9 90.3 102.5 85.2 93.4 105.8 85.2 105.8
oxx () - 27.6% 37.5 49.2* 68.7 38.9 50.8 71.2 41.9 74.6
2n 26+4 1714 <20
3n 159+30 94+10 38+6 40+38 <30 3115
4n 115+20 166+18 12015 3019 215+39 84+32 <20 118+24 <24
5n 27+4 71+10 82+16 324+16  402+24 211+33 511+47 73+16
6n 16+10 45+25 11£5 84+16 159+16 181+39 367141
n 8+8 33+8 12+12 245+41
8n 57+12
9n <8
pln 1416 1816 <10
p2n 162422 95+19 20+6 16+16 <15
p3n 170+15 264+18 230+20 106+16 80+23 12+12 <25 20+8
p4n 1716 90+ 14 233+16 260+16 154431 221432 155+24 79+50 16+16
p5n 29+10 91+25 18+6 141428 286+57 31+15 94+33
p6n 5+5 <20 69+24 <15 87124
p7n <25 37+12
2p0n 12+10
2pln 33+15
2p2n 12+12 8+8 3+3 <20
2p3n 26+6 14+9 44+38 35+11 20+12 <25 <20
2p4n 96+15 7349 68+9 106+17 20+16 22+8 <10 24412 <16
2p5Sn 44+10 110+8 137+14 124+9 122+16 92+16 81+12 79+15 33+16
2p6n 15£5 19+9 79+10 124+13 113423 173140 125+41 118+31 122424
2p7n 30430 <25 68+16 152+33 24+38 130+33
2p8n <10 24+16 <12 57+12
2p9n <24
3p3n 22+10 18+8
3p4n 3+2 28+8 33+8 69+16 23+16 9+9 19+19 1717
3p5n 9+4 38+10 84+7 23+12 26+8 <20
3p6n 13+6 37+13 <10 12+12 24+16 <31 25+15
3p7n <9 <10 20+20 12+12
3p8n <20
4p2n 11+11
4p3n T7+7 8+8 <11
4p4n 22+10 51+16 8+8 25+16 <20 <16
4p5n 26+4 35+3 28+5 38+4 51423 57+24 51+24 <24 <41
4p6n 8+3 1943 38+9 6316 <25 48+48 63+33 47+24 57+30
4p7n 14+7 25+13 27+12 43+16 20+15 41+16
4p8n <20 <24 16+16
4pSn <20
Total 1000+58 1163+47 1260+47 1379+66  1230+75 1486+97 1496+107 13144100 1486+112
Coulomb + inel 321147 345+41

by the formed systems. A similar limitation of the eva-
poration residue cross section was recently observed at
I nax = 35% for the 2Pb compound nucleus.?’

The agreement of {1, )., with (Icn) below 40% does
not cease even if the xn fraction does not account for the
majority of the cross section (Fig. 8). This suggests that
the neutron to charged particle evaporation ratio does not
depend strongly on the CN angular momentum. Howev-
er, our data should not be regarded as a decisive argument

against the existence of such a dependence.! In the deex-
citation of compound nuclei, where charged particles are
being emitted with high probability, several dipole transi-
tions are expected to occur in the yrast cascade for nuclei
close to N =82 [this would make our simple calibration
given by formula (1) untrue]. This effect may lead to an
overestimate of {7, ),, and may mask a possible enhance-
ment of the charged particle emission from high angular
momentum space.
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TABLE III. Same as Table II.
Reaction 2C 4 1528m 12C4+1%Sm 2C 4 141pr
Eip (MeV) 65.5 85.2 93.4 105.8 88.0 108.0 77.4 85.5 93.8 106.1
oxx (b) 419 53.8 74.6 45.8 78.6 50.1* 66.0 84.5 117.0*
2n <25 <15
3n 80140 200+ 100 36+13
4n 550+70 50420 <16 75070 90+20- 408+76 212+20 49+8 6+3
5n 23060 500+100 161+40 40+20 200+70 480180 212435 482+70 403+37 142113
6n <15 450+50 604156 270+40 <15 300+60 89+15 230+30  306+27
n 30+15 145+24 450+100 <30 91+25
8n <10 <16 170+30
9n <10
p2n <25 28+12
p3n 20+20 <32 60+30 30+30 63112 28+4
p4n <30 1010 71+28 <30 30+20 80+40 64+18 152+31 102+11 57+10
pSn 28+15 69+32 60+30 50+20 305 146+15 162+13
pén 1515 24+16 3520 23+8 12113
p7n <16 25+15 8+4
p8n <20
2p2n
2p3n <30 5+5 17+8
2p4n 20+20 <20 45+6 . 1916 21+6
2p5n 30+20 40+20 <32 <30 25425 124+12  119+10 75+8 4516
2p6n <15 110+20 11016 55+20 75+25 <30 20+12 87+24 128423 122+13
2p7n 40+20 140124 190+30 30+20 80+50 56+23 155%+19
2p8n 32+32 130+30 <20 150+50 23423 65+19
2p9n <16 <20 40120
2p10n <20
3p4n <30 7+3 8+8
3p5n <40 <60 10+10 12+12 19+19 49+6
3p6n <40 25425 <65 1945 28+10
3p7n <40 <40 50+50 23+3
3p8n <60
3p9n <30
4p4n <16
4p5n 23+6 12+12
4p6n <30 <30 40+25 <30 30t15 40+20 15+12 3112 45+11 45125
4p7n 1717 40+15 <32 35+20 <20 <30 24+12 23+15 3619
4p8n <30 <24 30+30 40+20
4p9n 20+20 <50
S5p6n 23+10
5p7n 13+10
Total 947+108 1313+123 14211104 1510+135 1410+152 1430+148 1050+91 1322490 1341171 1518164

C. Competition between neutron
and charged particle emission

It was shown in Fig. 6 that the total observed cross sec-
tion depends, for all the studied systems, mainly on the
energy in the center of mass. The relative contribution of
various exit channels to this total cross section depends
strongly not only on the energy, but also on the system
studied.

In Fig. 9 the relative importance of the reaction chan-

nels in which 0, 1, and 2 charge units are emitted is
presented for the 2C+'*Sm and *N+'"'Pr reactions as
a function of the excitation energy. A strong decrease of
the xn channel with increasing energy is observed for both
reactions. It is also evident from this figure that the exci-
tation energy is not the unique parameter governing the
relative contribution of various reaction channels.
Charged particle emission also strongly depends on the
“neutron deficiency” of the compound nucleus formed in
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TABLE IV. Same as Table II.
Reaction N+ 4Sm BN +%7Sm 14N 4+ 15%Sm
E;, (MeV) 66.5 83.0 96.0 73.0 88.5 101.0 114.5 72.0 88.0 100.5 114.0
oxx (b) 15.2 30.3 46.4 20.4 36.6* 53.7* 76.2 19.6 36.0 52.9 75.3
2n 13+5 5%5
3n 126+30 70+40 20+20 70+25 <14 15+15 <20
4n 75+£15 150+50 180+40 250+60 107+3 <17 240+120 82140 15+15 -
S5n <5 25+10 53+20 10+10 213+43 153+35 30+30 140+£50  330+50  120+20 16+16
6n <5 <15 <35 72+28 190146  190+30 15£15 300+50 470+100 180+80
7n 46123  200+40 20+10 130+30  220+50
8n <10 <10 45+15
9n 15+15
pln 5+5 1010
p2n 45+15 50+20 20+20 20+10 <14
p3n 31£10 100+40 58+20 84+30 57+28 <17 30+15 20+20 <15
pén 3+3  75+15 140+30 18+10 136+28 150435 40+40 50+50  120+50 40+20 10£10
p5n <5 10£10 65+15 . <5 40+21 224+46  190+30 26+15  120+60  195+40 85+30
p6n <5 14+14  12+12 174140 10£10  100+25  150+50
p7n 20+20 <20 125425
p8n <10
2p2n 29+10 <5 <7
2p3n 2+2 30£15 42420
2p4n 15+£5 30+10 48+20 28+15 21%14  12+12 10£10 <10 <10 <10 <25
2p5n 10+3 77415 100+30 30+20 36+36  58+23  105%25 10+10 10+10 10+10 <25
2p6n 11+3  45+10 8+8 104+36 151+46 70+30 <10 34+15 33+15 <50
2p7n <5 <14 100+29  140+30 45+15 105+40  120+50
2p8n 32+20 4+4 44+20 200%50
2pSn 77 4615
3p2n <5
3p3n <3 <5 <10 <5 <14
3p4n <2 10+5 10+10 1515 14+14 <20
3p5n 60+20 40+20 <5 <21 <23 <20 10+£10
3p6n 5+5  25%5 <7 32+17 90+40 10+£10 20+20
3p7n <5 <23 10£10 1515 90+30
3p8n <15 10+10
4p4n ] <15
4p5Sn <5 <10 <10 <10
4p6n 11+£3 1745 <10 <23 <20
4p7n <5 13£5 28+28
4p8n <20 25+25
4p9n <20
5pSn <2 <10 <10 <10
Spé6n <5 <8 <10 <5 77 23£23 10£10 <15 <15 <15
5p7n 1+1 3+3 545 <5 7+7 9+9 15+15 <10 <15
5p8n <2 <5 77 12+12 10+10 <20 <20
5pSn <10
6p6n 5+3 6+3  10£10 . <14 <10 3+3 <10
6p7n 10+5 15+10 16+10 5+5 14%14 <23 <10 5+5 10+10 10£10 15t15
6p8n 2+2  10+10 46+20 <5 17+9 23+17 25+25 10+10 © 10%10 1515
6p9n 5+5 <5 7+7 10+10 18+18 10+10 15+15
6p10n <7 616
7p8n 2+2 15£15 2121  35+35 30+30 <20 <20
7p9n <5 <7 12+12 15+15
Total 345440 763+89 987+86 553+81 894498 1252+117 1458+126 534+143 1115+119 1334131 1402+147

Coulémb + inel

23+£5 277  25%5

72+15 85+36

87+17

93130

558+50

533+50

493+50

440x70




1320+220 1322+147 1350+125
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TABLE V. Same as Table II.
Reaction N 4 1528m UN 4 141Pr
E\p (MeV) 71.0 87.0 100.0 113.5 59.5 72.5 88.0 101.0 114.0
oxx (b) 18.8 34.7* 52.1* 74.4 16.9 31.4 56.6 84.1 117.0
2n <5 <15
“3n 15+15 100+20 95+25 <15
4n 130+30 34+17 80+20 485+70 110+£40 30+30
5n 230+100 27157 63131 <30 2+2 130+30 380+40 185+30 2015
6n 30+15 283+113 350+125 120+60 <10 12025 320+30 265+40
Tn 68+34 375+63 320+80 <5 40+10 90+20
8n 6+6 50+25 340180 20+20
9n 3015
pln <3
p2n 8+4 5+3
p3n 1515 <6 45+20 26+15 <10
p4n 25+25 <34 <25 <3 25+15 120+30 60+30 20+20
pSn <10 90+45 150+50 <20 <15 80+30 220+100 110+50
pén <23 31+31 180+60 10+10 50+15 190+70
pn 38+19 170+70 20+10
pén 25+25
2p3n <4
2p4n 15+10 20420 <30 <20
2p5n <17 343 50+25 60+20 30+30 30430
2p6n 34+34 3819 15+15 . 15+10 80+20 90+20 30+10
2p7n 28+28 50+25 40+20 25+15 110+£20 65125
2p8n <6 56+38 95+30 <5 10+10 70+20
2p9n 60130 50+30
2p10n <10
3p4n <1
3p5n <2 <10 <15 <10 <10
3p6n <10 10+10 30+30 50+20
3p7n <10 <10 30t10
3p8n 5+5
4p5n <3 <15 <10 <10
4p6n <2 313 13+5 <15 10+10
4p7n 1+1 11£5 30+10 20+10
4p8n 8+5 20£10 40+20
4p9n <10 <15 2010
5pSn <11
Sp6n <15
Sp7n 10+10 10+10 <15 <30 15+15
5p8n 10+10 10+10 <15 <15 30+20
5p9n <15 20+20
5p10n 10+10
6p6n <10 <17 <20
6p7n <20 50+20
6p8n 15+15 10+10 25425
6p9n <20 10+10
6p10n <15
Total 445+110 829+147 1221+166 1425+169 208+30 874+91 1053+85 1225+129  1315+125
Coulomb + inel 910+100 26+4 4319 43+6 43+5 32+16
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FIG. 7. Comparison of the angular momentum of xn resi-
dues {1, )., with the average CN angular momentum (lcy)
predicted according to Refs. 31 and 34. The data for the Ar-
and Kr-induced reactions are taken from Ref. 5.

the reaction. For a given excitation energy the sum of the
xn cross sections decreases linearly (Fig. 10) with the
distance of the CN from the stability line,
(N/Z)on— (N /Z)g,, (the total cross section does not
show such a dependence). The (N /Z)g,, value is defined
as the abundance-weighted average N /Z value of the
stable isotopes. The same effect can be seen in Fig. 11,
where the fraction of the observed cross section for a
given emitted charge AZ is plotted for two values of the
excitation energy of the compound nuclei.

The decrease of the xn products cross section far from
the stability line was previously discussed in Ref. 3. In
that work an effective proton binding energy including
the Coulomb barrier was determined in a number of reac-
tions, and a simple relationship between the proton to
neutron evaporation rates, binding energies, and nuclear
temperature was established. In the investigated mass re-
gion the data point to an even more serious limitation of
the xn products cross section than that predicted by the
simple formulae of Ref. 3. For instance, for the most
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FIG. 8. Ratio of the average angular momentum of xn resi-
dues to the average angular momentum of CN as a function of
the fraction of the observed cross section, leading to the xn
channel. {lcy) has been calculated as in Fig. 7. The lines cor-
respond to the evaporation calculations by ALICE (dashed line)
and LANCELOT (solid line). See Ref. 16 for details.
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FIG. 9. Fractions of the observed cross sections for different

evaporated charged AZ as a function of the excitation energy.

The lines correspond to the calculations by ALICE (dashed lines)
and LANCELOT (solid lines).
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neutron-deficient systems studied (reactions on **Sm), at
E* ~78 MeV these formulae attribute about 60% of the
cross section to xn products, whereas the measured value
is only about 10%.

D. Average removed charge

The competition between neutron and charged particle
emission can also be characterized by the average removed
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FIG. 10. Total observed cross sections and xn cross sections
for different reactions leading to compound nuclei at 78 MeV
excitation energy as a function of the distance of the CN from
the stability line (see the text). The points originate from inter-
polation (or extrapolation in some cases) of the experimental re-
sults, measured at adjoining energies. The hatched area indi-
cates the range of cross sections predicted by classical trajectory
calculations for different targets (Fig. 6) (the spread is mainly
due to the difference in the reaction Q values). The solid lines
are drawn to guide the eye.
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FIG. 11. Fractions of the observed cross sections for dif-
ferent evaporated charges AZ as a function of the distance of
the CN from the stability line for 55 and 78 MeV excitation en-
ergies. Only AZ =0, 1, 2, 3, and 4 channels were taken into ac-
count when calculating the average. The solid lines correspond
to the LANCELOT and the dashed lines to the ALICE calculations.

charge, AZ, defined as the cross-section weighted differ-
ence between the charge of the compound nucleus and the
charges of the residual products. Figure 12 presents AZ
as a function of the excitation energy for several investi-
gated systems.

15[

N 1.0 L
<]

05 |

100
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FIG. 12. Average difference between the compound and re-
sidual nuclei charges AZ (determined from AZ =0, 1, 2, 3, and
4 channels only) as a function of the CN excitation energy.

In the calculation of AZ the average was taken over
AZ =0, 1, 2, 3, and 4 channels. As discussed above (Sec.
IV A), the AZ =5, 6, and 7 products observed in 14N
induced reactions, attributed to a process other than
evaporation from the CN, are not included in this calcula-
tion.

For a given target and projectile, AZ increases with en-
ergy, as well as, for different systems, with the distance of
the CN from the stability line. These effects are illustrat-
ed in Fig. 13 for two selected CN excitation energies.

The average removed charge for the >C-induced reac-
tions systematically exceeds the values observed in the
14N.induced reactions. This difference, further discussed
in Sec. VD, may indicate a stronger contribution of the
incomplete fusion process to the formation of 1 <AZ <4
products in the case of the '2C projectile.

The data from Ref. 4 concerning the *?S+ Sn reactions
are plotted in Fig. 13 for comparison. The average
evaporated charge for the 32S data does not show any sig-
nificant difference from the corresponding values for the
4N-induced reactions. The maximum CN angular
momentum populated in the 32S-induced reaction, es-
timated from the sharp cutoff approximation, is about
60#. However, the [,,, value calculated from the
evaporation residue cross section is only slightly higher
for the 3’S-induced reactions than for the ¥N projectile
(507 and 484, respectively, for 78 MeV E*).

E. Average removed mass

For a given excitation energy the average difference be-
tween the CN mass and the residual product masses, AA,
does not depend, within 5%, on the target-projectile com-
bination. This is illustrated for two selected excitation en-
ergies in Fig. 13. In the investigated energy range AA

- changes linearly with E*; the same relationship holds for

all the systems studied (Fig. 14).. On the average, an in-
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FIG. 13. Average charge and mass removed from the com-
pound nucleus at 55 and 78 MeV excitation energy as a function
of the distance of the CN from the stability line. The data for
the 32S-induced reactions are taken from Ref. 4. The calcula-
tions of ALICE and LANCELOT for '2C- and “N-induced reac-
tions are represented by dashed and solid lines, respectively.
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FIG. 14. Average evaporated mass as a function of the CN
excitation energy. Only AZ =0, 1, 2, 3, and 4 channels were
taken into account when calculating the average. The line for
the ““Ar+ 122Sn reaction is taken from Ref. 38.

crease of 12.4 MeV of the CN excitation energy is needed
to evaporate one mass unit in '2C- and *N-induced reac-
tions.

The variation of the average evaporated mass with exci-
tation energy was previously reported® for “°Ar-induced
reactions leading to the same compound nuclei as those
investigated in the present work. A strong difference of
A4 and its slope vs E* is observed between >C or “N
and “°Ar projectiles (Fig. 14). This effect, discussed in
Sec. VB, is connected with the differences in the angular
momentum brought into the compound nucleus.

The independence of A4 of the system studied in '2C-
and !*N-induced reactions is valid only if the average is
deduced from the whole set of evaporation products. This
is illustrated in Fig. 15, where the average removed mass
is presented separately for the xn, axn, and 2axn reaction
channels [(A4)yp, (AA)gxn, and (AA )yyen, respectively].
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FIG. 15. Average evaporated mass for xn, axn, and 2axn
channels for reactions on the “Sm and '*?Sm targets as a func-
tion of the CN excitation energy. The pxn channels follow the
same dependence as the xn data. The lines are drawn to guide
the eye.
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A clear difference between reactions leading to the forma-
tion of neutron-rich CN (!%Er, %Tm) and those corre-
sponding to neutron-deficient ones (*’Er, '*¥Tm) is ob-
served. Indeed, for neutron-deficient systems the emission
of a neutron is associated with an energy loss higher than
that for neutron-rich systems (due to the higher neutron
binding energy of the former). In consequence, for a
given excitation energy the average number of emitted
neutrons is smaller for the deficient systems.

The decrease of (A4),, for neutron-deficient CN is,
however, much stronger than expected from the simple
difference between the binding energies in neutron-rich
and neutron-deficient nuclei. In Figs. 16 and 17 the
(A4),, values are plotted against the average energy
transmitted by the CN to the evaporated neutrons and to
the associated gamma rays, ( Efy, +E3" ), given by

<Eﬂin+E;'°t)=Ec.m.+(Qgg> ’ (2)
where Q,, can be found from the initial and final masses:
Qee=M,+My;—Mp—xM, , (3)

and (Qg, ) obtained by averaging over all xn channels [in
expression (2) we neglect the kinetic energy of the
evaporation residue in the c.m. system]. This procedure
permits us to subtract the neutron binding energies from
the CN excitation energy.

It can be seen from Fig. 16 that, to evaporate, for exam-
ple, five neutrons, the system transmits to these neutrons
and to the associated gamma rays about 22 MeV energy in
the >C+'52Sm reaction and about 30 MeV in the case of
the 12C+'“Sm reaction. Similarly, if we compare the
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FIG. 16. Average number of evaporated neutrons in the
(12C,xn) and (*N,xn) reactions as a function of their average ki-
netic energy plus the energy of emitted gamma rays.
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FIG. 17. The same as in Fig. 16, but for the '2C-, “*Ar-, and
86K r-induced reactions. The data for Ar and Kr were taken
from Ref. 5.

2¢., “0Ar-, and *Kr-induced reactions (Fig. 17) we see
also an important difference in ( Ef;, +E}" ), required for
the evaporation of a given average number of neutrons.
The observed effects are also discussed in Sec. V B.

V. DISCUSSION

A. Total observed cross sections

The observed total cross sections have been presented in
Fig. 6. The complete fusion cross sections, calculated ac-
cording to two classical trajectory models of Beck et al.3!
and of Birkelund et al.,3? are also shown for comparison.
The model of Ref. 31 was employed with the following
modifications:** (i) the liquid drop plus proximity poten-
tial was replaced by the folding potential;*® (ii) the neck
degree of freedom was introduced instead of “blowing up”
the radii of the colliding nuclei, which means that the ex-
tra nuclear matter from the overlapping region goes into
the neck which smoothly joins two spheres. The results of
calculations are not very sensitive to the target neutron
number, therefore one theoretical curve is representative
for the different Sm isotopes.

The experimental cross sections, which approximately
follow a linear dependence on 1/E_ ., are fairly well
reproduced by the calculations. This is consistent with
the fact that the main part of the observed cross section
results from the complete fusion process when the contri-
bution of other reaction mechanisms does not exceed 10%
(see Sec. VD).

As the major part of the fusion cross section was
detected in the present investigation, the previously dis-
cussed competition of various reaction channels and aver-

age numbers represents, with a good approximation, the
evaporation characteristics of the compound nucleus.
Their comparison with the evaporation models is also jus-
tified (cf. Sec. V C).

B. Influence of angular momentum
on the average number of emitted particles

The differences between the average A4 or (A4 )xn for
light and heavy projectiles (Figs. 14 and 17) and (Ad4),,
for light and heavy Sm targets (Fig. 16) can be attributed
to the angular momentum effects. It may be assumed
that A4 or (AA),, is proportional to E,,, the average
thermal energy of a CN above the yrast line:

Eth:‘EéN_Ey—ES=E::N_E;?t R (4)

where E'y _is the average energy of the yrast gamma-ray
cascade. E; represents the average energy of the statisti-
cal gammas or, in other words, the average difference
between the entry and yrast lines. Up to the limit of
evaporation residue production, set by fission, E, is an
increasing function of (Icn). Therefore, for a given
E &\ a lower value of A4 [or (AA4),,] may be expected for
higher (Icn). This is observed indeed in Fig. 14. The
different slopes of A4 vs E &y for light and heavy pro-
jectiles can be explained by the faster increase of {lcn)
with E&y for *°Ar in comparison with >C or *N. The
results presented in Fig. 17 can be explained along the
same lines.

The difference in (AA),, between the light and heavy
Sm targets (Fig. 16) is due to the fact that the light Sm
targets require more initial energy to emit a given number
of neutrons. Evidently, for the same projectile one cannot
bring to the system more energy without an increase in its
angular momentum and, consequently, E;". In this way,
although neutron binding energies are eliminated in the
abscissa of Fig. 16, their effect still remains through the
increased E} for neutron-deficient systems.

The effects described are connected with the production
of strongly neutron-deficient, highly rotating nuclei and
are important in the medium-heavy mass region. On the
contrary, for light systems the angular momenta involved
are smaller and the steep increase of the charged particle
emission prevents the production of nuclei far off the sta-
bility line. As was shown in Ref. 39, in such a case the
number of evaporated neutrons follows a unique depen-
dence on E¢&y for all systems. . On the other hand, for

_ very heavy systems the excitation energy and the angular

momenta leading to evaporation residues are strongly lim-
ited by the fission.

C. Statistical model calculations

The experimental results described in Sec. IV were com-
pared with more detailed calculations of the evaporation
model involving two different computer codes, ALICE of
Blann'>'® and LANCELOT of Cole.'*~!¢ The range of the
LANCELOT code, originally performing calculations in the
A <44 region, has been extended up to A~200.° The
main difference between these two codes consists in the
treatment of the angular momentum in the particle eva-
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poration process. In ALICE, the s-wave approximation is
used, whereas in LANCELOT the change of the angular
momentum due to particle emission is taken into account.

Liquid drop masses of Myers-Swiatecki (Lysekil) with
shell but no pairing corrections were used, and a liquid
drop moment of inertia was chosen in both cases. Neu-
tron, proton, and alpha particle emission were taken into
account, whereas the deuteron emission was assumed to be
unimportant (see also Ref. 40). The fission competition
was neglected: the data from Ref. 41 show that the fis-
sion cross section in the investigated mass and angular
momentum range is small, of the order of 10 mb. The in-
itial spin distribution of the compound nucleus was taken
from the experimental fusion cross section as described in
Ref. 15.

Both codes use the level densities in the version pro-
posed by Lang.*? However, in order to speed up the cal-
culations, LANCELOT parametrizes the state densities with
a given projection M of angular momentum, instead of
level densities. In the original version of the code, the
Lang formula with the parameters given by Gilbert and
Cameron®® was used at excitation energies above 15 MeV.
We used the Lang formula in the whole energy range.
The level density parameter a was set equal to 4/8 in
both codes. The ratio of the level densities used in ALICE
to those generated by LANCELOT from state densities
remains then approximately constant with the spin, exci-
tation energy, and neutron and proton numbers of the
studied nuclei.” We estimate that the differences in the rel-
ative cross sections of the evaporation residues, due to the
use of ALICE or LANCELOT level densities, are smaller
than 5%.

The gamma-ray competition is included in LANCELOT
following Grover and Gilat formulae for the /=1 and
[ =2 transitions.** In the ALICE code the deexcitation by
gamma-ray emission is allowed only when the excitation
energy above the yrast energy is lower than the effective
binding energy of the particles (Coulomb barrier includ-
ed). Table VI gives the values of gamma strengths and
the optical model parameters used in LANCELOT calcula-
tions.

In Figs. 5, 8, 9, 11, 13, and 18 the experimental data are
compared with calculations. Reasonable agreement be-
tween calculations and experiment is obtained. A slightly
better fit to the experimental data is obtained with the
LANCELOT code, but the use of the s-wave approximation
does not seem to notably influence the calculations in

TABLE VI. Optical model parameters and multipole gamma
strengths used in the LANCELOT code. The meaning of symbols
used is the same as in Ref. 15. The values of V,, R, and a were
taken from Ref. 45. The €, and €, values were fitted to repro-
duce A4, whereas the ratio €, /¢, was kept constant.

Particle Vo (MeV) R, (fm) a (fm)
n 44.0 1.25 0.65
P 55.0 1.25 0.68
a 60.0 1.30 0.60

Y(Izl) 61=5X10—6

y(1=2) &=1x10"7

these mass and angular momentum ranges.

In both calculations the average evaporated charge as a
function of the distance of the CN from the stability line
(Fig. 13) does not depend on the incident projectile. The
experimentally observed difference between AZ for '?C
and N is not reproduced.

D. Processes other than complete fusion

As was indicated in Sec. IV, there are two bits of evi-
dence for the existence of processes other than complete
fusion from the cross-section data. Firstly, the population
of channels with AZ >4 is clearly observed in the “N-
induced reactions, while it is almost nonexistent in the
case of the 2C projectile (Fig. 5). Statistical model calcu-
lations described in the preceding subsection do not
predict any such extension of light particle evaporation
leading to target-neighboring residues. Secondly, for the
same “neutron deficiency” of the CN, the average AZ
values for the '2C-induced reactions systematically exceed
those observed for the N and 32§ projectiles (see Fig. 13),
indicating an enhancement of 1 <AZ <4 channels for the
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FIG. 18. Experimental excitation functions (thick solid lines)
compared with the predictions of evaporation codes (ALICE—
dashed lines, LANCELOT—thin solid lines). The experimental er-
rors are indicated in Fig. 4. The calculated excitation functions
were corrected for the spread of the beam energy in the target.



gg‘ HEAVY RESIDUES FOLLOWING 5—10 MeV/NUCLEON 2C- . .. 1627
150 | I | [ | I [ ]
14 N+ 144Sm 14 N+147Sm
100 . ]
o
E sol 4 _
g
= —Q—— +
3 1 | | ] 1 T i
w 75 | ] T LA T 1 ! ]
(V2] .
. V’N* 15OSm VQN"‘SZSm
V2]
& 50| 1 _
(&)
25 / 4 —
| ; | | |
60 80 100 120 60 80 100 120
Ec.m. ( MeV)

FIG. 19. Cross sections corresponding to the production of the target neighboring Gd, Eu, and Sm isotopes in the N + Sm reac-
tions as a function of the average c.m. bombarding energy. The horizontal bars indicate the upper and lower limits set by the energy
spread in the target. The “sum-rule” model predictions for the cross sections of all binary processes leading to the transfer of 0, 1,

and 2 charges to the target are shown by solid lines.

12C projectile. This enhancement is mainly due to the
AZ =2 and AZ =4 channels (see Figs. 5 and 11). Again,
the statistical model calculations do not predict any dras-
tic difference between the “N and '2C projectiles in
charge evaporation.

It was assumed that the processes which cannot be ac-
counted for by the fusion evaporation model have as ori-
gin the incomplete fusion mechanism. To estimate the
contribution of this mechanism, calculations were per-
formed by means of the “sum-rule” model of Wilczynski
et al.* for complete and incomplete fusion competition
in the entrance channel. In these calculations the same set
of parameters as in Ref. 46 was used [T =3.5 MeV,
Al=1.7%, R, /(A}? + 413)=1.5 fm].

The results of these calculations indicate that the in-
complete fusion cross section does not exceed 10% of the
reaction cross section in the considered energy range. The
differences between the '2C- and *N-induced reactions
show up in the calculations. However, this difference is
not strong enough to account for the AZ differences ob-
served experimentally. Similarly, the transfer of small
fragments of the projectile to the target (n,p,d,t) is well
predicted to be more pronounced for “N, but the observed
cross sections for Gd, Eu, and Sm nuclei, produced in the

1¥N 4 Sm reactions, strongly exceed the predictions of the
calculations (Fig. 19).

VI. SUMMARY AND CONCLUSIONS

The extensive study of the formation of compound nu-
clei and their decay was performed in the 4 ~160 mass

region for a large domain of excitation energies (40—100
MeV), angular momenta (up to 55#), and for compound
systems differing by as much as ten neutrons. The excita-
tion energy, angular momentum, and neutron excess were
shown to be the main factors governing the CN decay.

Comparison of the measured cross sections with model
calculations indicates that the major part of the fusion
cross section was detected by the experimental method
employed. Therefore the observed trends in neutron and
charged particle emission are representative for the com-
pound nucleus decay.

The emission rate of charged particles was found to be
strongly dependent on the excitation energy of the com-
pound nucleus and its distance from the beta stability line.
For the lightest system studied, at 80 MeV excitation en-
ergy, about 90% of the compound nucleus decay takes
place by evaporation of at least one charged particle. The
influence of the angular momentum on the charge
evaporation was sought but could not be established.

The average mass emitted from the compound systems
formed in the '?C- and N-induced reactions was found
to be independent of the distance of the CN from the sta-
bility line (within 5%). In the energy range investigated,
A4 increases linearly with the CN excitation energy. The
comparison with heavier projectile data shows a strong in-
fluence of the angular momentum on the absolute value of
A4 and its increase with E&y. Angular momentum ef-
fects are also observed on the average number of emitted
neutrons in the (xn) reaction channel.

The evaporation calculations reproduce quite well the
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FIG. 20. K-shell ionization cross sections for target elements
with 37 <Z <57 and 2C, N, and %O projectiles in universal
representation (see the text). The experimental data are taken
from Refs. 49—51. The energies of ions used in the present
work correspond to X parameter values in the range 0.05—0.10.

average properties of the experimental results, in particu-
lar the strong charged particle emission from the
neutron-deficient compound nuclei. Comparison of two
computer codes shows that, in the angular momentum
and mass ranges investigated, the “s-wave” approximation
for particle evaporation does not strongly influence the
calculated distributions of the evaporation residues.

In conclusion, for the mass region and the energy range
studied, the statistical model (complete fusion plus
evaporation process) satisfactorily accounts for the main
features observed.

Nevertheless, a small part of the observed cross section
originates from processes other than the complete fusion,
even at relatively low bombarding energy. The calcula-
tions performed in the hypothesis of binary reactions (us-
ing the “sum-rule” model) do not quantitatively reproduce
the observed effects. In particular the cross sections for
the target neighboring residues are strongly underestimat-
ed. This point would need further study, including gam-
ma particle coincidences and experiments at higher bom-
barding energies where the processes involving incomplete
mass transfer are more important. The extension of the
present investigation up to 30 MeV/u beam energy is in
progress.*’
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APPENDIX

The normalization method consisting of simultaneous
measurement of K x-ray and gamma-ray intensities was
previously employed for lighter ions,*®® where the K-shell
ionization cross sections are relatively well known or can
be reliably calculated. In order to test whether the calcu-
lations may give reliable K-shell ionization cross sections
for heavier projectiles, the available experimental data
from Refs. 49—51 were compared with the calculated
cross sections. Figure 20 shows these data in a universal
representation in which the reduced cross sections are
plotted against the reduced bombarding energy.

The long range Coulomb interactions between the target
K electron and the projectile were taken into account in
the calculations. The so-called “Pauli excitation effect,”
due to the overlapping of the target and projectile K
shells, was neglected (this effect is negligible for systems
where Z, >>Z,.).

The calculations were carried out in the plane-wave
Born approximation (PWBA), corrected for the effect of
the relativistic motion of the target K-shell electrons,>? for
their polarization and binding energy change by the pro-
jectile,”® and for the Coulomb deflection of the projec-
tile.> In such a case the cross section is given by

. o
oln—fCOrR_%K p(y vy (A1)
&6k
where
Nk
= s Y=£6 ’
(§9K)2 g K
1 E] (MeV)
Ng =+ =40.32 -
2 M (0)Z3

vy and v, are the projectile and target electron velocities.
Ok is the screening parameter given by the ratio of the
true binding energy Uy of the electron in the K shell, and
that of the pure hydrogenic system,

Uk (eV)
= (A2)
13.6Z 5
Z,k is the target charge corrected for screening:
ZZK:ZZ—O‘3 ) (A3)

and E,/M, is the projectile energy per nucleon. £ takes
into account the binding energy and polarization effects
and is explicitly expressed in Ref. 53. F(X,Y) defines a
universal, reduced ionization cross section, tabulated for a
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wide range of arguments in Ref. 54.
ook 1s given by

oox =8ma3x(Z,/Z,)?, (A4)

where a,x=0.529/Z, (;X) is the target K-shell radius.
fCP is a Coulomb deflection factor’! and f® is a relativis-
tic correction.>?

In order to compare the experimental data with the pre-
dictions of formula (A1), the experimental K-shell ioniza-
tion cross sections are reduced to

oZP

FRFPoox /(E6k)

and the calculated o$¢ values are plotted in Fig. 20 vs the

reduced energy X. The solid line in this figure is a func-
tion F(X,Y) calculated for the constant value Y =1. The
validity of this comparison is based upon the weak depen-
dence of the function F on the variable Y. This feature of
F(X,Y) is discussed in Ref. 55. The K-shell ionization

o=

(AS)

1629

and the K-X production cross section are related by the
formula

o=ofy L,

()¢

where wy is the fluorescence yield calculated according to
Ref. 56.

The reduced energies of ions employed in this work
range from X =0.05 to 0.10. It should be noted that
numerous experimental results for the K-shell ionization
cross section in this region of X were measured on lighter
targets and at lower energies than ours.

The difference between the calculated and measured re-
duced cross sections in Fig. 20 does not exceed 20%, but
in the majority of cases the agreement is better than 10%.
Therefore it is estimated that the normalization factor
employed in the present work is accurate within 20%.
This error includes inaccuracy in the presented calcula-
tions and also the experimental uncertainties.
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