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Target residues from the interaction of copper with 15—45 MeV/nucleon ' C ions
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Target residues from the interaction of copper with 15, 25, and 45 MeV/nucleon ' C ions have

been studied by off-line y-ray spectroscopy. Cross sections, average ranges, and forward-to-
backward ratios were measured for some 35 products. The data were used to obtain the isobaric
yield distribution, the mass yield distribution, the mean longitudinal momentum transfer, and the
mean excitation energy. The evolution of these quantities with energy is examined in conjunction
with our previous results for 35 MeV/nucleon ' C ions.

I. INTRODUCTION

The recent availability of intermediate energy heavy
ions has made it possible to investigate the transition be-
tween nuclear reaction mechanisms dominated by mean
field dynamics and those dominated by nucleon-nucleon
interactions. The study of target fragmentation residues
in heavy-ion reactions constitutes one of the approaches
that can provide information on the evolution of the dy-
namics. For example, experiments on target fragmenta-
tion residues can be used to study the energy dependence
of the longitudinal momentum transfer and of the mass
yield distribution, as well as the onset of intermediate-
mass fragment production and its energy dependence.
These results have typically been obtained by means of
cross section and recoil range measurements involving
off-line y-ray spectrometry to detect the reaction prod-
ucts.

The most complete measurements of this type have
been reported for the interaction of copper with ' C ions,
where cross section and recoil data are available at rela-
tivistic energies, ' at 86M MeV (Ref. 6—8) and 352
MeV, and recoil data only have been reported for 22A
and 84A MeV ' C ions. ' The most striking changes
occur at the lowest energies, where complete fusion gives
way to incomplete fusion. We report here the results of
cross section and recoil measurements for target residues
of the interaction of copper with 15—45A MeV ' C ions.
A preliminary report of the results has been given else-
where. "

25 A, and 45 A MeV. The energies at the center of the
targets were reduced to 151, 280, and 528 MeV, respec-
tively, owing to the energy loss in Mylar and copper. '

Irradiations were either 0.5 or 3.5 h long. The beam in-
tensity varied between 10 and 20 ena, as determined with
a Faraday cup.

Because of the substantial production of sodium iso-
topes in Mylar at 15 A MeV, the experiment at this ener-

gy was repeated with 10.8-mg/cm -thick carbon foils re-
placing the Mylar catchers. This irradiation was per-
formed at Argonne National Laboratory using the
ATLAS facility. The direct production of sodium iso-
topes in Mylar at the higher energies was of minor impor-
tance and the activation contribution was determined by
means of additional Mylar foils placed next to the catcher
foils in the target stack.

Following the irradiations, the various foils were as-
sayed with calibrated Ge(Li) or intrinsic Ge y-ray spec-
trometers. The samples from the short irradiations were
assayed at NSCL for approximately 1 d. Those from the
long irradiations were assayed at Purdue University start-
ing 1 d following irradiation and continuing for several
months. The samples from the ATLAS irradiation were
assayed at Purdue, beginning several hours after the end
of bombardment. The intensities of —120 y rays were
determined with the code SAMPO, and decay curves
were analyzed with the cLSQ code. ' Nuclidic assign-
ments were made on the basis of energy, half-life, and
concordance with other y rays emitted by a presumed nu-
chde.

II. EXPERIMENTAL III. RESULTS

The experiment was performed at the K 500 cyclotron
of the National Superconducting Laboratory (NSCL) at
Michigan State University. The experimental procedure
has been described in detail in a previous publication.
BrieAy, target stacks consisting of a 20.7 mg/cm copper
foil surrounded by 10-mg/cm -thick Mylar forward and
backward catcher foils were irradiated with ' C ions in a
vacuum. The energies of the incident ' C ions were 15A,

The cross sections measured in this work are summa-
rized in Table I, where each value is the weighted average
of as many as nine separate determinations (two irradia-
tions, several y rays). The tabulated uncertainties are the
larger of the standard deviation in the mean value and
the estimated uncertainty of the individual determina-
tions. The latter are based on the propagation of the er-
rors in the SAMPO arid CLSQ fits and, in addition, include
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TABLE I. Cross sections for the production of target residues in the interaction of copper with ' C
1ons.

Nuclide

"Na
Na
Mg

34Clm

39Cl

"Ar
42K

43K

44S

44Scm

46S

4'Sc
48SC

48V

48Cr
49Cr
51C
' Mn
52Mnm

'4Mn
55CO
' Mn
56Co

"Co
57Ni
58C

59F

60Co

"Cu
61CO
61C

"Zn
"Zn
'4Cu
"Zn

Ga
67Ga

Type

C+
C
C
C+
C
C
I
C
I
I
I
I
I
C+
C+
C+
C+
I
C+
I
C+
C
C+
C+
C+

C
I
C+
C
C+
C+
C+
I
C+
C+
C+

Energy
~ (mb)

153 MeV

1.12+0.19
0.05+0.00

0.19+0.06

0.42+0.08
0.82+0.12
0.48+0.05

0.87+0.04

0.69+0.19
3.68+0.63
1.14+0.07

9.34+ 1.00
0.17+0.05
0.69+0.05
3.94+0.30
28.8+4.5
0.26+0.03
43.2+ 12.4
0.75+0.09
13.1+1.0
5.96+0.32

49.1+2.7
11.1+0.8
63.1+9.6
102+9
188+21
114+10
129+7

25M MeV

1.52+0.23
1 ~ 14+0.13
0.07+0.01
0.16+0.05

0.12+0.03
1.23+0.14
0.30+0.02
0.88+0.09
3.46+0.35
4.36+0.22
1.86+0.19
0.25+0.05
11.0+0.6
0.20+0.03
2.52+0.27
53.3+14.0
22.3+1.3
2.15+0.24
71.4+7.2
3.63+0.23
6.22+0.36
29.4+1.6
115+9

2.87+0.15
134+11

2.95+0.15
26.9+4.0
16.3+1.0
5.40+0.30
64.0+6.4
11.9+1.3
46.4+3.0

74.2+7.4
34.8+0.8
30.2+0.8

452 MeV

1.32+0.15
1.70+0.17
0.17+0.01
0.49+0.07
0.30+0.03
0.66+0.07
4.51+0.46
1.30+0.07
5.36+0.81
12.1+1.3
13.4+0.7
5.25+0.53
0.74+0.14
24.4+1.4
0.68+0.05
6.05+0.66
71.4+7.2
23.7+ 1.6
3.97+0.52
59.6+6.0
2.56+0.28
5.75+0.31
19.4+1.2
68.9+4.3
1.93+0.11
74.3+6.1

2.86+0.15
19.2+1.0
8.41+0.51
3.54+0.39
33.2+3.0
3.80+0.26
13.1+0.9
60.9+3.8
14.3+1.4

a S%%uo uncertainty in detector efficiencies. An additional
5% uncertainty has been folded into the overall uncer-
tainty of cross sections based on a single determination of
a single y ray. The cross sections for Na and Na pro-
duction have been reduced by 2—7 % in order to correct
for the direct production of these products in the Mylar
or carbon catchers.

The products listed in Table I have been identified with
respect to their cumulation of the isobaric yield. Nu-
clides whose measured cross section includes those of
more neutron-rich isobaric progenitors are labeled C
those having cross sections that include the yields of
more proton-rich isobaric progenitors are labeled C+,
and those with no isobaric feed-in are labeled I (indepen-
dent yields).

The various products can be grouped into three
categories on the basis of the energy dependence of their
cross sections. Products with A ~ 50 have cross sections

that increase monotonically with energy in the regime of
interest. Products with A -51—62 have cross sections
that peak between 15A and 45A MeV. Finally, products
that lie very close in mass to the target have cross sec-
tions that decrease with increasing energy. Some typical
excitation functions are shown in Fig. 1. Our earlier
data for 35A MeV ' C ions are included.

The results of the recoil measurements can be ex-
pressed in terms of the average forward range, FW and
the ratio of forward-to-backward emission, F/B. The
quantities F and 8 are the fractions of the total activity of
a given nuclide collected in the forward and backward
catchers, respectively, and Wis the target thickness. The
data are summarized in Table II. The tabulated uncer-
tainties were determined in a similar manner as those in
the cross sections. The ranges of "Na and Na were re-
duced by 1 —7% to correct for the direct production in
Mylar or carbon. The F/B values are large at all ener-
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TABLE II ~ Recoil properties of products of the interaction of copper with ' C ions.

Nuclide

153 MeV
FW

{mg/cm ) F/B
FW

(mg/cm )

253 MeV

F/B
FW

(mg/cm )

452 MeV

F/B

22N a

24N a

Mg
34Clm

K
43K
44S

44S m

46S

47S

48S

48V
48C

4'Cr
"Cr
Mn

52F
' Mn
"Co
' Mn
56CO

"Co
Ni

58Co
59F

60Co

"Cu
61CO
61C

"Zn
"Zn
"Zn

5.77+0.68
2.09+0.47

3.52+0.58

2.78+0.35
1.27+0.17
2.15+0.26

1.84+0.19

1.57+0.19
1.52+0.16

1.61+0.18

2.91+0.58
1.39+0.21
1.15+0.12
1.80+0.41
1.47+0.18
1.07+0.11
1.58+0.19
1.40+0.18

1.41+0.16
2.00+0.28
1.96+0.40
2.24+0.27

& 3.9

&27

7.95+1.35
5.02+0.51
4.01+1.54
4.04+ 1.85
2.82+0.37
2.61+0.29
2.42+0.29
2.54+0.26
2.52+0.26
2.55+0.26
3 ~ 54+0.48
2.41+0.24
2.01+0.33
2.32+0.45
2.35+0.25
2.44+0.25
2.10+0.24
2.43+0.25
2.30+0.23
2.41+0.24
2.28+0.23
2.22+0.22
2.17+0.22
2.11+0.22
1.98+0.20
1.89+0.26

1.28+0.14
1.73+0.17
1.83+0.20

1.55*0.16

&17

& 2.5
&9

&29
138+45

&43
192+18

&37

51+16
&10

&85
56+12

&9
& 8.6

984+386

&68
95+14

&16
&13

5.80+0.69
5.02+0.51
4.00+0.57
4.47+0.68
2.73+0.29
2.27+0.23
1.25+0.14
2.40+0.25
2.29+0.23
2.26+0.23
2.21+0.23
2.21+0.22
2.27+0.23
1.53+0.38
2.06+0.21
2.09+0.21
1.92+0.21
1.84+0.19
1.75+0.20
1.52+0.66
1.57+0.16
1.37+0.14
1.42+0.16
1.19+0.12
1.00+0.10
1.06+0.13

0.92+0.10
0.68+0.07
0.73+0.09

0.59+0.07

&5

332+51
73+24
177+59

439+40
146+30

&56
352+72
524+39

& 266
&10

227+42

183+35

38+13
&23

'The
v~I values associated with the formation of Na nuclides were obtained using the method of Winsberg. (Ref. 32). We used rnea-

sured or estimated lower limits of F/B as input for this analysis. For these large F/B values, the results are insensitive to the actual

values of F/B.

gies; in many cases only lower limits are given. The ener-

gy dependence of the FR' values varies from product to
product and is best examined once the longitudinal
momentum transfer is obtained.

IU. DISCUSSION

A. Isobaric yield distribution

The measured cross sections account for only a frac-
tion of the total mass yield. In order to obtain the isobar-
ic and mass yield distributions it is necessary to estimate
the cross sections of unmeasured nuclides. To do so, we
use a generalization of the Rudstam formula, ' which as-
sumes an exponential mass yield distribution and a
Gaussian isobaric yield distribution. A.s discussed in pre-
vious reports from our group, ' cross sections of reac-
tions induced by intermediate-energy and relativistic
heavy ions are well represented by the following ten-
parameter formula:

o (Z, A ) =exp[a, +a2A +a3A +a4&

+(a5+a6A+a7A )~Z —Z~ '] .

The parameters a, —o;4 determine the shape of the mass
yield distribution, which is represented as an exponential
in powers of A, with terms up to A . The parameters
n5 —a7 determine the width of the isobaric yield distribu-
tion. The inclusion of the two A-dependent terms allows
for a possible mass dependence in the width. The param-
eter a8 determines the shape of the isobaric yield distribu-
tion at a given mass number, where F8=2 corresponds to
a Gaussian distribution. The isobaric yield distribution is
assumed to be symmetric about the most probable charge
Zz, whose dependence on mass is parametrized as

Zp =cx9 A + cx )p A

The measured cross sections were fitted with Eq. (1) by
means of an iterative least-squares code. ' In the first
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FIG. 1. Excitation functions for (a) low-mass, (b)
intermediate-mass, and (c) high-mass products of the interaction
of copper with ' C ions.

iteration, Eq. (l) was fitted to both cumulative and in-
dependent yields. The cumulative cross sections were
then corrected for isobaric feed-in by means of the calcu-
lated progenitor cross sections and the resulting indepen-
dent yields were refitted. It was found that this pro-
cedure converged after some three iterations. The values
of a, —o, ,0 are given in Table III.

A typical comparison of the fitted isobaric yield distri-

FIG. 2. Fractional isobaric yield distribution for the interac-
tion of copper with 252 MeV ' C ions. Curve: fitted values at
3 =51;circles: data scaled to 3 =51.

bution with the data is shown in Fig. 2. In order to com-
pare the independent yields derived from the measured
cross sections with the isobaric yield distribution, it is
convenient to divide both the corrected experimental
cross sections as well as the calculated cross sections by
the calculated total isobaric cross section in order to ob-
tain fractional isobaric yields, F. For display purposes,
the experimental values of F are scaled to a common
mass number, 3 =51, using the ratio of calculated F
values at 3 =51 and at the mass number in question as
the scaling factor. Figure 2 shows that the parametriza-
tion provides a good fit to the isobaric yield distribution
obtained at 253 MeV. Comparable fits are obtained at
the other energies.

The evolution of the isobaric yield distribution with en-
ergy is examined in Fig. 3. Our results for 352 MeV ' C
are included. Within the limits of uncertainly, both the
full width at half maximum (FWHM) and Z are approx-
imately independent of energy. While the figure shows

TABLE III. Parameters obtained from the fit of Eq. (1) to the cross sections of products from the in-
teraction of copper with 15—452 MeV ' C ions.

Parameter

Al

Qp

A3

CX4

CX5

CX6

CX7

CX8

CX9

+10

152 MeV

122.4+2.5
—7.41+0.14
(14.4+0.2) X 10-'

—(8.90+0.14)X 10
19.9+0.4

—0.76+0.02
(6.60+0. 13)X 10
2.30+0.02
0.48+0.00

—(2.89+0.06) X 10

Energy
252 MeV

27.2+0.3
—2.25+0.02

(5.63+0.25) X
—(4.19+0.04) X

2.02+0. 11
—0.17+0.00

(1.71+0.05) X
1.94+0.01
0.48+0.00

—(2.38+0.04) X

10
10-4

10

10-4

452 MeV

10
10-'

10
10

10

15.5+0.2
—1.35+0.02

(3.74+0.04) X
—(3.01+0.04) X

0.30+0.11
—(9.23+0.49) X

(9.90+0.53) X
1.88+0.01
0.48+0.00

—(2.52+0.03) X
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the results at A =51, similar results are also obtained at
other mass numbers.

B. Mass yield distribution
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Equation (l) may be used to evaluate the cross sections
of unmeasured nuclides. These cross sections were added
to the experimental yields at the same mass number in or-
der to obtain the experimental mass yield distribution. A
20% uncertainty in the calculated yields has been folded
into the overall uncertainty of each total isobaric yield.
The resulting mass yield distributions are shown in Fig.
4. The curves through the data represent the total iso-
baric cross sections at each mass number obtained by
means of Eq. (l). It is seen that the parametrization pro-
vides a good 5.t to the data.

The evolution of the mass yield distribution with ener-
gy is shown in Fig. 5, which includes the results obtained
at 35M MeV (Ref. 9) and at 863 MeV. With increasing
energy, the curves broaden and the peak in the distribu-
tion moves to lower mass numbers. The mass yield distri-
bution obtained at 152 MeV is unique in that the highest
yields are obtained for transtarget products. This result
suggests that complete or near-complete fusion must be
important at this energy.

The mass yield distributions go through a minimum at
A -30—35. The depth of this minimum decreases with
increasing energy. Thus products with masses below this
minimum ( A & 30) already have significant cross sections
at the lowest energy. These observations are consistent
with a change in mechanism whereby products with
2 ~ 35 are formed by spallation and those with A ~ 30
are formed in a binary breakup process, as substantiated
by coincidence measurements. ' The results displayed in
Fig. 5 may be quantized further by evaluation of the

IO

IO

I
0-I

20 30 SO
I

60 70

FIG. 5. Variation of the mass yield distribution with ' C en-
ergy.

FIG. 4. Mass yield distributions for the interaction of copper
with 15—452 MeV ' C ions. Curves, Eq. (1) parametrization.
Points, experimental cross sections corrected for unmeasured
yields. &he different symbols indicate the fraction of each yield
that was measured: o, )50%; 4 20—50%, X (20%%uo. The
dot-dashed part of the 15 A MeV curve represents an interpola-
tion between data points. The dashed curves are extrapolations
to A =75.
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mean mass loss from the 3 =64 target. This is not the
actual mass loss since, as shown in Sec. IV D, the com-
posite system has A & 64. The results are shown in Fig.
6, where the error bars denote the standard deviations in
the mass loss distributions. The mean mass loss increases
from approximately 1 to 10 u over the energy range of in-
terest, with the increase being most pronounced at the
lowest energies.

Over much of the mass interval, the mass yield distri-
butions vary exponentially. Cumming et al. have ex-
amined the energy dependence of the slope of this ex-
ponential region for a variety of projectiles interacting
with copper. Figure 7 shows the slopes extracted from

our data along with the results summarized by Cumming
et al. The present data lie in the energy regime in
which the slope decreases with increasing energy and
agree well with the Cumming systematics. Since in the
energy regime of present interest these systematics are
based on light-ion data, this agreement supports the no-
tion that the deexcitation process depends on the total
projectile energy but not on projectile identity (factoriza-
tion).

C. Total reaction cross sections

The mass yield distributions may be integrated over
mass in order to obtain the total reaction cross section
o.z at each energy. The integration was carried out over
the 3 =28—75 mass range, where an extrapolation was
performed above A =68. This extrapolation was of
significance at the lowest energies, where transtarget
yields are high. Products with 2 &28 were excluded on
the presumption that they have detectable partners with
3 &28. The results are displayed in Fig. 8. The values
of o.~ are in the vicinity of 2b and appear to peak at
-300 MeV.

Figure 8 also shows the result of a calculation of o.~
based on the parametrization of Kox et al. ,

' which in-
corporates the physical content of Karol's microscopic
model. The parameters used by Kox were fixed by
fitting heavy-ion oz data, determined primarily by direct
attenuation measurements. The calculated values are as
much as 25% higher than the present results, the largest
discrepancy occurring at the highest energy. This
discrepancy, which has been cited previously, suggests
that our technique may miss some of the cross section.
The two likeliest possibilities are (1) interactions in which
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FIG. 7. Slope of the exponential region of the Cu mass yield
curve versus projectile energy. Circles: present data and Ref.
9; curve: from Ref. 20.

FIG. 8. Energy dependence of the total reaction cross section
o.R. The solid curve is based on the parametrization of Kox
et al. (Ref; 21}.
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the target breaks up into fragments none of which have
A ~ 28, and (2) interactions populating very specific final
states, e.g. , bound excited states of the target nucleus, to
a substantially larger extent than predicted by our cross-
section parametrization.

Although the present values of o.z are smaller than
those of Kox et al. ,

' they resemble them in showing a
peak at -300 MeV, albeit with a sizeable uncertainty.
According to the model, this peak reflects the occurrence
of two opposing factors: (1) the Coulomb barrier reduces
o z at low energies, and (2) surface transparency, result-
ing from an increase with energy in the nucleon mean
free path, reduces o.z at high energies.

D. Longitudinal momentum transfer

The mean longitudinal velocity component
v~~ acquired

by the struck nucleus in its interaction with ' C was ob-
tained from the recoil data in the manner discussed in de-
tail in a previous report. A di6'erent value is obtained
from the data for each product. The results are shown in
Fig. 9 as the variation with mass loss from the target of
the ratio of vI~ to vcN, the velocity of the putative com-
pound nucleus. At a given energy, the values of u~~/ucN
increase with the mass loss, although at 15A MeV the
values are almost uniformly close to unity. For a given
mass loss, the values of v~~/vcN decrease with increasing
energy showing that complete fusion gives way to in-
creasingly incomplete fusion.

The results shown in Fig. 9 may be examined in terms
of a model that has been applied to peripheral reactions
at high energies. Cumming ' ' has shown that when
such reactions were treated as quasi-two-body processes,
the longitudinal momentum of the composite system, pI~,
is related to the energy transferred to this system, AE, the
main component of which is the excitation energy of the
system, as

p =DE[1+k(1—P )' ]/P, (3)

where the parameter k determines how rapidly p~~
in-

creases above its asymptotic value, AE, as the projectile
velocity, p, decreases. It has been found that target frag-
mentation reactions of copper are consistent with k —1.

The dashed lines in Fig. 9 have been obtained by means
of Eq. (3) using experimental values of b.E determined at
high energies and k=1. The model predicts the ob-
served increase of u~~/ucN with 6 A up to compound nu-
cleus values of v

~~,
which is a consequence of the propor-

tionality between p~~ and b,E in Eq. (1). However, the
calculated velocities are consistently lower than the ex-
perimental values, with the deviations becoming particu-
larly large at the lower energies, particularly for products
close in mass to the target. These large deviations
presumably are a consequence of the onset of typical
low-energy processes, such as compound nucleus forma-
tion or deep inelastic reactions. '

The values of
v~~

can be interpreted in terms of a corn-
monly used model, which pictures the initial interaction
as involving incomplete fusion, with beam velocity parti-
cles of total mass hm escaping at 0 . Figure 10 shows the

l60 l5 A MeV

I20—
80—
40—

I I I I t I I I

25 A MeV

I20—

I I I t I I I

+ l60 ~5AMev
o l20-

le

40 —
e ee)0~

60 —45 A M6V

I20—

80—
a

ee pe )0&
~yOao0

I ) I

-5 5 l5 25
I i I

35 45
LA

FIG. 9. Variation with mass loss from the target, AA, of the
fractional velocity transfer in the interaction of copper with
15—453 MeV. The dashed curves show the prediction of a
high-energy quasi-two-body model.
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FIG. 10. Energy dependence of ( hm ), the mean mass loss in
the initial interaction.

energy dependence of the mean values of hm, averaged
over the mass yield distribution. The values of (b.m ) in-
crease linearly with energy in the regime of interest. At
the lowest energy, the composite system is, on average,
only 2 mass units lighter than the compound nucleus
while at the highest energy only an a particle is, on aver-
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FIG. 12. Energy dependence of the mean longitudinal
momentum transfer.

age, transferred to the target in the initial interaction. At
a given energy, the values of hm decrease with increasing
mass loss, as illustrated in Fig. 11. As in relativistic in-
teractions, this behavior is suggestive of a geometric ori-
gin, with products close to the target formed in peri-
pheral interactions and those of low mass formed in more
central collisions.

The values of Am permit a determination of the mass
of the composite system. When combined with the
values of U~~, the longitudinal momentum transfer (LMT}
is obtained. The mean LMT, obtained by weighting the
individual LMT values by the respective isobaric cross
sections, is plotted as a function of energy in Fig. 12. The
mean LMT attains a maximum value of approximately
1.7 GeV/c for 253 MeV ' C and decreases at higher en-
ergies. This behavior is the result of two opposing trends:
the increase in the initial projectile momentum and the
decrease in the fractional LMT. The maximum LMT is
somewhat lower than the limiting value of 175 MeV/c
per projectile nucleon derived by Leray from data in the
literature.

The decrease in ihe fractional LMT with increasing
projectile energy has been found to be nearly independent
of projectile and target mass. Leray has shown
that this decrease is nearly linear in the relative velocity
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FICx. 13. Variation of the mean fractional longitudinal
momentum transfer with relative ion velocity. The solid line is
from the Leray systematics. (Ref. 24).

E. Excitation energy of residual nuclei

The excitation energy deposited in the struck nucleus
by the projectile determines its subsequent deexcitation.
Furthermore, various calculations predict the occurrence
of limiting values to the excitation energy and nuclear
temperature. When these values are reached, the nucleus
may undergo multifragmentation. Since this limit
may be attainable in intermediate-energy heavy-ion reac-
tions, the determination of the excitation energy is of in-
terest.

There are two independent methods for the determina-
tion of the mean excitation energy (E*) from the
present data, namely, on the basis of the mass yield distri-
butions and on that of the momentum transfer results.
Both approaches involve various assumptions so that
agreement between them, if it occurs, makes the results
more believable.

Values of (E*) were obtained from the mass yield
data by use of the code EvA, which calculates the mass
distribution resulting from the deexcitation of excited nu-
clei by the evaporation of nucleons and light particles. '

For each bombarding energy, we assumed a composite
system determined by the value of (b,m ) (Fig. 10). The
excitation energy of this nucleus was adjusted to fit the
experimental value of the mean product mass number
(Fig. 6). In reality, of course, there must be a distribution
of composite systems with a distribution of excitation en-
ergies. However, calculations based on assumed distribu-
tions indicate that the results for the mean product mass
are insensitive to reasonable distributions in these quanti-
ties. The resulting values of (E*)are plotted versus pro-

of target and projectile. Figure 13 shows such a plot of
the present fractional LMT data along with Leray's fit to
other data. While our values do indeed show a hnear de-
crease with increasing relative velocity, a steeper dropoff
than that given by Leray is obtained.
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FIG. 14. Dependence of the mean excitation energy of the
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jective energy in Fig. 14. The uncertainty rejects pri-
marily the standard deviation in the mass distribution of
products at a given excitation energy.

The mean excitation energy can also be obtained from
the values of hm and hence from those of U~1. The excita-
tion energy is derived from the total energy of the cap-
tured nucleons. Following Leray, we assume that hm is
emitted in the form of free nucleons when calculating Q
values for the formation of the composite system. The
resulting values of (E') are plotted in Fig. 14 and are
seen to be uniformly lower than those derived from the
mean mass loss. While we cannot point to a definite
reason for this discrepancy, it may be noted that our
mean LMT values are lower than those measured in oth-
er experiments (Fig. 13). Thus the (E') values must

also be lower.
In spite of this discrepancy, both sets of (E") values

show that the mean excitation energy first increases with
bombarding energy and then levels off. At first sight, the
nearly constant values of (E*) at the higher energies ap-
pear to be inconsistent with the observed energy depen-
dence of the mass loss from the target (Fig. 6) and with
that of the slope of the mass yield distribution (Fig. 7),
both of which suggest a monotonic increase in (E*). It
must be noted, however, that the mass loss is determined
both by the excitation energy and by the mass of the
composite system. A better measure of the expected en-
ergy dependence of (E') than given in Fig. 6 is provided
by the mean mass loss from the composite system,
(b, A'), plotted in Fig. 15. Owing to the decrease with
energy in the mass of the composite system (Fig. 10), the
mass loss from this system becomes virtually independent
of energy at the higher energies, in accord with the ob-
served dependence of (E*) depicted in Fig. 14.

The constancy of (E*) at the higher energies may
refiect the increasing transparency of nuclei for projec-
tiles in the energy regime in question. At even higher en-
ergies, where inelastic nucleon-nucleon collisions become
important, the excitation energy presumably resumes its
increase with bombarding energy until the regime of lim-
iting fragmentation is reached. The data in Fig. 7 sup-
port this point of view since the slope of the mass yield
curve, which is a measure of the excitation energy, does
not level off until a projectile energy of 2—3 GeV is at-
tained.

V. CONCLUSIONS

We have studied the interaction of copper with
15—453 MeV ' C ions. The isobaric yield distribution
remains essentially unchanged in this regime while the
mass yield distribution changes substantially: with in-
creasing energy the distribution broadens and the peak
moves to lower mass numbers; the mean mass loss from
the target increases from approximately 1 to 10 u.

The mean longitudinal momentum transfer (LMT) at-
tains a maximum value of 1.7+0. 1 GeV/c at 252 MeV
and decreases at higher energies. The fractional LMT de-
creases continuously from approximately 0.8 at the
lowest energy to 0.4 at the highest one. The mean excita-
tion energy is estimated both from the mass yield distri-
bution and the LMT values. The mean excitation energy
initially increases with energy but appears to level off at
the higher energies.
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