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Projectile mass dependence for the interaction of copper vvith 4N, 0, and 22Ne at
~540 Mev total projectile kinetic energy
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Using thick-target, thick-catcher recoil range techniques, target residues from the interaction
of copper with 40 MeV/nucleon N, 35 MeV/nucleon 0, and 25 MeV/nucleon Ne have been
studied. Isobaric and mass yield distributions as well as longitudinal momentum transfer information
have been determined from measured cross section, average forward range, and forward-to-backward
ratios. Comparisons with previously reported reactions involving copper and lighter ions have
been made. Comparisons of the data with the interaction-evaporation model Boltzmann-Uehling-
Uhlenbeck-pAcE are presented.

PACS number(s): 25.70.Mn

I. INTRODUCTION

As beam energies increase &om 10 MeV/nucleon to
100 MeV/nucleon the mean field between the interacting
systems becomes decreasingly important, while two-body
nucleon-nucleon interactions begin to dominate the reac-
tion mechanism. This transition leads to a wide variety of
interesting phenomena which appear at intermediate en-
ergies, such as a transition &om complete to incomplete
fusion [1,2], preequilibrium emission [3,4], saturation of
momentum transfer [5—12], energy deposition [11,12], etc.
This evolution in reaction dynamics with projectile en-

ergy per nucleon has been well studied over the past ten
years for a wide variety of projectile-target combinations
[13—21]. In this work we examine the effect of the varia-
tion in projectile mass at a given total projectile kinetic
energy on the reaction dynamics.

Utilizing thick-target, thick-catcher recoil range tech-
niques interactions between Cu and 25 MeV/nucleon
2Ne, 35 MeV/nucleon iaO, and 40 MeV/nucleon i4N

have been measured and compared with previously re-
ported 45 MeV/nucleon 2C [14] and 90 MeV/nucleon
sLi [15]. All these reactions involve nearly the same total
projectile kinetic energy of 540 MeV. With increasing
projectile mass it has been reported that there is de-
creasing incomplete fusion due to greater thermalization
of the energy during the initial interaction [22]. How-
ever, Leray has summarized results which appear to be
contrary to these findings [23]. Thus, the projectile mass
dependence has been further explored to examine the ef-
fect on the mean linear momentum transferred ((LMT))

*Present address: Department of Chemistry, Carnegie Mel-
lon University, Pittsburgh, PA 15213.

&om projectile to target during the initial interaction
and, in turn, on incomplete fusion of the projectile-target
system. We also report here results &om the compari-
son of the reaction observables with Boltzrnann-Uehling-
Uhlenbeck (BUU)-pAGE [24—29] simulation results.

II. EXPERIMENTAL DETAILS

Interactions between Cu and 25 MeV/nucleon Ne,
35 MeV/nucleon ieO, and 40 MeV/nucleon i4N were
performed at the National Superconducting Cyclotron
Laboratory (NSCL). Beam intensity measurements were
performed using a calibrated Faraday cup and recorded
using a current integrator. The intensities ranged &om
1.4x10io ions/s for i4N to 3.8x10ii ious/s for isO. Simi-
lar target stacks were used for each of these experiments.
For the i 0 and 22Ne reactions these consisted of a 20.1
mg/cm2 target Cu foil surrounded by four 10.1 mg/cm2
carbon catcher foils (nearest the target) and guard foils.
For the i4N reaction, a 20.7 mg/cm Cu foil was sur-
rounded by 10.1 mg/cm2 Mylar catcher and guard foils.
Catcher foils serve to collect products recoiling out of the
target in the forward or backward directions. Guard foils
were utilized to measure direct activation of impurities in
the carbon or Mylar catcher foils. Beam energies at the
center of the target were reduced to 500 MeV for the 22Ne

reaction, 544 MeV for the ieO reaction, and 540 MeV for
the N reaction due to energy loss in the various foils
[30].

Two irradiations were performed for each experiment,
one of short duration (15 min —1 h) and the other of longer
duration (3—6 h). Following irradiation the foils &om the
target stacks were separated and assayed utilizing cali-
brated intrinsic Ge and Ge(Li) p-ray spectrometers. For
the short irradiations analysis of the foils was performed
at NSCL and began 30 min after the end of bombard-
ment (EOB) and typically continued for 24 h. For the
long irradiations the samples were returned to Purdue
where counting began 1 d after EOB and continued for
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several months. The code sAMpo [31] was utilized to de-
termine p-ray intensities. Decay curves were constructed
&om these intensities and analyzed using the code ci,sp
[32]. Nuclidic assignments were made upon comparison
with tabulated nuclidic p-ray energies and half-lives [33].

III. RESULTS

The production cross sections for the individual prod-
ucts are listed in Table I. Cross sections were obtained

Nuclide
Na
Na
Mg

34 Clm,

39Cl
4'A
42K
4'K
43S
44S
44S m.

46S
47C
47S
48S
48V
48C
49C
51C

Mn
Mn

52F
'4Mn
55C

Mn
56C
56N.

57C

Nl
58C
59F
"Co
60C
61C
61C
62z
63z
64C
65N.
65z
66N.
66G
67~
69'

Type
C+
C
C
C+
C
C
I
C
c+
I
I
I
C
I
I
I
C+
C+
C+
C+
I
C+
I
c+
C
I
C+
I
C+
I
C
I
Q+

C
C+
c+
C+
I
C
c+
C
c+
C+
C+

22N

o (mb)
0.18+0.05
4.60+0.35
0.41+0.12
0.59+0.08
0.53+0.04
1.18+0.02
6.82+0.76
2.06+0.04

4.02+0.43
10.8+1.1
16.9+1.8
0.12+0.01

1.12+0.50
27.2+2.5
0.20+0.02
4.74+3.46
90.9+10.0
27.7+1.2

0.19+0.03
90.2+9.7
2.66+0.55
9.64+0.28
21.2+0.9
0.08+0.01
104+10
1.65+0.06
127+9
5.18+0.42
8.97+0.64
5.40+0.57

48.8+3.5
3.92+1.07
27.6+0.5
100+12
0.85+0.11
47.5+7.0
11.3+1.5
7.63+2.53
9.42 +0.14
1.52+0.78

16O

o. (mb)
2.86+0.26
4.07+0.25
0.30+0.03
0.62+0.09
0.47+0.06
1.01+0.10
6.14+0.70
1.70+0.02
11.0+1.18
6.97+0.82
14.0+1.1
17.0+0.03

6.01+0.59
0.82+0.10
32.8+0.6
0.84+0.07
8.28+0.60
99.3+9.7
27.8+0.9
3.76+0.38
0.47+0.05
74.7+7.3
4.39+0.11
6.13+0.13
23.7+0.06
0.15+0.03
84.6+3.1
2.37+0.0
93.1+6.2
2.97+0.0
20.2+1.1
9.92+0.50

43.3+2.1
5.05+0.30
20.4+2.4
77.5+9.5
0.45+0.11
25.7+2.3

'4N

o (mb)
2.56+0.88
3.59+0.37
0.27+0.04
0.60+0.08
0.41+0.06
0.89+0.09
7.49+0.81
1.97+0.12

5.19+0.54
20.0+1.6
18.6+0,9

7.56+0.76
0.66+0.19
36.6+2.7
0.91+0.05
7.22+0.77
96.0+9.7
32.9+2.0
3.71+0.41
0.59+0.07
73.4+7.5
4.27+0.29
7.44+0.53
25.0+1.4

81.4+4.2
2.48+0.16
91.4+5.4
2.72+0.40
20.4+4.4
9.35+0.67
3.23+0.18
40.8+3.6
4.68+0.58
15.5+2.0

19.8+2.0

TABLE I. Production cross sections for the interaction of
copper with ~540 MeV Ne, ' 0, and ' N ions.
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FIG. 1. Fractional isobaric yield distribution for the in-

teraction of Cu with 35 MeV/nucleon 0 ions. The curve

represents the fitted values from Eqs. (1) and (2) at A=51.
Symbols indicate the products mass region: (~) A =22—46,
(solid triangle) A=47—57, and (solid square) A=58—65. Open
symbols represent independent yieMs and solid symbols rep-
resent corrected cumulative yields. The data have been scaled
to 4=51.

by summing the measured activity &om the target and
catcher foils. I"or products where multiple p rays were
detected the values are weighted averages over the set of
these p rays. The uncertainties are the larger of the stan-
dard deviations in the mean value for the set of p rays
for a given product and the estimated uncertainty of the
individual determination of these p rays. Nuclides where
only a single determination of a single p ray was made
had an additional 10% uncertainty folded in.

As mentioned above, guard foils were included in the
target stack so that corrections due to direct production
of impurities in the carbon or Mylar foils could be made.
22Na and 24Na required a reduction of 23% and 10%%ui,

respectively, for the isO reaction, and 5—6% reductions
for the other projectiles. None of the heavier products
required a correction larger than 1% due to catcher foil
activation. The listed products labeled C+ include con-
tributions &om proton-rich progenitors and C denotes
those with contributions &om neutron-rich progenitors.
Those labeled I, independent, have no progenitor contri-
bution.

The recoil results are listed in Table II, expressed in
terms of the average forward range FW and forward-to-
backward ratio F/B. Here, W is the target thickness in
mg/cm2 and F and B are the fraction of total activity
collected in the forward and backward catchers, respec-
tively. Again, due to direct activation of impurities in
the catchers, corrections must be made to these FW and
F/B values. Only the FW values for the sodium nuclides
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required correction, the reduction amounting to 5% for
all targets. Owing to the large corrections to the activity
of the backward catcher, the F/B values had to be in-
creased by as much as 700%. Although these corrections
are extremely large, F/B was used only for qualitative
information so that the uncertainties introduced by this
procedure are inconsequential.

IV. DISCUSSION

A. Isobaric yield distribution

A ten-parameter modified version [34] of Rudstam's
[35] equation has been utilized to estimate the cross sec-
tion of those products undetectable by our experimental
methods:

o(Z. A) = exp[o.i+o.2A+ o.sA'+ ci4A + (o.s+ osA+ orA')]Z„—Zi '],

Zp ——agA + agPA .

TAB? E II. Recoil properties for tIle interaction of copper with ~540 MeV Ne, 0, and N

lons.

Nuclide
Na
Na
Mg

34gpn
"Cl

Ar
42K
43K
43S
44S

44S
46S
47C
47S
48S
48@
48'
49'
51'

Mn
52F
'4Mn
55C

Mn
56'
56N.

57'
"Ni

58'
59F
60'
60C
61C
61'
62Z
63Z
65z
66N.
66G
67G
69G

22N

FW (mg/cm )
14.2+1.8
11.6+1.7

8.14+0.12
5.32+1.58
3.95+0.62
4.35+0.54
4.35+0.51
4.20+0.06

2.67+0.36
4.18+0.08
3.77+0.42
3.98+0.59

4.01+0.39
3.74+0.04
3.68+0.09
3.54+0.12
3.41+0.40
3.56+0.03
3.98+1.08
3.33+0.38
3.38+0.12
3.13+0.19
2.99+0.03

2.82+0.13
2.99+0.05
2.71+0.03
1.97+0.10
1.73+0.22
2.59+0.40

2.21+0.06
2.68+0.22
2.29+0.11
2.42+0.27
3.59+0.50
3.97+0.46
4.36+0.01
5.92+0.43

F/B

124+17

53+4
91+16
91+11

99+28

486+93
61+12

136+9

160+13

259+15
55+14

178+10

104+28

16~
FW (mg/cm )

7.46+1.40
7.18+0.07
4.54+0.86
3.90+0.93
3.39+0.45
2.88+0.47
3.21+0.54
3.13+0.11
2.63+0.42
1.91+0.06
4.68+0.95
2.80+0.03

2.92+0.43
3.06+0.46
2.76+0.05
2.87+0.01
2.50+0.19
2.58+0.38
2.71+0.06
2.77+0.46
2.34+0.35
2.06+0.98
2.04+0.20
2.06+0.40
1.83+0.55
1.73+0.07
2.12+0.21
1.85+0.13
1.19+0.07
1.28+0.09
1.29+0.10

0.99+0.06
1.41+0.17

0.78+0.12

F/B

308+66
41.7+9.6
25.5+5.0

570+250

349+205

56.6+15.6

45.3+12.0

280+43

50.6+14.9

14N

FW (mg/cm )
7.07+0.75
5.73+0.60
4.38+0.49
3.74+0.63

2.57+0.47
2.10+0.23

2.52+0.27
2.66+0.27
2.28+0.23

2.30+0.23
1.95+0.75
2.28+0.23
2.17+0.23
2.61+0.33
2.01+0.20
2.12+0.21
2.32+0.24
1.66+0.23
1.57+0.19
1.74+0.24
1.54+0.15

1.33+0.13
1.45+0.15
1.17+0.14
0.94+0.10
1.07+0.14

0.54+0.06
0.74+0.08
0.78+0.08

0.61+0.07

F/B

441+58
140+28

241+43

358+88
213+57

406+135

171+26

169+36

23+5
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TABLE III. Parameters utilized in the fit of Eqs. (1) and (2) to experimental cross sections.

Parameter 22N

11.43+1.09
—1.01+0.09

(2.80+0.21)x 10
—(2.18+0.16)x 10

3.85+0.76
—0.22+0.03

(1.97+0.28) x 10
1.63+0.03
0.47+0.00

—(1.47+0.12)x 10

16O

10.06+0.74
—0.83+0.06

(2.45+0.14)x 10
—(2.03+0.11)x 10

1.27+0.33
—0.15+0.01

(1.60+0.15)x 10
1.70+0.04
0.48+0.00

—(3.12+0.10)x 10

'4N

16.89+0.25
—1.38+0.02

(3.79+0.05) x 10
—(3.10+0.04) x 10

—0.48+0.11
—(7.1+0.5) x 10
(8.58+0.54) x 10

1.89+0.01
0.48+0.00

—(2.10+0.03) x 10

Details of the procedure used to obtain the various con-
stants in the above equation have been presented previ-
ously [13—16]. The values obtained for er —nqo for these
reactions are given in Table III.

We have shown previously that the isobaric yields
are approximately invariant over the intermediate energy
range for reactions of Cu independent of projectile mass
[15]. As an example of the present results, Fig. 1 shows
the isobaric yield distribution for the ~sO reaction scaled
to A = 51. The results show that the parametrization
produces a good fit to data. Both the N and Ne re-
actions produced similar Gts, where the mean deviation
of the products &om the curve was 20—25%.

102:
25 IN on 22Ne

10&:

have shown previously that with increasing projectile en-

ergy for ~2C + Cu the peak in the mass yield distribution
moves toward lower masses [14]. The present data along
with the 45 MeV/nucleon C + Cu results are compared
with the curve representing this trend in Fig. 3. From
this comparison it appears that the shift in the peak of

B. Mass yield distribution

By combining the calculated cross sections of the un-
measured nuclides from Eq. (1) with experimental cross
sections, we can obtain an estimate of the total cross
section at each mass number. A 20—

25%%up uncertainty is
assumed for the calculated cross sections on the basis of
the agreement of measured yields with Eq. (1). The mass
yield distributions are presented in Fig. 2.

Comparing the ~4N and sO projectiles with previously
reported 45 MeV/nucleon ~2C [14], we find that between
35 and 45 MeV/nucleon the mass yield distribution re-
mains nearly unchanged for ~2C to ~sO projectiles. The
distribution shows a maximum at A 55, decreases ex-
ponentially for lighter products to A 25, and then in-

creases for the lightest products. It appears that as the
mass of the projectile increases the minimum in the dis-
tribution becomes more shallow. This may be an indica-
tion of increasing fragmentation processes with increasing
projectile mass.

Although the general trend of the Ne distribution
is similar, it appears to peak at a larger mass, A 60.
This may be a result of the increasing likelihood of fu-
sion with decreasing projectile energy per nucleon. It has
been shown that for the interaction of copper with C
[14] and 2oNe ions [17] the maximum momentum trans-
ferred 6.om the projectile to the target peaks at 25
MeV/nucleon. The shift in the mass yield distribution
to larger masses for the 2 Ne reaction may be a result
of this eRect, assuming an increase in momentum trans-
ferred directly relates to an increase in mass transfer. We

$00,

102:
35 MeV/nucleon ~60

10o
40

102:

~ &

10o
20 30 40 50 60 70

FIG. 2. Mass yield distribution for the interaction of Cu
with 25 MeV/nucleon Ne, 35 MeV/nucleon 0, and 40

MeV/nucleon N. The curve represents the distribution cal-

culated from Eqs. (1) and (2). The points are experimental

yields corrected for unmeasured products at a given A. The
difFerent symbols reHect tne fractional contribution of the ex-

perimental cross sections to a given isobar: (~ ) ) 50%, (&)
20—50'Fo, and (*) ( 20Fo The dashed and dot-dashed lines

are an extrapolation for A )64.
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E/A proj (MeV/nucleon)

FIG. 3. Comparison of energy dependence of mean mass
loss from the target (DA) for the interaction of copper with
25 MeV/nucleon Ne, 35 MeV/nucleon 0, 40 MeV/nucleon

N, and 45 MeV/nucleon C [14] with a fit obtained from
15 to 90 MeV/nucleon C + Cu data [16].

the mass yield is clearly an effect of the projectile energy
per nucleon.

associated with the experimental cross sections. Seven
products ranging &om K to s Mn required corrections
of 4—10%, while the largest corrections were required for
the trans-target products, where corrections ranged &om

10%—15 %.
The @II values obtained &om the recoil data as dis-

cussed above are conveniently presented in terms of the
velocity of the presumed compound nucleus vz&. The
resulting &actional velocity transfers v~~/v~N are shown
in Fig. 4 as a function of mass loss &om the target, AA.

The vl~/vcN values for the interaction of copper with

35 MeV/nucleon ~sO and 40 MeV/nucleon ~4N display
a similar dependence on AA, with near-target products
exhibiting very low values that increase to a plateau or
maximum for the lightest products. This trend is similar
to that previously reported for C ions of comparable
energy [13,14]. Although the Ne + Cu distribution
shows a similar behavior for products lower in mass than
the target, there is increasing &actional velocity transfer
with increasing product mass for the trans-target prod-
ucts. This signifies that these products are produced by
a mechanism involving increasingly complete fusion with
increasing mass, although a compound nucleus does not

C. Fractional velocity transfer

The velocity of the residual nucleus along the beam di-
rection v~~ and in turn the mean longitudinal momentum
transfer (LMT) can be obtained from the recoil range
FW using a previously described procedure [13—16]. It
has been shown by Winsberg and Alexander [36] that the
velocity corresponding to FW is just v~~ for large LMT.
Since large LMT is signified by large F/B values, this ap-
proach is applicable to the present data. We have used
the code TRIM [30] to obtain the range-energy tables used
in this analysis.

It is known that a significant change in production
cross section along the depth of the target can affect the
conversion &om FW to v~~ [37]. We have shown pre-
viously [15] that reactions induced by ' C ions above 35
MeV/nucleon required no correction for this effect. Thus,
since the projectile masses of 'sO and '4N are close to
~2C and the projectile energies lie at or above this en-

ergy, we assume these reactions also require no correc-
tion. On the other hand, at 25 MeV/nucleon corrections
for several products &om the ~2C + Cu reaction were
necessary. Therefore we felt it necessary to examine the

Ne reaction for this effect. Excitation functions were
constructed &om the Pienkowski et al. [17] data for 8—48
MeV/nucleon 2oNe + Cu. We used a formula developed
by Hazan and Blann [37],

'1.0

08

0.6

0.4

0.8-c

e 0.4

0.2

0.8-
0.6-
0.4

0.2

25 l]leV/nuclleon»Ne

~ ~

ll Ki
X.-

~ 8 I
J x ~

I

~ ~

II

~ ~ ~
~ ~

I I S I

35 h4V/nucleon «0

~ ~
) (~ ~ I I

II
~ ~

~ ~

~ ~ ll

) )i I~ ~

~ ig"
~ ~

g
'8-(-

I I I l

40 hleV/nucleon ~4N

~ ~

l)

I I
~ ~

R = FW[(s„ + sg)/2ss], (3)
0.0 -5

I 4 I

5 15
I I

25 35 45

where S„and s~ are the cross sections at the upstream
and downstream faces of the target, respectively. We
have applied a correction to those data where the differ-
ence between s„and sq exceeded 50% of the uncertainty

FIG. 4. Fractional velocity transfer for the interaction of
Cu with 25 MeV/nucleon Ne, 35 MeV/nucleon 0, and 40
MeV/nucleon N.
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D. Linear momentum transfer

The mean longitudinal momentum transfer (P~~) is ob-
tained by estimating the average mass of the prefragment
leading to a given residual nucleus of longitudinal velocity

2.00 ~

(a)
1.75-

~ 150-
Ig 1.25-

1.00-
fL

0.75 .

0.40-
C

0.35-
A

CL.
0.30 .

(b)

0.25-

100 .I
90-

A

L,
V 80-

appear to be formed. Pienkowski et al. [17] have ex-
plained this V-shaped distribution centered about the
target mass as resulting from the varying contribution of
inelastic or few-nucleon transfer processes and full mo-
mentum transfer to the near-target products.

The absence of these trans-target products at larger
fractional velocity transfer for the reactions at energies
)25 MeV/nucleon studied here indicates the decreas-
ing importance of fusion-type mechanisms in the initial
stages of the interaction at higher projectile energy per
nucleon. Similar results for trans-target products have
been found for the interaction of copper with ~~C at 15
and 22 MeV/nucleon [14,21] and 8—28 MeV/nucleon 2oNe

v~~, as described in previous publications &om our group
[13—16]. The product of this prefragment mass and v~~

is then P~~ for the given product. By weighting each P~~

by its given production cross section we obtain (P~~), the
mean LMT. Figure 5 displays various aspects of the vari-
ation of mean LMT with projectile mass. Minor adjust-
ments using our previous results for 15—90 MeV/nucleon
~2C interactions with copper [13—15] have been made for
the slight differences in bombarding energy. Thus, the
values displayed in Fig. 5 are for a constant total projec-
tile energy of 540 MeV.

It is apparent that the mean LMT increases with pro-
jectile mass. This trend appears to be a consequence of
the decreasing energy per nucleon E/A with increasing
mass at constant total projectile energy and the known
fact that the maximum LMT in the reactions of present
interest occurs at 25 MeV/nucleon [14,15]. The cor-
relation with E/A can be seen by the agreement of the
solid line with the data. This line shows the increase with
mass of the reciprocal of E/A.

The &actional momentum transfer, depicted in Fig.
5(b), also increases with mass, but to a lesser extent
than the LMT. It appears as if the lighter projectiles
can transfer momentum more efliciently than the heav-
ier ones. This trend is shown more transparently in Fig.
5(c), where it is noted that the momentum transfer per
incident nucleon decreases with projectile mass.

E. Comparison with calculations

Since mean field eKects as well as nucleon-nucleon col-
lisions play a role in the reaction dynamics at energies of
present interest, calculations have been performed using
the Boltzmann-Uehling-Uhlenbeck (BUU) [24—28] trans-
port equation to simulate the 22Ne and 0 reactions.
The calculation has been coupled with the deexcitation
code pacE [29] in order to produce reaction products
along with their kinematic properties.

A more detailed explanation of the procedure employed
in the simulation has been given elsewhere [15]. Briefiy,
each nucleon in the projectile-target system is repre-
sented by 100 test particles in BUU. A complete sim-

ulation consisted of running 100 individual simulations
over a range of impact parameters which correspond to
the geometric cross section for that interval. The calcu-
lation follows each test particle through six-dimensional
phase space to a stopping time of 120 fm/c for the ~sO

reaction and 150 fm/e for the 22Ne reaction.
The nuclear mean field is estimated using a Skyrme

parametrization:

70' . ~

4 8
~ ~

12 16 20 24

Projectile Mass
+5l—t«r

FIG. 5. Variation with projectle mass of (a) mean momen-
tum transfer, (b) fractional momentum transfer, and (c) LMT
per incident nucleon at a total projectile kinetic energy of

540 MeV. The solid line in (a) shows the dependence of the
reciprocal of projectile energy per nucleon normalized to the
LMT at oxygen.

where po is the normal nuclear density 0.168 fm . We
have shown [15) that parameters corresponding to a soft
equation of state (EOS), a = —356 MeV, b = 303 MeV,
and 0' = 7/6, yield the best fit to experimental data for
similar projectile masses and energies. Thus we have uti-
lized a soft EOS exclusively in these calculations. A de-
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tailed explanation for the calculation of a residue's ex-
citation energy E*, spin I, linear momentum P~~, etc. ,
has been given elsewhere [15]. For each of the reactions,
an ensemble averaged (EA) as well as a single parallel
event (SPE) run [15,26,28], which preserves the fluctu-
ations due to nucleon-nucleon collisions, was performed.
It was found that the maximum deposited excitation en-

ergy predicted by the BUU equation was larger than the
total E' available to the system in the center of mass for
each of the SPE interactions. Therefore the excitation
energy distributions were adjusted so that the maximum
corresponded to the true physical maximum.

Figure 6(a) displays a comparison between the exper-
imental and BUU-pAcE mass yield distribution for the
interaction of copper with 25 MeV/nucleon 22Ne. Note
that the SPE curve provides a better prediction of the
experimental data, although it appears to be shifted to
lower masses by approximately 7—10 mass units. The
slope in the spallation region of the distribution is well

represented by the calculation indicating that E* may be
reasonably predicted.

The results for the ~sO reaction are shown in Fig. 6(b).
Again, the mass yield is better predicted for the SPE run.
Although the slope in the exponential region is no longer
reproduced, the general shape of the distribution is well

represented. The maximum in the distribution is again
shifted to smaller masses by 5—7 mass units. Thus, mass
yield distribution comparisons suggest that the mass of

the remnant is underestimated at these energies and in
turn results in a poor prediction of the mass yield dis-
tribution as compared with the previously published Li
results [15].

The &actional velocity transfer comparisons for the in-
teraction of copper and 25 MeV/nucleon 22Ne are shown
for the EA and SPE calculations in Figs. 7(a) and 7(b),
respectively. For the ensemble average, the distribution
exhibits a sharp discontinuity at LA 10. For AA (10
the calculation predicts nearly complete &actional veloc-

ity transfer. The calculated values drop off sharply at
this mass loss to values comparable to the experimental
data. Between AA = 10 and 20 the calculation predicts
the experimental distribution well, while for the lightest
products the maximum is overpredicted. On the other
hand, the SPE &actional velocity transfer predicts a more
continuous distribution. Although near-target products
are overpredicted, for b,A )10 the distribution is well

reproduced. It is interesting to note that below DA=10
the calculated distribution increases to a maximum for
trans-target products. The experimental data yield sim-
ilar results. Note that if the calculated distribution were
shifted 10 mass units towards the target, the shape of
the experimental distribution would be predicted almost
exactly, although the absolute magnitude of the calcu-
lated values would be larger than the experimental re-
sults. This comparison again suggests that the mass of
the remnant is underestimated for this reaction.

The results for the sO &actional velocity transfer
comparisons for the ensemble average and single parallel
event runs are shown in Figs. 8(a) and 8(b), respec-
tively. The EA calculation appears to better predict the
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FIG. 6. Comparison of (a) 25 MeV/nucleon Ne + Cu ex-
perimental mass yield distribution (solid line) with BUU-PACE
calculated distribution for ensemble averaged runs (dashed
line) and single parallel event runs (dot-dashed line) and (b)
35 MeV/nucleon 0 + Cu experimental mass yield distri-
bution (solid line) with BUU-PACE calculated distribution for
ensemble averaged runs (dashed line) and single parallel event
runs (dot-dashed line).
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FIG. 7. Comparison of the experimental (~) 25 MeV/
nucleon Ne + Cu &actional velocity transfer with
BUU-PACE calculated (o) distributions for (a) an ensemble
averaged run and (b) a single parallel event run.
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FIG. 8. Comparison of the experimental (~) 35 MeV/
nucleon 0 + Cu fractional velocity transfer with BUU-pAcE
calculated (o) distributions for (a) an ensemble averaged run
and (b) a single parallel event run.

V. CONCLUSION

The interaction of copper with 25 MeV/nucleon Ne,
35 MeV/nucleon 0, and 40 MeV/nucleon ~4N has been

distribution, although the sharp cutofF in the calculated
mass yield distribution at A 58 prevents the compari-
son &om being extended to products with AA (6. The
calculated values, where available, are larger than deter-
mined experimentally but the overall shape of the dis-
tribution is well reproduced. The distribution predicted
by the single parallel event run again overpredicts the
values for AA ( 20. In fact, the calculation predicts
nearly full momentum transfer for near-target and trans-
target products while experimentally these products are
determined to originate in very low momentum transfer
interactions.

It is apparent &om the above comparisons that nei-
ther the EA nor the SPE calculation can satisfactorily
reproduce either the mass yield or the velocity transfer
distributions. This is in direct contrast with the com-
parison with 90 MeV/nucleon sLi data [15], where it was
found that the SPE calculation satisfactorily reproduced
both distributions. It is unclear at present whether this
discrepancy is attributable to the difference in projectile
energy per nucleon or to that in projectile mass.

investigated and compared with previously reported re-
sults [14—16] for lighter projectiles at similar total pro-
jectile kinetic energies. The isobaric yields remain es-
sentially unchanged with variation in projectile mass, as
has been shown previously [16]. The 0 and ~ N mass
yield distributions also yielded very similar results, where
the maximum in the distributions occurs at A 55 and
the minimum at A 25—30. On the other hand, Ne
exhibits a greater upturn for the lightest products, indi-
cating that binary fragmentation appears more probable
for this heavier projectile. Also, the shift toward larger
masses of the peak in the Ne distribution appears to
be a result of the increasing likelihood of complete fusion
with decreasing projectile energy per nucleon and thus
increasing importance of mean Geld interactions.

The &actional velocity transfer comparisons again re-
veal similar distributions for the ~sO and ~4N reactions,
while the 22Ne distribution is quite difFerent. First, the
&actional velocity transfer is larger, on average, for the
heavier ion. Second, the distribution for Ne exhibits
a V shape centered about the target mass, where the
fractional velocity transfer for trans-target products in-
creases with increasing product mass. Both of these re-
sults appear to be associated with an increase in com-
plete fusion at low energy per nucleon. In fact, when
comparing the results with previously published data, it
is apparent that this V-shaped distribution disappears
above 25 MeV/nucleon, indicating the increasing im-
portance of nucleon-nucleon collisions in governing the
reaction dynamics above this energy. The mean LMT
results show that this quantity increases with projectile
mass at constant projectile energy, a trend that can be
attributed to the concomitant decrease in energy per nu-
cleon. However, light projectiles appear to be more eK-
cient in transferring momentum than the heavier projec-
tiles studied.

Comparisons with BUU-FAGE calculations have been
made for the 25 MeV/nucleon 22Ne + Cu and 35
MeV/nucleon ~sO + Cu reactions. We have used both
ensemble averaged and single parallel event versions of
BUU. Neither of these versions is able to provide satis-
factory Gts to either the mass yield distribution or the
velocity transfer distribution for either projectile. These
results contrast with the satisfactory agreement we pre-
viously obtained with similar data for 90 MeV/nucleon
Li ion.s [15].
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