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Excitation functions and thick-target recoil ranges for radioactive nuclei produced in 2’Ne bom-
bardment of natural copper over a 8—46-MeV/nucleon energy range have been measured using the
activation technique. From the experimental data the mass yields, charge distributions, total reac-
tion cross section, average and maximum recoil velocities, linear momentum transfer, and excitation
energies were deduced. These quantities are compared with similar data on copper obtained using
"N projectiles by our group and lighter ions in other works. In ’Ne-induced reactions the max-
imum linear momentum transfer in central collisions is reached at a bombarding energy of 11
MeV/nucleon and is equal to 2.8 GeV/c. At the same projectile energy the excitation energy of
heavy prefragments produced in these collisions reached the value of about 2 MeV/nucleon. For
higher bombarding energies the excitation energy per nucleon slightly increases up to about 2.5
MeV/nucleon. The distribution of the recoil velocity deduced from the present experiment at 30
MeV/nucleon bombarding energy seems to be in contradiction with the results of a Landau-Vlasov
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simulation of the reaction dynamics.

I. INTRODUCTION

It was observed in a number of previous investigations
that in the interaction of light and heavy ions with nuclei
the linear momentum transferred from the projectile to
the heavy reaction residues' 3 and the deposited excita-
tion energy*~° reach their limiting values near the Fermi
energy. Although the phenomenon of this limitation is
now well established, at least for fissionable targets, its
full understanding is not yet achieved. One may hope
that the collection of more systematic data concerning
linear momentum transfer (LMT) and energy deposition
for various target-projectile combinations may be of some
help in the description of the limitation phenomena.

One of the methods currently used’ ' in the experi-
ments aiming to determine the LMT for light- and
intermediate-mass targets is the measurement of the
recoil ranges of the heavy reaction residues.!* Using this
method, it was shown that in the *He +°Co reaction’ the
LMT reaches its maximum value of 880 MeV/c at “He
bombarding energy of about 90 MeV. This result was re-
cently confirmed.'*

In the present work the study of the linear momentum
and energy deposition was performed on a target with a
mass similar to that used in Ref. 7, but with '*N and ?°Ne
ions. Therefore, the dependence of the LMT on the pro-
jectile mass could be investigated in this mass region. We
have taken, however, a natural Cu rather than a °Co tar-
get. This was dictated by a clear preference for this tar-
get in a number of previous radiochemical studies with
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light projectiles at intermediate and high bombarding en-
ergies,’> 2 heavy ions at GeV bombarding ener-
gies®1718:21-24 354 also pions'®?>?® and gamma rays.?’
Recently, the reactions of heavy ions at some selected in-
termediate energies were also investigated with this tar-
get.528-31

The present experiment consisted in the determination
of the thick-target recoil ranges of the radioactive reac-
tion products and their production cross section for the
N and ?°Ne projectile at a number of bombarding ener-
gies between 8 and 46 MeV/nucleon. At each bombard-
ing energy, the recoil velocities were deduced from the
recoil ranges under certain assumptions which are dis-
cussed in some detail. From the cross section of the ra-
dioactive residues, a complete mass distribution of heavy
reaction products was deduced using a by now well-
established fitting procedure, first proposed by Rudstam!®
and subsequently used and extended by a number of in-
vestigators.!”2%:28 By folding the mass distribution with
the distribution of the recoil velocities as a function of
the product mass, the average LMT at each bombarding
energy was deduced. Similarly, as in the “He+°Co reac-
tion, a “‘saturation” of the recoil velocities for the reac-
tion products lighter than and far removed from the tar-
get was observed. This saturation velocity indicates the
existence of a maximum LMT for each bombarding ener-
gy, presumably related to the most central collisions in
the 2°Ne+"*'Cu reactions. The maximum recoil velocity
is compared with some model calculations. The average
and maximum excitation energy of heavy reaction resi-

1331 ©1991 The American Physical Society



1332

dues before the evaporation process are deduced from
their kinematic properties. Additionally, the mass distri-
bution obtained from the experiment is used as an in-
dependent observable in the determination of this average
excitation energy.

In the beginning of this work, the *N projectile was
used for a few bombarding energies. Later, 20Ne ions
were selected in order to get information about LMT
with the heaviest available projectile which does not pro-
duce an appreciable radioactivity when interacting with
the catcher material. It is the 2°Ne+™!Cu reaction
which is described in the present paper in detail. The
N +"2tCu data are only summarized and used occasion-
ally whenever the projectile dependence of the measured
quantities is considered worth presenting. Preliminary
results of the present work were previously pub-
lished.®3%33

II. EXPERIMENTAL TECHNIQUE

The target stack we used consisted of a catcher foil, a
natural Cu target, 10-50 mg/cm? thick, and a second
catcher foil. Catcher foils were either carbon or alumi-
num. The purity of all materials used was better than
99.99%. The target stack was bombarded with 8-46-
MeV/nucleon **Ne beams. Heavy reaction products
(recoil nuclei) were stopped either in the Cu target or in
the catcher foils. The catcher foil thickness was at least
twice the range of the recoils expected for the full
momentum transfer. After irradiation the analysis of
gamma-ray activity of target and catcher foils has been
performed. This experimental technique is known
as “‘thick-target—thick-catcher recoil range measure-
ment.”!?

Up to three target stacks have been used during a sin-
gle run. The target stacks were separated by aluminum
foils to obtain the desired beam energy. Additional
aluminum or carbon foils made from the catcher materi-
als have been inserted upstream to monitor the purity of
the catcher foils. Beam intensity was measured using a
calibrated Faraday cup placed close to the target assem-
bly. A full ionization of the ?°Ne beam after its passage
through the thick-target—catcher material was assumed.
In addition, for energies around 20 MeV/nucleon, the
beam intensity was checked by measuring the absolute
activities of ??Na and 2*Na isotopes, produced in the
monitor foils. The cross section for the production of
these isotopes with a ?®Ne beam of 20 MeV/nucleon in-
teracting with Al and C targets was recently reported.’*

Target thicknesses, beam energies, and the list of ex-
periments are given in Table I. The energy-loss tables®
were used to calculate the beam energy inside the target.
The beam energy uncertainty was estimated assuming
5% uncertainty in the energy-loss tables. The incident
beam energy error was assumed negligible.

Experiments 1-4 were performed on the SARA facili-
ty (ISN, Grenoble), while experiment 5 was run on the SC
synchrocyclotron (CERN, Geneve). Irradiation times
ranged from 15 min to a few hours, with beam current of
the order of 10'! jons/s. Two identical target setups have
been used during experiments 1 and 2. One of them was
bombarded for 15 min, while another was bombarded for
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TABLE I. Experimental conditions.

Beam energy in Half of the beam

Target the middle of energy loss in
Experiment thickness the target® the target
number (mg/cm?)  (MeV/nucleon) (MeV /nucleon)
1 19.2 8.7(1) 1.4
2 10.8 10.8(5) 0.7
3 13.4 14.3(8) 0.7
2 14.7 15.0(3) 0.8
2 16.7 18.8(1) 0.7
3 13.4 22.7(4) 0.5
4 19.3 24.1(3) 0.7
5 53.8 28.6(10) 1.7
4 16.7 28.7(1) 0.5
3 13.4 29.2(1) 0.4
5 53.8 37.1(6) 1.4
5 53.8 46.1(2) 1.2

“Numbers in parentheses represent uncertainties in the last
significant digits.

3 h. The gamma activity measurements have been start-
ed from 30 min to a few hours after irradiation and were
continued over a period of a few months (in Grenoble and
Warsaw). For each target and catchers five to ten mea-
surements were completed. The Ge(Li) detectors having
5-25 % efficiency and 1.8-3.5-keV resoluton at 1.3 MeV
gamma-ray energy were used. The resulting gamma-ray
spectra have been analyzed with computer programs
SPECFIT *® (in Grenoble) and ACTIV?®’ (in Warsaw). The
identification of the radioactive nuclei and activity deter-
mination were based on known decay data.®

- III. EXPERIMENTAL RESULTS

From the analysis of the gamma-ray spectra of the ra-
dioactive reaction products in the target and forward and
backward catchers, their production cross sections as a
function of the *°Ne bombarding energy were obtained.
These cross sections are listed in Table II and are shown
for some selected products in the upper part of Fig. 1.
The quoted errors do not take into account the uncertain-
ty of the beam current determination (estimated to be
about 10%) as well as the energy spread in the target.
The last uncertainty is only important for the cross sec-
tions which change appreciably during the beam energy
degradation in the target material. In the most critical
cases (as, e.g., ¥Ge at 10-25 MeV/nucleon), this error
may attain 25%.

Table 1II and the lower part of Fig. 1 show the quanti-
ty FFW determined from the measured gamma-ray intensi-
ties. Here F is the activity ratio of a given reaction prod-
uct in the forward catcher to the total activity of this
product, and W is the target thickness. As it was shown
in Ref. 21 and will be also discussed in the following sec-
tion, under certain assumptions the FW quantity
represents, with good approximation, the forward com-
ponent of the average recoil range.

Similarly as the quantity F, the quantity B is defined as
the activity ratio of a given reaction product in the back-
ward catcher to the total activity of this product. For the
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reaction products observed in the present work, the back- IV. DATA ANALYSIS
ward recoils were very small and their precise determina-
tion was not attempted. We have only determined the A. Mass-yield distribution
lower limit of the ratio F/B = 80. This limit is in good
agreement with other heavy-ion data with a "Cu target To estimate the total cross section for heavy fragment
at intermediate bombarding energies.”?!»2%3 production oyy, to calculate the mean mass of the reac-
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FIG. 1. Cross section o and the fraction of the total activity collected on the forward catcher times the target thickness FW for the
radioactive nuclei produced from **Ne bombardment of the "Cu target as a function of ’Ne energy per nucleon. The curves
represent the calculated FW values with the assumption of a full momentum-transfer reaction to the compound nucleus.
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tion products 4,4, and their average parallel velocity
component v ), it is necessary to know the mass distri-
bution o( 4) of the reaction products. Since the radioac-
tive nuclei observed in the present work represent only a
fraction of the total cross section for the production of
heavy reaction residues, one has to assume some func-
tional relationship concerning o( 4), and to use a minimi-
zation procedure to adjust the relevant parameters. Such
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a methodology has been used frequently®!>17:28__the
method chosen in this work is very similar to the one
used by Lund et al.?® We have found the approach of
Lund et al. very appealing due to the explicit use of the
factorization of the cross-section formula on two terms.
The first term describes the charge dispersion curve and
the second one the variation of the cross section with the
product mass number. It has been assumed that the cross
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FIG. 1. (Continued).
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section of a product with mass 4 and charge Z can be
factorized by two functions:

oA, Z)=P(Zp—Z)op(A), 1)

where P(Zp—Z) is the charge dispersion, oz(A4) the
mass distribution, Z, the most probable charge for a
given A, and subscript F indicates the functional form.
The function (1) is to be minimized in respect to the ex-
perimentally determined set of cross sections o( A4,Z) of
the radioactive reaction products. The charge distribu-
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tion for a given mass is assumed to be a Gaussian:
72
(Zp—2Z)

252

, ()

P(Zp—2Z) exp

_ 1
Vs

where the full width at half maximum (FWHM)=~2.354 s
and Zp depends linearly on the mass number:

Zp=ayta, 4 . 3)
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that used by Lund et al., where the 4 dependence of Zp
was quadratic:

Zp=ayA+a, A*. )

Our set of data can be fitted by either linear (3) or qua-
dratic (4) functions with no statistically significant
difference in the fit quality. It is further assumed that the
mass distribution can be approximated by the simple ex-
ponential function of A:

op(A)=explayta;d+ay,A*+a;43%) , (5a)
or by a slightly more complicated functional form:
expla;+a,(ay— A)+as(ay— A)?
o p(A)= 1T g 3 &g ] (5b)

1+expla,lay— A4)]
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At bombarding energy below 18 MeV/nucleon, no
significant change of the fit quality and parameters
influencing P(Zp—Z) has been observed, whichever of
the functional forms listed above was used. At beam en-
ergy above 18 MeV/nucleon, a good quality fit was ob-
tained only with o (A4) postulated in the formula (5b).
This formula is able to account for a sharp drop of the
cross section for the products with mass number higher
than the target mass. Such a drop is apparently present
in the °Ne-+ Cu reaction at bombarding energies above
18 MeV/nucleon and is discerned here by our fitting pro-
cedure. A similar sharp decrease of the cross section for
the transtarget nuclei was recently observed in the
20Ne+%Ni reaction at 37 MeV/nucleon.?’ In that work
the mass distribution was obtained from the in-beam and
radioactivity gamma-ray measurements, without any

TABLE III. FW parameter (in mg/cm?) for 2Ne+"*Cu reaction products. Numbers in parentheses represent uncertainties in the

last significant digits.

Beam energy in laboratory system (MeV/nucleon)

Product 8.7 10.8 14.3 15.0 18.8 22.7 24.1 28.6 28.7 29.2 37.1 46.1
TKr 8.7(22)

Ky 7.5(3) 5.4(11)

"TBr# 6.6(8) 6.1(12)

76Br¢ 7.3(5)

SBr 6.1(6)

Se 4.8(2) 5.1(5) 3.2(14)

Se 4.9(4) 4.35(51) 3.5(9) 5.5(9) 4.18(45) 2.7(7)

2Se 3.12) 4(2)

As 3.5(5) 4.827)

As 4.06(26) 3.2(7) 3.9(7) 5.1(5) 4.3(4) 3.5(5) 4.3(17) 3.5(15)

0As 3.0(4) 3.5(6)

®Ge 2.14(16) 3.7(4) 4.1(8) 4.7(6) 4.9(5) 3.0(7) 4.4(14) 4.121)  3.0(7)

BGe 2.52(48) 5.0(18)

“Ga 1.76(14)  3.0(8) 3.7(5) 3.82(24) 3.94) 3.1(5) 3.33(33) 3.8(8) 2.48(38) 1.73(56) 1.66(35) 1.24(22)
%Ga 1.13(9)  2.7(8) 3.7(4) 3.7(15) 2.0(7)

%7Zn 1.00(14) 2.1(3) 2.56(18) 2.78(21) 2.72(17) 1.52(11) 1.55(5) 1.55(15) 1.02(9) 1.13(13) 0.92(9) 0.81(4)
2Zn 1.2321) 1.94) 2.30(42) 2.75(29) 2.74(25) 1.82(15) 1.98(37) 1.8(3) 1.51(12) 1.25(25) 1.06(16) 0.63(8)
%Cu <15 1.9(8) 1.62(40) 2.58(34) 1.1(3) 0.80(15) 0.53(10) 0.62(15) 0.50(9) 0.26(13) 0.12(5)
%1Cu 0.76(16) 1.95(55) 2.26(31) 2.3124) 1.60(18) 2.13(18) 1.50(12) 1.03(14) 0.74(12) 0.49(6)
SN 0.96(47) 1.7(4) 2.01(19) 2.68(29) 2.23(26) 2.70(45) 2.6(3) 2.33(47) 1.59(17) 1.78(25) 1.40(20)
SONi 3.1(11)  3.5(13)

Co <14 1.44(55) 2.00(15) 2.3527) 2.34(17) 1.80(9) 1.6520) 1.8(11) 1.14(12) 0.95(7) 0.73(12)
8Co 0.92(8) 1.80(15) 2.07(18) 2.31(6) 2.7(3) 2.19(16) 2.51(13) 2.27(50) 1.90(19) 1.76(17) 1.42(12) 1.09(9)
SCo 1.3(7) 1.92(32) 2.17(31) 2.51(10) 2.9(3) 2.35(5)  2.65(35) 2.41(8) 1.90(28) 1.96(24) 1.61(3) 1.16(10)
%5Co 1.26(27) 1.80(20) 2.19(24) 2.21(18) 2.79(33) 2.59(15) 2.60(29) 2.80(40) 2.76(54) 2.18(25) 1.89(4) 1.45(8)
Co 2.0(3) 2.23(34) 1.83(24) 2.70(12) 2.35(33) 2.5(6) 2.90(33) 2.77(29) 1.94(43) 2.3727) 1.64(19)
Fe 2.16(39) 2.47(49) 2.55(31) 2.0(3) 1.5(4) 1.95(23) 1.76(40) 1.61(29) 1.28(25) 0.90(18)
S2Fe 2.82(74) 4.5(15) 3.04(56) 3.1(5) 3.0(9) 1.6(4)

5Mn 2.5(13) 3.1(15) 2.64(56) 2.50(69) 3.52(21) 2.9(4) 2.09(37) 2.5(5)

*Mn 1.84(31) 2.08(12) 2.32(10) 2.57(6)  3.0(2) 2.77(11) 2.93(24) 2.87(35) 2.86(21) 2.54(41) 2.28(17) 1.73(5)
2Mn 2.05(12) 2.16(34) 2.39(26) 2.52(21) 3.00(7) 2.87(10) 3.28(26) 2.75(30) 3.25(25) 2.60(34) 2.56(29) 2.06(26)
Sicr 2.0(6) 2.13(86) 2.66(25) 2.87(16) 2.98(34) 3.14(16) 2.73(22) 3.1(4) 2.94(22) 2.8(5) 1.76(32)
#Cr 2.1(5) 2.7(8) 3.1(5) 3.4(6) 3.0(5) 3.97(52) 3.1(5) 3.25(60) 3.31(81)
sy 2.5(3) 3.11(25) 2.65(36) 3.0(5) 2.903) 2.87(15) 3.15(20) 2.73(26) 3.56(22) 2.82(34) 2.88(32) 2.29(35)
4Sc 3.1(12)

41S¢ 2.6(6) 2.9(9) 42(23)  3.7(12)  3.19(42) 3.37(51) 2.85(40) 3.04(22) 2.57(39) 2.4(5)

468¢ 2.5(6) 3.6(5) 2.8(3) 3.4(4) 3.34(27) 3.38(35) 3.10(13) 3.10(23) 3.41(45) 2.93(25) 2.71(16) 2.70(15)
44gce 2.9(9) 3.1(6) 3.23(56) 2.44(34)

44gem 3.1(7) 4.2(13)  3.28(65) 3.5(7) 3.21(11) 3.01(36) 3.34(18) 2.81(25) 3.66(48) 3.45(32) 3.56(51) 2.56(22)
$K 3.0(8) 3.8(15)  3.46(57) 3.7(9) 4.13(73) 2.93) 4.28(86) 3.2(4) 3.02(38) 2.72(33)
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fitting procedure.

For the minimization procedure of function (1), we
have been using the global set of experimental data rather
than only A4 chains for which the cross section of more
than one isobar was experimentally determined.?® This
minimization gives simultaneously the parameters of
P(Zp—Z)(s,ap,a;) and of o (AN, ... ,a,). Once the
minimization procedure is completed, however, the
knowledge of one independent or cumulative isobar ex-
perimental cross section o(A4,Z) and of the P(Zp—2Z)
function is sufficient to determine the total cross section
of a given mass:

0% A,Z)

2 P(Z,—Z) ,
B chain

(6)

where 0/( 4,Z) and 0( 4,Z) means independent and cu-
mulative experimental cross section, respectively.

To illustrate the results of the fitting procedure, we
show in Fig. 2 some typical charge distributions. Their
width is a slowly increasing function of the beam energy,
as shown in Fig. 3. The dependence of the most probable
charge Zp on the mass number A4 is almost the same over
the investigated beam energy range and is given by the
following relationship:

Zp=(0.4514+0.88)*=0.1 for 4 =40-80 . N

For the fitting procedure described above one needs the
independent cross sections, but most of the experimental
data are available as the cumulative cross sections, in-
stead, defined by

o(4,2)= 3 ol4,z,). (8)
B chain

However, if for a given A number for all terms in (8)
Zp—Z; are of the same sign, then (with errors smaller
than the experimental uncertainties of the measured cross
section) one has

0(A4,2)=0"4,Z) . 9)

This results from the narrow charge distributions (Fig. 2).
Iteratively, it has been ascertained that the cumulative
cross sections for the production of some radionuclides,
namely, "’Br, °Se, ©Zn, do not fulfill this condition, and
so the pertaining data have been rejected while determin-
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FIG. 2. Charge distribution deduced from the experimentally
determined cross section of the radioactive products in the reac-
tion 2’Ne+"*Cu at three selected beam energies.
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FIG. 3. Width of the charge distribution (see Fig. 2) as a
function of the projectile energy per nucleon.

ing o z(A4,Z) parameters. Additionally, we observe that
if the condition |Z,—Z|>0.3 is fulfilled, then equality
(9) is exact within 1%.

Figure 4 presents the deduced mass distribution for a
set of beam energies. If, for a given mass number A4,
more than one isobar cross section was measured, the
cross section o( A) is a weighted average of the results
obtained from the formula (6). A smooth mass distribu-
tion was obtained for all bombarding energies. The only
point systematically deviating from a smooth trend is the
A =64 mass, which was deduced from the cross section
of ®*Cu. Besides the evaporation from the composite sys-
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FIG. 4. Mass yields for the production of heavy fragments in
**Ne+"*Cu reactions deduced from the experimentally deter-
mined cross sections of the radioactive products. The lines
represent the cross section obtained with the help of Eq. (5) and
with parameters deduced from a global fit with all experimental
cross sections. Dashed line, Eq. (5a); continuous line, Eq. (5b).
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tem, this nucleus can be reached by one-nucleon-transfer
reaction from both target components **Cu and %Cu. Its
cross section can be therefore substantially higher than
for other nuclei.

B. Total heavy residue cross section

From the mass yields presented in Fig. 4, the heavy
residue cross sections oy were deduced. This was done
by extrapolating the mass yields down to 4 =20 and
summing the cross section from 4 =20 up to the highest
mass observed for a given bombarding energy. In the ex-
trapolation to the lower masses, an exponential drop of
the mass yield was assumed in analogy to the high-energy
reactions.!” The cutoff of the mass distribution at 4 =20
reflects our concern to avoid the double counting, result-
ing from the cross section of the intermediate-mass frag-
ments.*! These fragments should have heavy partners, al-
ready included in the integration procedure.” The choice
of the cutoff at 4 =20 is, evidently, somewhat arbitrary.
However, the change in oy when selecting this cutoff
differently at, e.g., 4 =30 or 10, is negligible for all inves-
tigated energies but the three highest ones. For 46
MeV/nucleon this change is of 7% and 4% when using
the cutoff at 4 =30 or 10, respectively. The cross sec-
tions of heavy reaction residues obtained by the integra-
tion of the exponential mass yield between 4 =20 and 42
amounts to 1%, 7%, and 25% of the oy at 8.7, 22.7,
and 46.1 MeV/nucleon beam energy, respectively.

Figure 5 presents, as a function of the projectile ener-
gy, the total cross section of the measured radioactive re-
action products as well as the cross section obtained from
the integration of the mass-yield distribution, as dis-
cussed above. The cross section of the radioactive reac-
tion products amounts to about 800 mb and decreases
slightly with the beam energy. This decrease can be due
to the shift, with the increasing beam energy, of the mass
distribution toward lighter-mass nuclei undetectable by
the method used in this work (Fig. 4). The cross section
obtained by the fitting and extrapolation procedure
exceeds the cross section of the radioactive nuclei by
about a factor of 2 at the lowest bombarding energies and
by about a factor of 3 at the highest ones. On the aver-
age, the obtained cross section is about 15% lower than
the reaction cross section o calculated using the param-
etrization proposed by Kox et al.*> However, at higher
bombarding energies the agreement between the experi-
ment and calculation is within the experimental errors.

C. Average and the most probable mass of the product

Another quantity which may be defined from the mass
yield is the average cross-section-weighted mass of the
heavy reaction product { 4,4 ). This average mass (cal-
culated by including the cross sections obtained by extra-
polation of the mass yields as described above) is present-
ed in Fig. 6 as a function of the energy in the center-of-
mass system E__ , and is also given in Table IV.

Besides the 2°Ne-+"*Cu data, this figure also shows the
average product mass for other heavy- and light-ion reac-
tions on natural copper target. The “N data points
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FIG. 5. Cross section of the reaction *°Ne+""'Cu as a func-
tion of the projectile energy per nucleon. Open circles represent
the experimentally determined cross section of the radioactive
reaction products. Solid circles represent heavy residue cross
section oy and are obtained through the integration of the
mass yields (cf. Fig. 4) up to the product mass 4 =20. The
curve 4 is the total reaction cross section o, calculated using
the parametrization of Ref. 42 and curve B gives oz from Ref.
68.

proj

below 400 MeV are from our work (see Introduction).
Other data points are taken from the literature using,
however, our fitting procedure (as described in Sec. IIT A)
for consistency.

For the bombarding energies higher than about 200
MeV and within the existing experimental information,
( A proq ) is almost identical for '*C, '*N, and *°Ne reac-
tions. For lighter projectiles (protons, *He, “He) and en-
ergies above about 500 MeV, this mass is slightly
heavier—i.e., the average mass removed from the target,

T T OY p TA12C T T T 1 _10
70" * a 3He .“.N
. ' o “He oNe 1o
A . <<
< 60F = <
Riop - a0
50r ‘' } -
’; Il I 1 1 ° Loaaaal °
02 05 10 20 50 10 20
E,,..(BeV)
FIG. 6. Average mass of heavy product (left-hand scale) and
average number of removed nucleons (AA)=A,,.

—{ A proauet ) (right-hand scale) as a function of the c.m. energy
for reactions with a "'Cu target. The proton data are from
Refs. 17-19, the *He data from Ref. 20, the *He data from Ref.
16, the '>C data from Refs. 9, 10, 28 and 31, the '*N at 3.1 GeV
from Ref. 17, the *°Ne data above 1 GeV from Ref. 23, and the
4N, ?Ne data below 1 GeV from the present work.
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TABLE IV. Summary of the experimental results. Numbers in parentheses represent uncertainties in the last significant digits.

Cross section Slope
for heavy  Reaction® of the Average® Maximum®
Beam fragment Cross Average mass mass-yield Average LMT Maximum LMT
energy production section  of the heavy curve velocity (p? velocity Pmax
Projectile (MeV/nucleon) (b) (b) product (%) in v, units (GeV/c) in v, units (GeV/c)
0Ne 8.7 1.60(20) 2.50 68.0(4) 16(3) 0.72(5) 1.70(12) 1.0(1) 2.56(26)
10.8 2.35(20) 2.75 65.5(4) (3) 0.75(5) 1.96(11) 1.0(1) 2.82(26)
14.3 2.00(20) 2.95 61.0(5) 19(3) 0.62(4) 1.80(12) 0.80(8) 2.40(25)
15.0 2.55(20) 2.95 61.0(6) 22(3) 0.66(4) 1.99(12) 0.84(8) 2.69(25)
18.8 2.65(20) 3.05 58.0(7) 18(3) 0.57(3) 1.87(12) 0.75(7) 2.62(24)
22.7 2.35(25) 3.00 55.0(8) 13(2) 0.48(3) 1.69(12) 0.63(6) 2.29(23)
24.1 2.65(25) 3.00 54.5(8) 12(2) 0.51(4) 1.86(13) 0.67(6) 2.55(23
29°¢ 2.75(30) 2.95 52.0(10) 9.0(15) 0.43(3) 1.69(13) 0.56(6) 2.26(23
37.1 2.95(30) 2.80 51 0(10) 8.0(10) 0.35(3) 1.51(17) 0.44(5) 1.96(22)
46.1 2.40(30) 2.65 50.0(15 7.5(10) 0.27(3) 1.32(15) 0.39(4) 1.94(22)
N 16.2 1.90(20) 2.70 61. 5(4) 25(4) 0.72(5) 1.62(11) 0.9(1) 2.09(17)
17.0 2.35(20) 2.75 60.0(4) 23(4) 0.68(5) 1.58(11) 0.9(1) 2.22(18)
22.1 2.25(20) 2.70 58.0(5) 21(3) 0.58(4) 1.43(11) 0.71(8) 1.91(18)
26.6 2.30(25) 2.65 56.0(5) 15(3) 0.50(4) 1.40(11) 0.61(8) 1.76(17)

#Reaction cross section is calculated using the parametrization proposed in Ref. 42.
*The primary recoiling mass was assumed to be 4 = 4 target T A ransfer> and A 0 Was obtained from the incomplete fusion model.
“The result quoted are the average values from the data obtained at 28.6, 28.7, and 29.2 MeV/nucleon beam energy.

(AA)=Ayger— ( Apoa ), is slightly lower (compare the
right axis in Fig. 6) than for heavy ions.

For heavy ions the average product mass decreases
rapidly with the beam energy at a rate of 3.3 mass units
per 100 MeV c.m. energy up to about 400-500 MeV
beam energy. At this energy the rate of decrease of
(A g is rather abruptly slowed down. The (4,4
for light projectiles seems to decrease more smoothly
with the increasing energy. At high bombarding energies
its value is, however, very similar to the average product
mass observed with heavy ions.

For the °Ne+"Cu reaction, if one neglects the abnor-
mal cross section of the mass 64, the most probable mass
decreases from a value of A ;p =70+2 at projectile ener-
gy of 8.7 MeV/nucleon up to the value of 4 p=>59%£2 at
22.7 MeV/nucleon and remains constant thereafter, i.e.,
above 350 MeV energy in the center-of-mass system.
Again, for a given c.m. energy the most probable mass is
very similar for other heavy- and light-ion-induced reac-
tions on the ™'Cu target (see Ref. 43 for corresponding
figure).

D. Slope of the mass-yield distribution

We have determined the logarithmic slope S of the
mass-yield curve for product masses lighter than A ,p.
This was done by fitting a simple exponential function to
the part of the cross sections which, in the representation
of Fig. 4, take the form of a straight line. Results are
given in Table IV and are presented in Fig. 7 as a func-
tion of energy in the c.m. system. Similarly, we have
done such a fit for other light- and heavy-ion-induced re-
actions with a natural copper target.

For a distribution characterized by a sharp drop of the
cross sections for masses heavier than the target mass,

the reciprocal of the average removed mass (AA) !
should be approximately equal to the logarithmic slope S.
As can be verified with the help of the data presented in
Table IV, this is, indeed, the case for distributions gath-
ered at the highest bombarding energies.

The logarithmic slope of the mass-yield distribution at-
tracted much attention in previous investigations of spal-
lation reactions with a natural Cu target. Already in the
original Rudstam paper,'® dealing with light projectiles,
the dependence of this slope on the particle and target
mass was studied. It was found that the slope decreases
rapidly with the beam energy up to a value of about
0.054 ~! and stabilizes thereafter. The “turning point”
between the decrease and stabilization of the slope was
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FIG. 7. Logarithmic slope of the mass yield as a function of
the c.m. energy for reactions with the "'Cu target. See the cap-
tion of Fig. 6 for the data source.
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found somewhere between 2 and 3 GeV bombarding en-
ergy.

Later Cumming et al.* presented a systematic study of
the mass-yield slope as a function of the projectile kinetic
energy in the laboratory reference frame for light ions
from 200 MeV up to 30 GeV and heavy ions for GeV en-
ergies. The slope was correlated with the excitation ener-
gy transferred from the bombarding particle: A smaller
slope corresponds to higher average deposited energy and
vice versa. The ‘“‘stabilization” of the slope observed by
Rudstam at a level around 0.054 ~!, at energies above
2-3 GeV, was confirmed for light, but also for heavy,
ions.

More recently, Campi, Desbois, and Lipparini,5 using
the relation between mass-yield slope and average re-
moved mass, estimated the limit value of the average de-
posited energy. This value was found to be about 3
MeV/nucleon, independently of the target and projectile.
Abul-Magd, Friedman, and Hufner** were able to derive
the shape of the mass-yield curve for proton-induced re-
actions starting from “first principles,” i.e., from the mul-
tiple scattering and an approximation to the evaporation
chain. Finally, Gross et al.** discussed mass-yield distri-
bution in proton- and heavy-ion-induced reactions using
a model treating explicitly the target fragmentation pro-
cess.

One of the results of the systematics of Cumming
et al.* was a similarity of the mass-yield distribution for a
given projecile energy for light and heavy projectiles. As
the slope is a measure of the deposited energy, it was con-
cluded that the deposited energy is governed solely by the
projectile kinetic energy and not its mass.

In the systematics of Cumming et al the heavy-ion
data were available only for bombarding energies above 3
GeV, where the mass-yield slope already saturates. Be-
sides proton data, the only points available in the energy
region where the slope is strongly dependent on the bom-
barding energy were the “He data. At present the slope
systematics may be substantially extended in the
intermediate-energy region (below 1 GeV) due to this
work as well as some other data in the literature (see
references to Fig. 6).

E. Velocities of the recoil nuclei

The observable of principal interest in the studies of
nuclear reactions induced by light and heavy ions is the
recoil velocity of heavy reaction residues acquired during
the first, fast reaction stage. In the thick-target—thick-
catcher experiment as performed in the present work, one
attempts to determine the projection of this velocity on
the beam axis by measuring the quantities FW and F /B
previously defined in Sec. III. Generally, the problem is
complicated due to the evaporation process which intro-
duces a distribution to the primary recoil velocities. Be-
cause of this distribution, the FW product is different
from the penetration depth even for a linear relationship
between velocities and ranges. The problem complicates
even more due to the nonlinearity in this relationship.

The methods of extracting the primary, parallel veloci-
ty of heavy reaction products form the thick-

target—thick-catcher experiment have been discussed for
decades.!>*%47 They were recently summarized® for a
particlar situation when the forward velocity imparted to
heavy recoils is substantially larger than its evaporation
width. Such a situation may be detected by a very large
ratio of the forward-to-backward recoils (F/B > 100). It
is characteristic for the energetic heavy-ion reac-
tions”3%31:39 ag investigated in the present work.

For the ratio F /B > 80 as observed in our data the FW
product would be equal to the penetration depth in case
of linear range-velocity relationship. It may be shown
(see Ref. 43 and Appendix) that for the real, nonlinear re-
lationship between these quantities the FW values are still
larger by a few percent than the penetration depth. This
effect is, however, approximately compensated if for the
range-velocity conversion one uses tables in which the in-
tegrated path length*® instead of the penetration depth®
is listed. Therefore, contrary to the procedure discussed
in Ref. 9, using the Northcliffe-Schilling tables for the
range-velocity conversion, we did not convert the tabulat-
ed path length to the projected ranges. Apparently, a
similar approach was also adopted by others.%

Evidently, we do not claim that the accidental compen-
sation mentioned above is valid in other mass regions. In
the region of interest here, this assumption is supported
by the study of the “He- and 3He-induced reactions on
*Co using the thick-target—thick-catcher method.” In
this study the backward recoils were also very small and
the recoil velocities were calculated directly from the FW
product using Northcliffe-Schilling tables. At bombard-
ing energies below about 20 MeV/nucleon and for prod-
ucts much lighter than the target, these velocities were
found, as expected, equal to the compound nucleus veloc-
ity. This result was recently confirmed by a thin-
target—thin-catcher experiment.'*

Another factor which should be considered when ex-
tracting the recoil velocities from the thick-target experi-
ment is the change of the production cross section all
along the target depth.’®>! This effect can be of great im-
portance when one investigates nuclear reactions induced
by heavy ions of rather low bombarding energy. In the
present work the worst still analyzable case was the “Ge
nucleus produced using a 15.0-MeV/nucleon beam in-
cident on a 14.7-mg/cm? target. It was estimated that in
this case FW exceeds the range R by no more than 20%.
For the products with mass numbers 4 =43-65, this dis-
cepancy is within 1%. FW cannot, however, be treated
as an estimate of R for the products having 4 > 75, and it
is not possible to quantitatively evaluate the correction
factor. Further analysis has not been, therefore, carried
out for this mass range.

The recoil velocities gathered in the present work are
shown in Fig. 8. Their numerical values are presented in
tabular form in Ref. 43. The indicated errors are only
statistical and, in particular, do not include the systemat-
ic errors resulting from the conversion of the measured
FW values to the recoil ranges. The possible uncertain-
ties’? in the tabulated range-energy values®® are also
neglected.

In Table IV, for each bombarding energy, the average
recoil velocity is listed. We determine this velocity by
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FIG. 8. Recoil velocity of heavy products as a function of the
product mass for *°Ne+"*Cu reaction. The arrows indicate the
recoil velocity expected for a reaction product formed by com-
plete fusion of the target and projectile.

folding together, for each bombarding energy, the mass
and velocity distributions presented in Figs. 4 and 8. The
mass distribution is extrapolated to lower masses as dis-
cussed in Sec. IV B. It is assumed that in this distribution
the light, unobserved products have velocity correspond-
ing to the velocity of the lightest observed radioactive
products (plateau region; see below).

In our previous works”® 1433 we have observed that in
light- and heavy-ion-induced reactions the recoil veloci-
ties “saturate” for products lighter and far removed from
the target, and that a “plateau” of these velocities is
formed. Such a plateau was also observed by others®3%3!
and may be discerned in almost all velocity distributions
presented in Fig. 8. We identify the velocities of this pla-
teau as the maximum velocity, which may be acquired
during the interaction of a given projectile and target nu-
cleus at a given bombarding energy. This definition ex-
cludes the reaction products heavier than the target mass
and observed with a small cross section at, e.g., 18.8
MeV/nucleon (see Fig. 8). In our defnition we also ex-
clude very light nuclei of mass 4 =24, observed, e.g., in
Refs. 9 and 30. These nuclei are most probably of a quite
different nature with different kinetic properties*! than
the target residues considered here.

For the light-ion (*He,*He)-induced reactions in this
mass region,® the cross section corresponding to the reac-
tion products with the plateau velocity is rather small (of
the order of 100 mb). Therefore, for these reactions it
was reasonable to assume’ that the products exhibiting

the plateau velocity originate from central collisions,
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characterized by a complete overlap between projectile
and target.”* This is not the case for heavy ions
(12C, N, ?°Ne) interacting with a Cu target. For bom-
barding energies between 20 and 46 MeV/nucleon, the
cross section corresponding to the plateau region is in
these reactions of the order of 1100 mb (+200 mb). This
corresponds approximately to the range of impact param-
eters from zero to the target radius. It can be shown*?
that the “fusionlike collisions” observed in heavy-ion re-
actions with fissionable targets’ correspond approxi-
mately to the same range of impact parameters.

In the recoil velocity data from heavy-ion-induced re-
actions measured in the present work, as well as in other
similar investigations, no clear signature of the complete
overlap collisions can be discerned, in agreement with the
discussion of the radial density distribution in nuclei
presented in Ref. 22. Therefore, in the following we will
identify as central collisions all these interactions in
which the heavy reaction product exhibits the plateau ve-
locity. The recoil velocity of central collisions defined
this way is given in Table IV and is presented in Fig. 9 as
a function of the projectile E/A ratio for the
Ne+"3Cu reaction. In this figure the results obtained
from some reaction models are also shown. They are dis-
cussed in Sec. V.

F. Primary mass of the recoil nuclei

As seen in the previous section, the recoil velocity of
heavy reaction residues acquired after the first, fast reac-
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FIG. 9. Recoil velocity of heavy reaction residues produced
in central collisions during the **Ne interaction with the "Cu
target as a function of the projectile energy per nucleon. The
thick continuous line shows the recoil velocity expected for a re-
action product formed by complete fusion of the target and pro-
jectile. The recoil velocity after central collisions as predicted
by some models is also shown: Curve A gives the recoil velocity
in a simple Fermi sphere approach (Ref. 82); curve B is obtained
using the model of Ref. 83; curve C is calculated using
Boltzmann master equation model (Ref. 64); curve D connects
the results of Landau-Vlasov calculation at two energies
(represented by open squares) as discussed in Sec. V D.



43 INTERACTION OF 8-46 MeV/NUCLEON *Ne WITH Cu

tion stage could be deduced from the thick-target—thick-
catcher experiment. In principle, in order to be able to
discuss other properties of these residues, their mass (be-
fore the evaporation process) should also be known. This
mass can be obtained from observed velocities only under
the assumption of a particular reaction model. A com-
monly used model®®>’ pictures the interaction of a lighter
projectile with a heavier target as an extreme incomplete
fusion process. In this process the part of the projectile
interacting with the target, A, iS captured forming
a prefragment of the mass App= A 3rpe¢ T 4 ransfer- The
remaining part of the projectile Npg = A 15icctite ™ 4 transfer
escapes (as a whole, as clusters, or as individual nucleons)
with the beam velocity at zero degrees. Although this
crude reaction model is certainly an oversimplification,>®
we will use it, following others, to estimate from our mass
and velocity data the linear momentum transfer (LMT)
and the prefragment excitation energy. In discussing the
obtained results, we shall, however, remember the as-
sumption made. Figure 10 presents as a function of *°Ne
energy per nucleon the average and maximum (for the
plateau velocity) values of the prefragment mass Apg.
For central collisions we assume here also that the de-
crease of the recoil velocity below that corresponding to
the compound nucleus is due to the emission of fast nu-
cleons having the beam velocity on the average® and
emitted at zero degrees.*°

G. Average linear momentum transfer

The average linear momentum transfer from the pro-
jectile to the heavy reaction residues is obtained by multi-
plying the average recoil velocity by the average mass of
the prefragment, or by folding together the mass and ve-
locity distributions. The difference between the average
LMT obtained by these two approaches is below 2% for
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FIG. 10. Calculated mass of the prefragment Apg after the
fast reaction step and before the evaporation process as a func-
tion of the projectile energy per nucleon for the **Ne+"*'Cu re-
action. The mass of the prefragment is obtained under the as-
sumption that beam velocity nucleons (or clusters) emitted at
zero degrees account for the experimentally observed recoil ve-
locity. Solid circles correspond to the average prefragment
mass and open circles to the prefragment in central collisions.
The arrow indicates the mass of the product formed by com-
plete fusion of the target and projectile.
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all bombarding energies in this work. The average
(LMT) obtained by the first approach is given in Table IV
and is shown in Fig. 11.

We have previously presented32 the systematics of the
average linear momentum transfer in light- and heavy-
ion-induced reactions in the mass region around 4 = 60.
At that time we calculated the average LMT from the
recoil velocity of the radioactive nuclei only. These nu-
clei were considered as a statistical sample’ of the whole
population of heavy reaction products. After the evalua-
tion of the mass distributions in the 2°Ne+"#'Cu reaction,
we realized that this approximation may not be adequate
for the highest bombarding energies investigated in this
work. At these energies an important part of the heavy
product cross section goes to nuclei with mass lower than
43, which went undetected in our work. Therefore, for
these energies the radioactive nuclei cannot be considered
as an unbiased sample.

At the highest °Ne bombarding energy, the present
average LMT value is about 10% higher than previously
found.*?> This difference, however, does not change the
conclusions from our previous work. In particular, the
present systematics confirms the suggestion of Ref. 32
concerning the projectile dependence of LMT. It is seen
in Fig. 11 that at a given beam velocity the average LMT
divided by the projectile mass decreases with the increase
of this mass, at least up to projectiles as heavy as °Ne.
This effect was not observed for heavy, fissile targets61 for
which, at a given E /A el the average LMT per pro-
jectile nucleons is the same for all ions with mass equal or
heavier than 12.
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FIG. 11. Average linear momentum transfer (LMT) divided
by A, the mass of the projectile, as a function of the bom-
barding energy divided by 4, for 12¢C, “N, and *°Ne ions in-
teracting with the "'Cu target and for *He ions interacting with
the °Co target. The *He data are from Ref. 32, the '°C points
are calculated from the data of Refs. 31 and 29, and the N,
20Ne data are from the present work. The thick continuous line
gives the beam momentum or the momentum of a product
formed by complete fusion of the target and projectile. Other
lines are to guide the eye. See also Fig. 10 concerning the as-
sumed value of the recoiling mass.
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H. Linear momentum transfer for central collisions

Similarly as the average LMT, the maximum LMT,
corresponding to central collisions as defined in Sec.
IVE, is obtained by multiplying the maximum velocity
(given in Table IV in compound nucleus velocity units) by
the mass of the recoiling prefragment. This mass is again
calculated assuming the incomplete fusion mechanism for
reactions leading to heavy fragments with the plateau ve-
locity. The values of the maximum LMT are presented
in Table IV.

I. Average excitation energy of primary reaction products

As discussed in Refs. 7 and 31, there are two ap-
proaches for the determination of the average excitation
energy from the mass and velocity distribution gathered
in the studies presented here or in similar investigations.
Both these approaches rely to a different degree on the
assumption of the incomplete fusion model, discussed in
Sec. IVF.

The first approac is based solely on the kinematic
properties of heavy recoils and, using the incomplete
fusion assumption, gives the average excitation energy in
the form

(E* > :%vrecoilvbeam Atarget +Q ’ (10)

h62,63

where v . is the average recoil velocity as discussed in
Sec. IV E and the last term represents the mass balance of
the reaction. To calculate the reaction Q value, it was
often assumed®"®’ that the missing mass escapes as free
nucleons. The solid circles in Fig. 12 represent the aver-
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FIG. 12. Average excitation energy of the equilibrated, hot
system after the interaction of '?C, N, and *’Ne projectiles
with the "Cu target as a function of the c.m. energy. The ?C
points are calculated from the data of Refs. 9 and 29-31; 14N,
20Ne points are from the present work. The incomplete fusion
reaction mechanism is assumed in the extraction of { E*) from
the experimental data. The solid circles are obtained using only
the kinematic properties of heavy reaction residues (Ref. 62)
and the assumption that the missing mass escapes as free nu-
cleons. Open circles are obtained in the same way, but assum-
ing the Q value in Eq. (10) equal to zero. The thick continuous
line represent the excitation energy of the complete fusion prod-
uct. The dashed line gives the average excitation energy calcu-
lated using the average number of nucleons evaporated from the
prefragment (see also text).
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age excitation energy calculated from the formula (10)
under this assumption. The data for 2C, N, and *°Ne
projectiles are shown there as a function of the center-of-
mass energy.

Open circles in this figure are obtained under the as-
sumption that the reaction Q value is equal to zero. This
approximately corresponds to the situation in which the
missing mass is emitted in the form of one nonexcited
cluster. In view of the abundant emission of the
intermediate-mass fragments in heavy-ion collisions at in-
termediate energies,*! this possibility cannot be ignored.
Therefore, we conclude that the average excitation ener-
gy obtained from the kinematic properties of heavy
recoils under the assumption of the incomplete fusion re-
action mechanism is contained somewhere between solid
and open circles in Fig. 12.

In another approach,>’ in order to estimate the aver-
age excitation energy, one uses an independent observ-
able, the experimentally determined average number of
nucleons evaporated from the prefragment and the mean
excitation energy necessary to evaporate a single mass
unit. The product of these two quantities would be equal
to the average excitation energy. The problem is that the
experiment determines the average number of nucleons
removed from the target and the mass of the prefragment
is unknown. Campi, Desbois, and Lipparini® assume this
mass to be equal to the target mass. On the other hand,
in Refs. 7 and 31 the prefragment mass was obtained
from the incomplete fusion assumption as discussed in
Sec. IVF. The adoption of the last assumption makes
both approaches in some way interrelated.

The dashed line in Fig. 12 represents the average exci-
tation energy obtained using the second approach for the
ONe+"'Cu reaction. The mean excitation energy neces-
sary to evaporate a single mass unit, {e) (assumed to be
independent of the excitation energy and equal to 10
MeV /nucleon), was obtained from the evaporation calcu-
lation as discussed in Sec. V. As can be seen, the second
approach agrees only with the upper limit of the first one.
A similar effect was already signalized for >C projectile
interacting with a "'Cu target.’! Here it is confirmed for
other projectiles.

The data of Figs. 12 and 10 indicate that in the interac-
tion of 2C, N, and **Ne ions with the "Cu target, the
average excitation energy does not exceed 3 MeV/
nucleon.

J. Excitation energy for central collisions

We assume that the excitation energy for central col-
lisions is correlated with the maximum recoil velocity of
heavy reaction residues. In order to calculate this ener-
gy, we again use formula (10), replacing v ... DY Ureasil
(see Table IV, column 9) and assuming this time that the
missing mass is emitted in the form of individual nu-
cleons.”® The excitation energy per nucleon X, of
the prefragment formed in **Ne+"2Cu central collisions
calculated under these assumptions is shown in Fig. 13 as
a function of projectile energy per nucleon. This figure
also compares the experimental data with model calcula-
tions, which are discussed in the following section.
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FIG. 13. Excitation energy per nucleon reached in central
collision of 2°Ne with the "Cu target. The missing mass escap-
ing as free nucleons is assumed. Curves A4,B,C give the excita-
tion energy calculated using the same reaction models as in Fig.
9. The curve denoted ey represents the excitation energy per
nucleon in complete fusion of the target and projectile.

The absolute maximum of the excitation energy is at-
tained for the bombarding energy at which the lightest
reaction products are still formed by the complete fusion
process. At higher bombarding energies the emission of
preequilibrium nucleons makes this energy saturate.

A similar calculation of €%, performed for '?C and

N ions interacting with a "Cu target indicates that for
a given center-of-mass energy, within errors, there is no
difference between €. for >C, N and *Ne projec-
tiles.

V. DISCUSSION
A. Mass and recoil velocity distributions

The heavy product mass yields can result from a num-
ber of processes. During the fast step of the reaction, the
hot prefragment is produced, being a remnant of the
fusionlike process, of a quasielastic or deep-inelastic pro-
cess, or, for higher energies, of a target abrasion or target
fragmentation process. After reaching thermodynamic
equilibrium the prefragment evaporates light particles or
undergoes a binary decay, and the experimentally ob-
served mass distribution results.

The relative contribution of the above-mentioned pro-
cesses to the observed mass distribution may be difficult,
if not impossible, to untangle from an inclusive experi-
ment as reported here. Therefore, without pretending to
present a complete explanation of the observed mass-
yield distribution, we shall in this section point out some
systematic trends and compare our results with relevant
data from the literature. In the effort to understand the
observed mass distribution, at least qualitatively, we shall
take advantage of the velocity distribution gathered in
this work.

As can be seen from Fig. 4, the mass distributions of
the heavy reaction products change their shape with in-
creasing beam energy. For energies below 15
MeV/nucleon the mass distributions are almost sym-
metric, while for energies above 30 MeV/nucleon strong-
ly asymmetric shapes are observed. The average and
most probable mass of the product decreases smoothly

1345

with beam energy (Fig. 6). The same is true for the loga-
rithmic slope of the mass yield (Fig. 7). At bombarding
energies above 200 MeV, all these observables are almost
identical for heavy ions as different as '2C and **Ne and
not too different from the average product mass and loga-
rithmic slope observed with light projectiles. At low
bombarding energies of about 10 MeV/nucleon, a some-
what surprising result is the observation, with a notice-
able cross section, of nuclei with mass number as low as
44. As the velocities of these nuclei are close to the
compound-nucleus velocity (see Fig. 8), they presumably
result from the evaporation process following the com-
plete fusion of the target and projectile. Therefore, the
evaporative mass loss is there of about 40 nucleons with
an excitation energy around 200 MeV. Such a large mass
loss cannot be explained by the light-particle evaporation
process alone.

Even before discussing the result of our evaporation
calculations, it may be conjectured from previously pub-
lished results® %7 that the evaporation of heavy clusters
(or, in other words, the compound-nucleus binary decay)
can probably account for the important cross section ob-
served for the lightest heavy fragments.

Indeed, our system of 2°Ne+ %*Cu has the critical angu-
lar momentum for complete fusion reaction, I, equal®®
to 55%. This value is between [, of ®*Cu+'2C (/,, =39%)
and ®Cu+?"'Al (I, ~71#) studied in Ref. 65. In that
reference the cross section of products removed about 40
mass units from the compound nucleus was about 1 and
50 mb for 136 MeV c.m. energy **Cu+!2C and 238 MeV
c.m. energy %Cu+?’Al, respectively. For about 200
MeV c.m. energy °Ne+"Cuy, the cross section of prod-
ucts in this mass region is closer to 1 rather than 50 mb.
This may be due to the fact that both for *Cu+ '?C and
20Ne+"Cu reactions the critical angular momentum for
compound-nucleus formation is below the Businaro-
Galone point (found in Ref. 65 to be equal to about 60#)
and for $Cu+?’Al above. An evaporation code, which
besides treating light fragment evaporation in a conven-
tional way, allows compound nuclei to decay by
complex-fragment emission, was able to reproduce the
cross sections of '2C-induced reactions fully and the cross
sections of >’Al-induced reactions within a factor of 2—3.

When the lightest observed masses at bombarding en-
ergies of about 10 MeV/nucleon exhibit the recoil veloci-
ties close to the ones expected for the full momentum
transfer, the slightly heavier products already recoil no-
ticeably more slowly (see Fig. 8). The minimum recoil ve-
locities (minimum LMT) are observed for the products
close to the target. For the transtarget nuclei the LMT
increases again and reaches the value of the full momen-
tum transfer for the heaviest observed products. The V-
shaped distribution of the recoil velocities centered
around the target should reflect a strong contribution of
the inelastic collisions to the cross section of the close-
to-the-target products. As can be seen from Fig. 8, the V
shape is slightly asymmetric, with steeper slope on the
heavier-mass side. It is in agreement with the supposed
inelastic contribution at around 10 MeV/nucleon bom-
barding energy. After the transfer of a few nucleons 7o
the target, the evaporation process brings the final mass
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again close to the target mass. After the pickup of a few
nucleons from the target, the evaporation additionally
moves the final product mass away from the target. This
process is superimposed on the light-particle and heavy-
fragment emission from the compound system recoiling
with the full transferred momentum. As a result, the left
branch of the V-shaped distribution is less steep. If this
description of the reaction mechanism around 10
MeV /nucleon is correct, the recoil velocities of the prod-
ucts around the target mass should have two com-
ponents, one very small, corresponding to the inelastic re-
actions, and another one corresponding to the full
momentum transfer. Evidently, the thick-target experi-
ment gives for these nuclei only an average recoil veloci-
ty, weighted by a relative contribution of these two pro-
cesses to the product cross section. As yet, no thin-
target—thin-catcher results are available for the investi-
gated reaction around 10 MeV/nucleon to check this hy-
pothesis. However, the differential recoil ranges mea-
sured by Parker et al.% in a similar reaction at compara-
ble energy per nucleon support the assumption of a two-
component velocity distribution for the products close to
the target.

For the bombarding energies around 14-18 MeV/
nucleon, the most important channel of the fusion-
evaporation process, the light-particle emission, reaches
the final products having masses around the target mass.
As a result, the component with higher momentum
transfer in the recoil velocity for these products dom-
inates and their average velocities are substantially more
significant than at 8.7 MeV/nucleon bombarding energy.

At these energies the velocity distributions signal the
appearance of a new reaction mechanism. Even for the
lightest observed products, these velocities are below the
compound-nucleus velocity: Fusion becomes less com-
plete, even for the most central collisions. The mecha-
nism which makes the fusion less complete and removes
the linear momentum can be the onset of preequilibrium
nucleon emission,’° nonequilibrium emission of the
intermediate-mass fragments,*! or absorptive breakup of
the projectile.”! Although conceptually these processes
are different, the experimental distinction between them
is often difficult and, by the methods described here, im-
possible. Therefore, these mechanisms are only listed
here. In the following section we will compare our recoil
velocity results with model predictions to see if some
reasonable interpretation can be proposed.

For even higher bombarding energies the cross section
of the transtarget products becomes very small and al-
most disappears for the highest bombarding energies. At
these energies the mass-yield distributions are already
similar to the typical, strongly asymmetric spallation dis-
tributions observed for high-energy proton or heavy-ion-
induced reactions.'”'® In the velocity distribution the
separation of peripheral and central collisions can still be
discerned, although the main part of the plateau seems to
move toward lighter masses, undetectable by our method.

B. Evaporation calculation

The distribution of the recoil velocities in Fig. 8 indi-
cates that, even at the lowest bombarding energies em-

ployed in the present work, an important part of the
heavy residue cross section originates from processes oth-
er than complete fusion. It cannot, therefore, be expect-
ed that the evaporation calculations reproduce the whole
mass yields for these energies. They should, however, ac-
count for the lightest and heaviest masses observed at 8.7
and 10.8 MeV/nucleon bombarding energies which recoil
with the compound-nucleus velocity. If these calcula-
tions do so, one may reasonably expect that they also
correctly determine the mean excitation energy (e)
necessary to remove a single mass unit, a quantity used to
calculate the total excitation energy, as discussed in Sec.
IVIL

The evaporation calculations were done for the beam
energy around 10 MeV/nucleon and are compared with
the experimental mass distribution in Fig. 14. Curve 4
represents the results of a calculation obtained with the
ALICE program’? with simple Ewing-Weisskopf approxi-
mation. The discrepancy between the calculated and ex-
perimental mass-yield curve is very large. Adding cluster
evaporation into the ALICE program’> changes the mass
distribution, but not sufficiently to describe the cross sec-
tion of the lightest products (curve B). In heavy-ion reac-
tions a compound nucleus is produced with high angular
momentum. This causes large deformation. The calcula-
tion with the full Hauser-Feshbach formalism, including
deformation,’ shows large cluster enhancement. Becker-
man and Blann’>7® showed that this effect can be simu-
lated by a larger radius in the optical-model potential.
Curve C represents the results of the evaporation calcula-
tion with cluster emission, but with radius 20% greater
than the radius of the optical-model potential as calculat-
ed for a spherical nucleus. The agreement between exper-
imental data and evaporation calculations is better, but
the cross section of the lightest masses are still seriously
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FIG. 14. Mass-yield distribution in a *°Ne+"Cu reaction at
10.8 MeV/nucleon bombarding energy compared with the eva-
poration calculations. Curve A4: code ALICE (Ref. 72) and
GEMINI (Ref. 77) and “classical” nucleon and a-particle emis-
sion; curve B: ALICE with an option allowing heavier cluster
emission (Ref. 73); curve C: as curve B, but with optical poten-
tial well radius 20% greater than for spherical nucleus (see also
text); curve D: GEMINI using option allowing cluster emission.
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underestimated. Finally, curve D in Fig. 14 is obtained
using the GEMINI code with an option allowing heavy
cluster evaporation.”” In this code the light-particle
(Z =2) evaporation probability is calculated using the
Hauser-Feshbach formalism, with sharp cutoff approxi-
mation. For heavier fragments the probability of emission
is calculated using the formalism proposed by Moretto,’®
with energy at the saddle point obtained from the Sierk
model.” The last calculation is considered as describing
fairly the cross section of the lightest and heaviest masses
and was therefore used to calculate the (e ) value. It was
found that (e) depends little on the excitation energy
and in the excitation energy range from 100 to 200 MeV
is equal to 10.01+0.5 MeV. This value is much smaller
than that calculated in Ref. 44 for protons interacting
with the ®Cu target. The difference is due to the high
angular momentum effects in 2°Ne reactions which
strongly enhance heavy cluster emission. This in turn de-
creases the {e ) value.

C. Comparison of experimental results
for central collisions with model calculation

There exist at present a number of models which can
predict the properties of heavy reaction residues issued
from central target-projectile collisions. In Fig. 9 a com-
parison of the recoil velocities for nuclei in the “plateau”
region (see Sec. IV E) with the predictions of some models
is presented. Four models were considered. A simple
Fermi sphere approach®®®! was used in the way described
in detail in Ref. 82. A model based on a two-body dissi-
pation mechanism was used in the formulation presented
in Ref. 83. Nuclear collision dynamics was taken into ac-
count in the model which semiclassically solves the
Boltzmann master equation (BME model of Ref. 64). And
finally the central and peripheral collisions recoil velocity
was also compared wit the results of the Landau-Vlasov
approach, presented in more details in the following sec-
tion.

As can be seen from Fig. 9, at energies above 25
MeV /nucleon all considered models more or less overes-
timate the maximum velocity observed in the experiment.
Although the reason for this discrepancy is not obvious,
it can perhaps be attributed to the inclusion in the experi-
mental central collisions of all collisions with impact pa-
rameter from zero to the target radius. On the other
hand, the calculations are strictly applicable to collisions
in which target and projectile overlap completely.

In Fig. 13 the comparison of the prefragment excita-
tion energy in central collisions with the discussed models
is presented. Similarly as the recoil velocity, the calculat-
ed excitation energy is more or less overestimated for
bombarding energies above 30 MeV/nucleon. The reason
for this discrepancy can be also due to the assumption
made in the extraction of the excitation energy from the
experimental data. In particular, good agreement be-
tween the experimental points and the calculation would
be obtained if the mass balance in the fast reaction stage
[Q in Eq. (10)] was assumed to be close to zero.

D. Simulation of the reaction solving Landau-Vlasov equation

After the comparison of our experimental data with
central collision models, we have also attempted to calcu-
late the reaction kinematics using a more sophisticated
approach. This approach consisted in solving Landau-
Vlasov (LV) equation for a few selected initial conditions.
[We are using here the terminology employed, e.g., in
Ref. 84. The LV equation is also denominated as
Boltzmann-Uehling-Uhlenbeck (BUU) equation; see Ref.
85.] The GANIL version®® of the solution procedure was
employed. The °Ne+ %Cu collisions were simulated for
the bombarding energies of 15 MeV/nucleon (impact pa-
rameters b =0 and 4 fm), 30 MeV/nucleon (b =0, 2, 4,
and 6 fm), and 60 MeV/nucleon (b =0 and 4 fm). The
details are presented in Ref. 43. The phase-space distri-
bution of nucleons was investigated at time intervals of
40 fm/c between O and 280 fm/c. The thermalization
time of the heaviest reaction product was determined ob-
serving the change of its mass (within a radius of 6.5 fm)
as a function of time. For 15 and 30 MeV/nucleon this
thermalization time was found to be somewhere between
150 and 200 fm/c and was identified through the stabili-
zation of the heavy-fragment mass during some time in-
terval. This stabilized mass was considered as the mass
of a heavy prefragment at the end of the preequilibrium
emission and before the evaporation process. Evidently,
with the increasing bombarding energy, the separation of
these two processes becomes more and more ambiguous.

The value of the recoiling mass and its recoil velocity
as a function of the impact parameter are shown in Fig.
15 for the bombarding energy of 30 MeV/nucleon. The
average, cross-section-weighted recoil velocity calculated
from the data of Fig. 15 is 0.41 in compound-nucleus ve-
locity units, vy, in perfect agreement with the experi-
mental value of 0.43(3)ucy (see Table IV). This agree-
ment is, however, most probably fortuitous. In Fig. 9 it
was already shown that at 30 MeV/nucleon bombarding
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FIG. 15. Results of the Landau-Vlasov simulation for the
Ne+%Cu reaction at 30 MeV/nucleon bombarding energy.
(A) The mass of the heavy prefragment and (B) its recoil veloci-
ty in compound-nucleus velocity units are presented as a func-
tion of the impact parameter. The dashed line in (B) shows the
assumed extrapolation of the recoil velocity on the impact pa-
rameters for which the calculations were not performed.
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FIG. 16. Comparison of experimental and theoretical

(Landau-Vlasov model) velocity distributions. The theoretical
distribution is for the *°Ne+ %Cu reaction at 30 MeV/nucleon.
The experimental distribution is deduced from the thick-target
results under the assumptions discussed in the text.

energy the LV calculation seriously overestimates the
recoil velocity for central collisions. In Fig. 16 we com-
pare the theoretical velocity distribution with the experi-
mental distribution of the average recoil velocities of all
heavy reaction products obtained using the present
thick-target experiment. As can be seen, the theoretical
and experimental distributions are quite different.

In preparing this figure it was assumed that the experi-
mental average recoil velocities for each product mass are
equal to the recoil velocity of the corresponding prefrag-
ment. A thin-target—thin-catcher experiment, not yet
performed for the investigated reaction, could shed some
light on this question.

A comparison between a BUU calculation and the ex-
perimentally determined recoil velocities was recently re-
ported for other systems.?” Similarly as in the present cal-
culation, good agreement was obtained between the ex-
periment and the BUU simulation for the recoil velocity
integrated over all impact parameters. The maximum (or
the most probable) recoil velocity was, however, seriously
overestimated by the calculation, confirming the results
of Figs. 9 and 16.

VI. SUMMARY AND CONCLUSIONS

In this work we have investigated the heavy reaction
products issued from the interaction of N and °Ne pro-
jectiles with a natural Cu target at a number of bombard-
ing energies between 8 and 46 MeV/nucleon. The thick-
target—thick-catcher recoil range technique has been
used. The production cross section and the recoil veloci-
ty of the radioactive reaction residues have been deter-
mined. The quantities deduced from these experimental
data were compared to other light- and heavy-ion results
obtained using a similar technique and a natural Cu tar-
get.

Using a by now well-established minimization pro-

cedure, the charge dispersions and complete mass-yield
distributions were deduced from the measured cross sec-
tions. The total cross section inferred from this pro-
cedure amounts to about 85% of the reaction cross sec-
tion, calculated with the recently proposed parametriza-
tion. By folding the mass-yield distribution with the ve-
locity distribution, the average linear momentum transfer
(LMT) was obtained as a function of the projectile bom-
barding energy. At a given projectile velocity, the aver-
age LMT per projectile nucleon shows a dependence on
the projectile mass for both light- and heavy-ion-induced
reactions.

For reaction products that are lighter and far removed
from the target, one observes a saturation of the recoil ve-
locities as a functon of the mass removal. This saturation
(“plateau’) is a general phenomenon observed for light-
and heavy-ion-induced reactions at intermediate energies
and is interpreted as a manifestation of central collisions.
The corresponding cross section for heavy ions indicates
that the impact parameter of such defined central col-
lisions is much larger than expected for complete overlap
events and spans the range from zero up to the target ra-
dius. For *°Ne-+"!'Cu reactions, the recoil velocity
corresonding to these central collisions is equal to the
compound-nucleus velocity up to about 11 MeV/nucleon
bombarding energy and slowly decreases for higher ener-
gies.

The average excitation energy after the fast reaction
step was deduced both from the kinematic properties of
heavy recoils and from the average mass of the product.
At a given center-of-mass energy, the average excitation
energy is independent of the mass of the heavy ion for
2¢C, N, and *°Ne projectiles. It strongly depends, how-
ever, on the assumptions of the mechanism of the fast re-
action step. The collected data indicate that the average
excitation energy of the prefragment attains its maximum
value in the energy range below 1 GeV and that this max-
imum value does not exceed 3 MeV/nucleon.

Some of the experimental data gathered in the present
work were compared with the predictions of reaction
models. In our opinion the most interesting result of
these comparisons is a strong indication that the
Landau-Vlasov approach is unable to correctly describe
the velocity distribution in the °Ne+"Cu reaction.
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FIG. 17. Systematic error 1 of the velocity Umethod VS the
quantity F/B. Continuous line presents the results of the calcu-
lations for a linear dependence between range and velocity,
R =kV", N=1. Dotted and dashed lines are for N =1.3 and
1.6, respectively.

APPENDIX: MONTE CARLO SIMULATION
OF THE THICK-TARGET EXPERIMENT

Let us assume that the quantity FW, defined in Sec. III,
is equal to the projected range R from which the velocity
Umethod 1S Obtained. To estimate the systematic error in-
troduced by this assumption, a Monte Carlo simulation
of the experiment was performed with the following addi-
tional assumptions.

(a) The average velocity of the recoil nuclei, equal to
vy, is parallel to the beam axis, and a distribution of ve-
locities has a Gaussian shape with the standard deviation
S,.

(b) The relation between range and velocity can be
parametrized by a commonly used formula R =kV7,
with N between 1 and 2.

(c) The target thickness is much greater than the width
of the recoil range distribution.

(d) The cross section and the average recoil velocity is
the same for reactions occurring at the front and back
sides of the target.

We define the systematic error 1 of the calculated ve-
locity Upethod @S M =(Umetnoa — V) )/v)- This error as a
function of the ratio F/B (see Sec. III for definition) is
shown in Fig. 17. It was found that the error n is very
sensitive to the nonlinearity of the range-velocity rela-
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FIG. 18. Standard deviation of the velocity distribution S,
divided by the average recoil velocity v vs the quantity F/B.
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tionship. For F/B =100 and N~=1.3 (the average N
based on Northcliffe and Schilling tables), the v opoq 1S
greater than v by about 5-15 %.

For a linear dependence between the range and veloci-
ty (N =1), analytical relationships can be obtained for
the error 7, S, /UH’ and F /B ratio, using formulas given,
e.g., in Ref. 13:

_ Umethod — V|| :i 1 exp | — 1 i 2
—ierfc L S,
2 V72 v
F/B =1+i R

where erfc(x) is the error function defined as
erfc(x)=%7rfxwexp( —tydt .

As expected, the result of the above analytical expres-
sions for N =1, presented by a continuous line in Fig. 17,
is the same as the result of the Monte Carlo simulation.

Finally, the ratio S, /v, vs F/B is shown in Fig. 18.
Surprisingly, this ratio is almost independent on the non-
linearity in the relation between range and velocity for N
between 1 and 2.
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