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Absolute cross sections for a number of binary processes in the ' N+ "~Tb reaction
have been determined by use of y-particle coincidence techniques. The data are used to

test a "sum-rule model" of complete- and incomplete-fusion reactions. The model as-
sumes the reaction probabilities to be scaled by the available phase space and to be con-
strained additionally by the entrance-channel angular momentum limitations.

PACS numbers: 25.70.Hi, 25.70.8c

An investigation of the energy dependence of
the cross sections for two main incomplete-fusion
channels in the "C+"Gd reaction" led us to an
interpretation of these reactions in terms of a
generalized concept of critical angular momen-
tum. ' According to this concept incomplete-fu-
sion reactions are localized in successive "l
windows" above the critical angular momentum
for a complete fusion, in a sequence beginning with
the capture of the heaviest fragment of a projec-
tile, followed by the capture of lighter fragments
at higher angular momenta. Predictions of this
model have been confirmed by Geoffroy et al„'
who measured y-multiplicity distributions in
coincidence with the products of incomplete-
fusion reactions.

In this Letter we report on the measurements
of the absolute cross sections for a varj. ety of
binary reactions in the "N+'"Tb collisions at
140 MeV bombarding energy. It is shown that all
those binary reactions (with the exception of
simple direct transfer) can be understood in
terms of the same mechanism that governs the
incomplete-fusion processes. Moreover, it
seems that this common reaction mechanism
comprises also complete fusion. A sum-rule
model that enables one to predict absolute cross
sections for complete fusion and all incomplete-
fusion channels, as well as the distribution of

these reactions in / space, is proposed.
The "N+'"Tb system was chosen with the aim

to observe a large number of reaction channels
[contrary to the "C+"'Gd system studied pre-
viously" for which the important reaction chan-
nels were ("C, ct), ("C, 2o.), and ("C, 3n) only].
Experiments were performed using a 140-MeV
'4N beam from the variable-energy cyclotron of
the Kernfysisch Versneller Institute bombarding
a 1.4-mgicm'-thick target of metallic '"Tb.
Selection of binary reactions was possible by
measuring coincidences between y rays (used to
identify the target-residue nuclei) and charged
reaction products detected and identified with a
standard ~-E telescope consisting of a 50- pm
transmission detector and a 5-mm E detector.
Particle identification (Z and A) was achieved for
all reaction products over the range 2 Z 8.
Details of the experimental techniques used in
our experiments- are contained in Ref. 2.

Absolute cross sections for different binary
reaction channels were obtained by summing the
cross sections for all subchannels with apprecia-
ble yield:

o[»gab(14N' &Z) ]

0(14N AZxn)1 ts- A-x (72 Z)'

The absolute cross sections for a number of bi-
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TABLE I. Cross sections for various reactions in
the Q + ' ~Tb system at 140 MeV determined from
particle-y coincidence data, 0«p, , and the calculated
cross sections, 0(:~~(: (T = 3 MeV, 4~ = N, qc = 0.06
fm ').

where T is an effective temperature, and Qc is
the change of the Coulomb interaction energy due
to transfer of charge. Qc can be parametrized
as

Reaction

Fusion
('4N, 4He)
(14N 6He)
('4N, 'Li)
(14N 7L )
('4N, 7Be)
(14N 8Be)
( N, Be)
('4N, 'OBe)
(14N 10B)
(14N 11B)
(14N' 12B)
(14N 11C)
(14N 12C)

(14N 13')

0«p~ (mb)

~ ~ ~

84+ 16
& 1.6
& 3.5
&6
& 1.5

36+ 8
5.6+ 1.1
5.8+ 1.3
5.3+ 2.2
11+4

3.5+ 1.2
2.4+ 0.7
36+ 5
22k 2

0'calc (m

1030
160

0.9
2.5
1.4
1.3

42.7
6.9
6.6
2.7
7.7
2.4
1.5

48.9
29.6

Qc =qc(Z, ~Z, ~ —Z, Z, )e',
where Z, , Z, and Zy Z2 are the atomic num-
bers of the constituents of the dinuclear system
before and after the transfer of charge, respec-
tively, and qc is a parameter. It should be
pointed out that we apply postulate (2) not only to
all binary divisions of the dinuclear system, but
also to comPlete fusion of the system.

Apart from the phase space, also the entmnce-
channel angular momentum limitations constrain
the reaction probabilities We u.se the same
recipe as that proposed in Ref. 1: For each reac-
tion channel i, the limiting angular momentum is

mass of projectile
/jim 2) =

mass of captured fragment

nary reaction channels deduced from particle-y
coincidence data are listed in Table I. In a forth-
coming paper we will discuss the results in de-
tail, together with the data on inclusive cross
sections, particle-particle coincidence data, and
y-multiplicity measurements. In this Letter we
concentrate on a new interpretation of the incom-
plete-fusion reactions using as a test of the pro-
posed model the cross sections listed in Table I,
and the previous data on the "C + "'Gd system.

Our results on the ' N+'"Tb system show that
the incomplete-fusion reactions characterized by
the capture of a massive fragment of a projectile
and emission of "fast" light ejectiles, e.g. , n
particles, ' ' protons, deuterons, or tritons, ' be-
long to a wide class of binary reactions in which
ejectiles have the average kinetic energies close
to those required by the l-matching condition.
On the other hand, it is known from inclusive ex-
periments that for this class of reactions the
cross sections depend exponentially on the ground-
state Q value, Q«. ' This striking relation has
been interpreted by Bondorf et al. ' in terms of a
partial statistical equilibrium of a strongly inter-
acting dinuclear system. Following such phase-
space arguments we postulate that the reaction
probabilities for all reactions i proceeding via
the partially equilibrated system are proportion-
al to the exponential factor as proposed by Bon-
dorf et al. ':

p(i) -exp{[Q„(i)—Qc(i)]/T ), (2)

(f„+—,')'

p,(C, + C,)' C,C, Z,Z,e'

Here C, and C, are the half-density radii, and y
is the surface-tension coefficient. To make our
model more realistic we also assume a smooth
cutoff in the distribution of the "transmission co-
efficients" T, :

T,(i) = 1+ exp
l —i „(i)

&s

Combining Eqs. (2) and (6), one can write the
following sum rule:

(6)

(7)

provided all the reaction channels (including com-
plete fusion) are taken explicitely into account.
With the normalization factor N, calculated from
Eq. (7) one obtains absolute cross sections for
each reaction channel:

o(i) =era' Q (2E+1)N, T, (i)exp
l =0

(8)

We further postulate that the l,„ limiting the
sum in Eq. (8) is the maximum l for which the

x l„(target+captured fragment), (4)

where l „is calculated from the balance of forces':
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FIG. 1. (a) Reaction probabilities for the main reac-
tion channels in the '2C+ '60Gd system (T = 3 MeV,

q c = 0.06 fm ' ) . (b) Excitation functions for
complete fusion and two main incomplete-fusion chan-
nels in C+ ~6 Gd collisions calculated with the same
set of parameters. Experimental data are taken from
Ref. 1.

colliding system gets into the region where the
total nucleus-nucleus potential is attractive and/
or the distance of closest approach is smaller
than the sum of the half-density radii. Note that
this criterion is identical with that proposed by
Glass and Mosel" to determine the range of par-
tial waves leading to complete fusion. Now we
make the assumption that this range of partial
topazes confines complete-fusion and incomplete
fusion reactions together.

To calculate l,„one has to use a certain nu-
cleus-nucleus potential. Results of the numer-
ical calculations presented in this Letter were
obtained assuming the point-charge Coulomb
interaction potential and the nuclear potential as
proposed in Ref. 11, based on the boundary condi-
tions following the liquid-drop model (adiabatic
limit for small relative distances, and sudden
approximation for proximity configurations). The
half-density radii [used, e.g. , in Eq. (5) and in

calculation of t~,„]were parametrized as pro-
posed by Myers. " Only for the lightest frag-
ments (A (4) for which the approximation C =R
—b'/R fails (R is the equivalent sharp radius,
b=1 fm) the half-density radii were scaled pro-
portionally to A' ' with the constant that matches
the Myers parametrization at A =4.

The only free parameters of the model outlined
above are the effective temperature T, the dif-
fuseness of the T, distributions b, , (assumed to be
the same for all reaction channels), and the Cou-
lomb energy parameter qc. Contrary to standard
statistical-model calculations, the parameter T
has no clear interpretation. ' Therefore it should
be regarded rather as an empirical parameter,
similarly as b, , and qc.

Figure 1(a) shows the distributions of the reac-
tion probabilities for the strongest channels in
"C+"~Gd close-contact collisions. Reaction
channels involving complete fusion and reactions
with emission of n, ' 'H, "'He, "Li, ' ' Be,

"B, and ""Cas ejectiles were taken explic-
itly into the sum rule (7). Because of the largest
value of Q —Q c, the complete-fusion channel
takes almost the whole geometrical cross section
for low l values. Only above the critical angular
momentum (l,„=42k) the probability for complete
fusion diminishes and thus makes room for other
competing reaction channels. Other important
channels next to complete fusion are ("C, n) and
("C, 2n)—again because of the largest Q„—Qc
values. The l1 values for these two channels
differ significantly ( 47li and--618, respectively).
This is a reason why the reaction probability for
("C, o.) decreases first while the probability for
the other reaction still increases until its own
angular -momentum limitation is reached. As it
is seen from Fig. 1(a) the l windows for incom-
plete-fusion channels postulated in Ref. 1 appear
automatically in the model proposed here. How-
ever, with parameters that fit the experimental
data, the windows are not sharply separated (as
assumed in the model of Ref. 1) and the cross
sections for particular incomplete-fusion chan-
nels are significantly smaller than the geometri-
cal cross sections within the / windows.

Figure 1(b) shows a comparison of the model
predictions with the excitation functions for the"Gd("C, n) and '"Gd("C, 2o.) reactions. ' For
simplicity, the parameter T was assumed to be
energy independent. (With increasing bombard-
ing energy the thermalized part of kinetic energy
is probably shared between more and more de-
grees of freedom. Therefore the effective tem-
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perature of a partially equilibrated system may
not tend to increase much. ) As it is seen from
Fig. 1(b), the calculated excitation functions re-
produce well the energy thresholds and absolute
cross sections for both ("C, o) and ("C, 2o.)
incomplete-fusion reactions.

The proposed model can be checked more ex-
tensively using our new data on the "N+ '"Tb
system. The absolute cross sections for a num-
ber of capture reactions (see Table I) are com-
pared with the model predictions if we assume
the same set of parameters as that used for the

C + Gd system. The calculated cross sections
are given also for other channels for which we
could not determine the cross sections. [For in-
stance, we were not able to measure the com-
pound-residue cross section since the ("N, xn)
channels in the "N+ '"Tb reaction at 140 MeV
lead to unknown isotopes of Hf. ] There is a close
correlation between the calculated and measured
cross sections. This result strongly indicates
that both the Q„effects and the entrance-channel
limitations built into the model influence the
cross sections.

The analysis of the experimental data on the
C+'"Gd and '4N+ i59Tb systems gi~es strong

arguments in support of the proposed model. An
intriguing question is whether the mass and
charge distributions of the products of strongly
damped reactions in collisions of very heavy sys-
tems can also be described by this model. The
proposed model couples strongly the complete-
fusion reactions with other reaction modes.
[Actually, the sum rule (7) simulates in a sense
a complete coupled-channels calculation in the
no —imaginary-potential limit. ] Such an approach

offers, therefore, a possible explanation of the
nuclear structure effects which show up in mag-
nitudes of the fusion cross sections especially
for light systems. "
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The 4s-4p, 4P-4d, and 4d-4f transitions of ten copperlike and zinclike ions from Ba
to W + have been observed by means of a laser-produced plasma and a 2.2-m grazing-
incidence spectrograph. The spectra are accompanied by a prominent continuum lying
just below the 4p P~/2-4d D3/2 transitions in the copperlike ions. The results support
the identification of the resonance lines of Xe + and Xe + in the Princeton University
ST tokamak by Hinnov.

PACS numbers: 32.30.-r, 52.70.-m, 52.50.Jm

The spectra of ions having simple atomic struc-
tures are currently of great interest because of
their use in the diagnosis of hot plasmas found in

controlled-fusion devices. Of special importance
are ions in the copper and zinc isoelectronic se-
quences. These ions contain one and two elec-
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