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Fusion cross sections measured at high energies are parametrized in terms of a
"statistical yrast line. " This line lies parallel to the usual yrast line (given by the rig-
id-body moment of inertia, ~~ Mr02A5 3} but is shifted upward by an additional energy
&Q. Most experimental fusion cross sections for systems with A ~ 80 are well repro-
duced with values of rp = 1 20+ 0,05 fm and &Q = 10+ 2 5 MeV.

PACS numbers: 25.70.Hi, 25.70.Bc

In recent years considerable experimental and
theoretical effort has been focused on the study
of heavy-ion fusion reactions. ' For lighter heavy-
ion systems, it has been established that the fus-
ion cross section of is determined mainly by the
penetration of the Coulomb and centrifugal barri-
ers in the region of low incident energy (Region
I), where oz is nearly equal to the total reaction
cross section 0~'". Above a certain incident en-
ergy (Region II), as can be seen in Fig. 1(a), oz
becomes smaller than 0„'". The absolute value
of vf and its variation with respect to the inci-
dent energy often show a strong dependence on
the entrance channel.

Although vf can be expressed in terms of a
critical angular momentum L„by use of a sharp-
cutoff model, we do not yet have a clear under-
standing of the physical origin of L~. One of the
well-known interpretations of L „assumes the
existence of a critical distance of separation,
R„=r„(A~' +A, '~'), where r„= l. 0+ 0. 07 fm,
which the ions must reach in order for them to
fuse. ' In this case, fusion cross section also
should depend on the value of the total potential
V„at R„.However, the systematics of ~„and
V„are not well established. Shell effects on the
critical distance have been related to systematic
variations in Of for p-shell and sd-shell nuclei. '
There are, however, serious exceptions such as
the N+ C system.

An alternative consideration of L „which has
been long discussed is that Of might be limited
by the yrast line of the compound nucleus, L„
namely L„=L,.' However, in order to justify
the R „concept and disprove "the yrast-line-limit
model, " Glas and Mosel' have shown that the ex-
perimentally determined L „values are always
smaller than the calculated yrast line. It seems
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FIG. l. (a) Schematic representation of (Ty and 0~'
vs &~ III . (b) Extracted &«curves from &y for
~6Ni compound system (Ref. 2). The closed circles are
extracted from 60+ Ca and the open ones are from
3 S+ '4Mg. The statistical yrast line (dashed line) is
calculated by using Eq. (3) with the parameters of rp
= 1.15 fm and &Q = 12.5 MeV. (c) The Of curves for
the Ca compound system (Refs. 3 and 4) calculated
by using Ep. (3) with rp = 1.20 fm and &Q = 7.5 MeV.
The solid line is calculated for the ' F+ Na system
and the dashed line for the ' O+ Mg system.

to us that the difference between L„and L, in

Region II is physically reasonable, as will be ex-
plained in the following.
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In this Letter we shall show that the behavior of
the fusion cross section at high energies can be
parametrized in terms of a "statistical yrast
line, " I., ", of the compound nucleus. The basic
assumption of this model is that heavy ions do not
fuse at the L, of the compound nucleus where the
nuclear temperature T = 0 and the level density is
low. In order for fusion to occur, the system
must lie on or above the statistical yrast line in
a region where the level density is high, i.e.,
T)0.

With the assumption that the statistical yrast
line E, „*runs parallel to the yrast line E,*

with an additional energy AQ, it can be expressed
as

where 5 is the moment of inertia of the compound
nucleus A which is assumed to be equal to that of
a rigid body for simplicity: 8=8„0=~51848' and
A=rod' '. By use of a sharp-cutoff model, the
fusion cross section is expressed as

(x, = (vn'/2 y,E, )(L„+1)',

where p. is the reduced mass of two ions and

E, is the c.m. energy of the entrance channel.
The excitation energy of the compound nucleus,
E*, is the sum E, ~ + Q, where Q is the Q value
of the system. From Eqs. (1) and (2), we obtain

This expression contains two parameters, 6Q
and r,', which are properties of the compound
nuc leus. Pn the other hand, the entranc e channe l
determines the values of Q and p,. It is obvious
that the slope of vz depends on the value of (7tH/

g)(Q —bQ). For the sake of convenience, we de-
fine of as the fusion cross section at the cross-
ing point between Regions I and II [see Fig. 1(a)].
Then the variation of Of also depends strongly
on the difference of Q values between different
entrance channels. An important test of this
model is whether we can find the systematic val-
ues of ro and AQ.

As a first test we consider two different en-
trance channels which form the same compound
nucleus. In Fig. 1(b), the L,„values are ex-
tra, cted from the Of data. of "P+"Ca, and "S+"Mg
systems' whose compound nuclei are the same,
i.e. , "Ni. Up to E*=65 MeV in Region I, we can
see different behavior for the L„values for the
two different systems. The experimental L„
values of the two systems are consistent with the
same L, " line of "Ni in Region II. From the

dashed line, we get the values r, =1.15 fm and
AQ= 12.5 MeV.

In Fig. 1(c), we show another exa, mple: the "0
+ Mg and ' F + Na systems"' which form the
compound nucleus "Ca. The fusion cross sec-
tions of these two systems are well reproduced
by Eq. (3) with parameters of v, =1.20 fm and
b, Q=7. 5 MeV. As was mentioned above, differ-
ences in the slopes of of and the values of Of

for the two systems are naturally explained by
the large difference in their respective Q values.

Recently, Saint-Laurent et al."studied the "p
+ "p and "Ne+ "C systems at Region II. They
found that the L„values of both systems agree
quite well with each other and that the Z distribu-
tions of the angle-integrated yields of evaporation
residues from both entrance channels are nearly
the same at the excitation energies E*=48 and
78 Mev in "S. The above examples show that Of

in Region II is consistent with a statistical-yrast-
line prediction.

In order to illustrate the role of 6Q, we show
two examples of a fusion calculation with ~Q=O
for the "N+ "C and "P+"C systems. As can be
seen in Fig. 2, it is not possible to reproduce the
experimental slope with b, Q = 0,

The observed o& for each system (A (80) in
Region II may be fitted with Eq. (3) by choosing
appropriate values of x, and b,Q. Reasonable fits
are obtained for all of the systems with values of

r, =1.20+0.05 fm and AQ=10+2. 5 MeV. In order
to show the validity of our present model, the
experimental values of 0& determined at the
crossing point between Regions I and II for the
various systems are compared in Fig. 3, with
values calculated for x, =1.20 fm and AQ=10 MeV.
The calculated values reproduce quite well the
general trend of the experimental data. Thus,
the anomalous behavior of reactions such as "N
+ "C and "F+"Na can be understood as a Q-value
effect, and need not be explained solely as the
effect of valence nucleons' on 8„.

The physical basis of a "statistical yrast line"
(i.e., the need for a. shift in energy of AQ) can be
understood as follows: The scattering matrix of
the entrance channel which involves the coupling
with the compound state is evaluated by use of
the formalism of the scattering theory of Mahaux
and Weidermuller. " The partial widths which
come from the coupling of the heavy-ion scatter-
ing state to the compound state are estimated by
use of results of a microscopic study between
composite nuclei. " It is found that the transmis-
sion coefficient to form the compound nucleus is
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FIG. 2. (a) The 4' curves for the ' N+ 22C system
(Hefs. 11 and 12) calculated from Eq. (3). The solid
line is calculated with ~0 = 1.25 fm and 4Q = 7.5 MeV.
The dashed line with &0 = 1.11 fm and &Q = 0. The
long dashed line with &0 = 1.25 fm and &Q = 0. (b) The
same calculated curves from the ' 0+ ' C system
(Hefs. 11 and 13). The solid line is calculated with ~0
=1.20 fm and Kg=10 MeV, the dashed line with r 0=1.05
fm and AQ = 0, and the long dashed line with r 0 =1.20 fm
and AQ = 0.
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FIG. 3. Closed circles are the measured values of
for various systems at crossing point between

two regions. The experimental data are taken from
Ref. 11 for the systems () —(k), from H,efs. 3 and 4
for (i)-(k), from Ref. 2 for (l) and (m), and from g,ef.
14 for (n). Open circles are the calculated values at
the same point by use of Eq. (3) with ro = 1.20 fm and
&Q = 10 MeV. The dashed line is a guide for the eyes.

produced by this model, we find two cases, "0
+ "Al (Ref. 18) and "0+"B,"which do not agree
well with the present systematics. The fusion
cross sections of the "0+"Al system which have
been recently remeasured, ' however, show a
different trend from the previous one" and are
in rather good agreement with the present pre-
diction.

In summary, we have shown that heavy-ion
fusion cross sections at high energies may be
interpreted in terms of a statistical yrast line in
the compound nucleus. This interpretation ac-
counts rather well for the systematic trends in
the magnitudes of cross sections for fusion in the
lighter heavy-ion systems.
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and encouragement throughout the present work.
Partial support from the Nuclear and Solid State
Research project at University of Tsukuba is
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about one-half for most all of the systems (A (80)
at AQ =10 MeV above the usual yrast line. In
this way, the "statistical yrast line" can be inter-
preted as the beginning of strong absorption into
the compound nucleus. The calculation and its
discussion will be published in greater detail in
a forthcoming paper. "
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Seven differential cross sections of the reaction p + d He+ p have been measured at
T& = 450 and 550 MeV between 52' and 92 (6& c.m.). 'He's were analyzed by the SPES I
spectrometer in coincidence with photons detected by Cherenkov counters. The results
are about twice the cross sections of the inverse reaction measured recently by Hege-
rath el ai. and by Argsn ei ai . The data are consistent, however, with the y+ ~He =p + d
data of Heusch et al .

PACS numbers: 25.40. Lw, 11.30.Er, 25.10.+s

A serious controversy concerning the differ-
ential cross section of the reaction p+ d-'He+ y
and its inverse has emerged recently. In 1976
Heusch and co-workers' reported results on
do{y+'He -p+d). These data are in good agree-
ment with the only existing measurement at inter-
mediate energy of the inverse reaction, namely
nine data points obtained by Heusch et a/. ' The
agreement was presented as a sensitive test of
time-reversal invariance (TRI), notwithstanding
the fact that two other measurements of. y+'He
-p+d did not agree with the results: The cross
section measured at Op= 60' and 90' by Argan et
al. ,

' are half those of Ref. 1, while the data at Op

=90 obtained by Picozza et al. ' are some 40~/&

higher. Recently, Hegerath et al. ' have made
three series of measurements of y+'He -p+d
and results are internally very consistent. Their

data are in excellent agreement with the of re-
sults of Argan et al. covering twelve compara-
tive data points, thereby challenging the validity
of the test of detailed balance in the system y
+'He p+d reported in Ref. 1. Figure 1 illus-
trates the existing controversy in y+ 'He p + d
at Op=60' and 90'.

A general, model-independent way for evaluat-
ing the sensitivity of various tests of detailed
balance to a possible violation of TRI is not
known at present. There is a paucity of precise
tests' of TRI at intermediate energies' which in-
volve the electromagnetic interaction of hadrons.
Only three systems have been investigated. The
reactions n+p = yn+are very sensitive to TRI
violations of the isovector and hypothetical iso-
tensor currents, but the tests' are hampered by
the absence of free neutron targets. The reac-
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