
PHYSICAL REVIE% C VOLUME 20, NUMBER 3 SEPTEMBER j. 979

Medium energy nuclear reactions: "Quasi-two-body scaling" and "hot spots"

N. S. Wall, J. R. %u, C. C, Chang, and H. D. Holmgren
Department of Physics and Astronomy, University of Maryland, College Park, Maryland 20742

(Received 23 April 1979)

Inclusive spectra for outgoing particles believed not to arise from a single-collision process are presented
and analyzed as though a single-collision description, "quasi-two-body scaling, " were applicable. The-
characteristic momentum of the momentary distribution ko is of order 60 MeV/c and is approximately A
independent. An alternative analysis in terms of nuclear temperature is made, suggesting a correlation
between the value of ko and the nuclear temperature of a "hot spot. "

NUCLEAR REACTIONS 90 MeV proton, 140 MeV alpha induced reactions.
p, d, t, 3He, and alpha energy spectra interpreted by "quasi-two-body-scaling"

and "hot spot"; deduced characteristic parameter.

Frankel has shown the inclusive spectra at back-
ward angles could be related by two-body kine-
matics. ' The interpretation of this quasi-two-body
scaling (QTBS) is based on a differential cross
section for observing a particle of momentum q
which obeys d'o/dq= CG(k „)/Ip - ql. In this
equation Frankel originally treated C as a constant
(see below). The quantities p and q are the inci-
dent and observed particle momenta and G(k, ,) is
given by G(k „)=JE(k)kdk. The variable k „is
defined as" ~.= Ip-ql-Ip I

Z(k) is the inte»ai
momentum distribution of the target particle and
p' is the momentum of the unobserved particle.
Both Frankel' and Amado and Woloshyn' have dis-
cussed the derivation of this expression. More
recently a number of papers' '" have questioned
the assumptions and interpretations of such data
in terms of a simple two-body reaction.

In this paper we show that data taken at much
lower energies than that of Ref. 1 yield G(k) simi-
lar to that at higher energies. In the energy do-
main dealt with, the mean free path of a nucleon
or composite particle is smaller than the nuclear
radius and therefore absorption, multiple scatter-
ing, and/or pre-equilibrium processes are impor-
tant. Furthermore, since the quantity 0 „is ap-
proximately proportional to the outgoing particle
energy & at large angles, the exponential behavior
of G(k) can be related to an invariant cross sec-
tion proportional to e ' ~p, similar to a thermo-
dynamic description of the process, provided Ep
is a quantity which has an understood behavior.
We associate Ep with the temperature of a "hot
spot" as described later.

Two significant results came out of the analysis
of Ref. 1. First, the function G(k „)could be
described by a simple function of the form G(k)
= exp(-k/k, ), and second, G(k)/A was relatively

independent of A, the mass number of the target.
It should be emphasized that such a momentum
distribution deduced is intended to represent high
momentum components of the nuclear wave func-
tion and need not be relevant at low momenta. ' 4

Frankel applied his analysis to data with incident
projectile energies ~ 0.6 GeV. He indicated that
the description he was utilizing extends to momen-
ta k,„as low as 0.1-0.2 GeV/c. Such momenta
are involved in lower energy reactions if QTBS
is valid.

The forward angle data shown in Refs. 7 and 9
indicate the dominance of quasi-free two-body pro-
cesses in that the data essentially show two-body
scattering (E~, = Z, cos'6) smeared by the internal
momentum of the nucleons in the nucleus, con-
sistent with, for example, Refs. 9, 10, and 11.
The high energy end of the outgoing proton spec-
trum has also been analyzed in terms of pre-equil-
ibrium processes and is consistent with the crea-
tion of relatively few (-5) excitons. ' ' "

Figure 1 shows data' from 90 MeU protons inci-
dent on "Al, "Ni, "Zr, and "'8i analyzed in the
same manner as the data analyzed by Frankel. '
For these curves k in was calculated using Eq.
(1) of Ref. 1 with a mean excitation energy set.
equal to zero. References 1, 10, and 11 show that
a mean excitation energy of zero is not reasonable.
We find that the data plotted in this manner show
very nearly an exponential dependence on k „over
nearly the entire range. The only serious excep-
tion to this is the data corresponding to outgoing
particles from close to, and below, an energy of
the order of the Coulomb barrier height.

Figure 2 shows a more critical test of QTBS in
that we have plotted the invariant cross section
multiplied by Ip —ql and divided by C(s, t) for the
case of incident protons for the data at both 140

20 10 (9 1979 The American Physical Society



N. S. Vf ALL, J. R. WU, C. C. CHANG, AND H. D ~ HOLMGREN 20

I

Ep=90 MeV

209
Bt

58N.

10

e
ee

e

e 4
e 4

4
4

4 e

4 e
e 4

e
e
~ 4

e
~ 4

tr)
U

fv
I

fa.

-4
IO

-5
IO

—5
l0

1 U

ter
t~ (3

~4

lG

444

k
k

4

Ni
e

4
e

e 4
kk

~ 4
ee 4

e 4

e

90Z
e L

L

LL
4

~ ~

~ e

44

IO

-4
t0

L
4

4
e

Lk
4

4

k
4

~ kkee
~ee

~ 4
k ~

4

2098
e

L
e S»

ee
~ 4 e k ~ k

4 k
e e

~ 4
~ L

~ k

.e &
e 4

L

IO
f00 200 300 400 500 600 700

K,„(MeV/c)

F1G. 1. The quantity O(u) =I p-q I
x d'0/dq as a func-

tion of 0 „„„for incident 90 MeV protons on the targets
indicated, and for the indicated observed particles at
140' in the laboratory system. A'bsolute errors are
&30%. The energy scale is relevant for protons from
a heavy nUcleus.

and 90'. The equation for C(s, t} is give»n R«
To obtain do'/dt for nucleon-nucleon scattering

we transformed do/dQ as given in Ref. 10 or Ref.
13.

Table I gives the values of k, obtained from a
least square fit to the spectra in the laboratory
system at 140' and 90 for 90 MeV protons and

ek
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FIG. 2. Same as Fig. 1 except C(s, t) has been divided
lto

~
np —q )

x d 0'/dq.

140 MeV n particles incident on the elements
indicated. The slopes were deduced from that
part of the spectrum corresponding to outgoing
particles with energies above the Coulomb bar-
rier. While there is a tendency for the slope 0,
to increase with mass for outgoing hydrogen iso-
topes, the a particle slope is definitely smaller.
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TABLE II. The quantity&0, in units of MeV/e, for the
elements and angles shown for the inclusive reaction
A(p, p')A. The results analyzed in this table are similar
to those shown in Table I, except that the quantity C(g, t)
is not treated as a constant, but is deduced from free
p-p scattering.

MeV. We analyze the large angle data by assuming
a mechanism which gives a cross section of the
form in the c.m. frame

d2
= C(r„„(c)ze' r.

de&

Target 140' 90' In Fig. 3, we plot

azA1,

90Zr
0~Bi

63+ 2
66+ 2
58+ 2
58*2

80+ 3
85~ 3
82+ 3
81+3

The deduced slopes for outgoing particles are
very similar for angles greater than 90', and the
increase in k, as far forward as 75' is generally
less than about 20 MeV/c.

Table II gives the value of the deduced values
of k, in the case of observed protons at both 90
and 140 in the laboratory system for 90 MeV inci-
dent protons on the indicated nuclei. These values
differ from those in Table I, showing the effect of
taking into account the factor C(s, t). Over the
range of variables s and t for any given nucleus,
C is constant to within a factor of -3. C(s, t)
varies little at a given value of k „These re-
sults arise because of the relatively low energy.

The difference of slopes between Tables I and
Table II as a function of angle is then arising from
the angle dependence in the deduced G(k). As is
seen in Fig. 2 there is an angle dependence to the
magnitude of the deduced G(k) even when C(s, t) is
taken into account. In fact, C(s, t) over the range
of 0 „is essentially the same at both 90 and 140 .
These results suggest the inapplicability of QTBS.'
That may, however, be too strong a conclusion
since distortion has not been taken into account,
and furthermore, the differences in k, between
the two angles is not very large (-20 MeV/c}, al-
though it is systematically higher at 90'. We have
not analyzed other projectiles because of inade-
quate representations of the appropriate free
particle cross sections.

Figure I shows that the quantity G(k) is not A
independent. Frankel observed' a linear A depen-
dence which again is suggestive of a single-colli-
sion process. For "Al, "Ni, and ' Zr we find
G(k}/A is the same for the reaction (p, p') to
within 20%. 'O'Bi, which is more strongly domi-
nated by the Coulomb barrier, has G(k)/A only
about -,'- of the average value for the other nuclei.
For other outgoing particles G(k)/%is constant to
within approximately 20%, except for '"Bi which
is systematically low.

An alternative analysis of the data is suggested
by the exponential dependence of the differential
cross section at energies greater than about 20

d 0'

dQd&
c (q)e 'r

as a function of p, the outgoing particle energy.
The c.m. differential cross sections were obtained
from the laboratory differential cross section
using the relation

d2@ ] d2O~

P d~& 0.~. P do A )~b

T is the effective nuclear temperature and the
curves plotted in Fig. 3 show the quantity R de-
duced using the parameter T(c & 20) given in Table
I.

It must be emphasized that the effectiue temper-
ature we are discussing is, in the first place, a
characteristic slope associated with the data
rather than any fundamental measure of average
kinetic energy, averaged over time, in either
the entire nucleus or a localized region. The
data, with its exponential dependence on the out-
outgoing, invites the introduction of such a de-
scription. This description, however, has signifi-
cance primarily as a representation of pre-com-
pound or pre-equilibrium processes.

In Fig. 3 we have used T(e) 20} to indicate the
range of validity of describing the data by a single
parameter T. If such a description were valid,
then R should be constant with outgoing energy.
The marked deviation of R at & ~ 20 MeV shows
first of all why we have used & =20 MeV to charac-
terize the two temperature ranges, and second,
the fact that It increases shows T(g& 20) must be,
within this description, less than T(q &20).

The quantity T is usually interpreted as the
temperature of the residual nucleus and is related
to the entropy and level density of that nucleus.
The values found for T(z &20) are quite consistent
with a description of the interaction in which a
major fraction of the incident projectile momen-
tum and energy are absorbed by the target nucleus
which then "evaporates" the observed particle. '
Calculation shows multiple charged particle emis-
sions are not too important.

The higher values of T(c)20) suggest that the
projectile energy is not shared among all the tar-
get nucleons within the framework of the usual
equation of state." Alternatively one might also
use this higher temperature to quantify incomplete
thermalization or a vestige of direct and/or pre-
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factor of -3 greater values.
For both outgoing protons and n particles the

deduced temperatures for "'Bi are systematically
lower than the other nuclei. In fact, for protons
the forward angle temperatures increase with A,
except for '"Bi. This is almost certainly an effect
of the much higher Coulomb barrier, and this
supposition could be checked by studying a nucleus
intermediate between Z r and 'Bi.

If the analysis of these data in terms of a hot
spot is at all valid, it suggests an effective parti-
cle emission time of order (0.1-0.2) r„wher e7'„
is the relaxation time. Reference 15 gives 10 ~0
&7 ~& 10'„and in Fig. 3 of Ref. 15 the value &~
=20&o is used. This in turn suggests the time
scale for the pre-compound process is of order
2-4 times the single particle transit times, a
value consistent with the idea of a localized hot

spot.
As a conclusion we suggest that the hot spot

model may be a possible alternative description
for quasi-two-body scaling. This may be a for-
tuitous accident at the relatively low energies of the
these experiments, which may arise because the
low energy tends to require a "coherent recoil"
mechanism. ' However, it does afford a simple
and semiquantitative explanation for the observed
values of the slope parameter. %e cannot exclude
a fraction of the observed particles at large angles
coming from a QTBS instead of evaporation.
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