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Spectra of a particles from 90, 120, and 160 MeV a-induced reactions on ' Fe have been

measured and, together with data taken at S9 MeV, were analyzed in terms of the exciton
coalescence model. Multiple-particle emission was found to be important in reproducing the

shapes of the angle integrated spectra. Deduced radii Pp of coalescence spheres in momen-

tum space are consistent with the assumption that Pp is constant.

NUCLEAR REACTIONS '4Fe(o.,n'x), E=59, 90, 120, 160 MeV; mea-

sured o(e,5), 0.(e); exciton coalescence model analysis, thermodynamics

of light nuclei production.

I. INTRODUCTION

The emission of particles following the interac-
tion of a projectile with a target nucleus constitutes
a large fraction of the total reaction cross section
and is thus of fundamental importance. The prod-
ucts emitted are primarily nucleons and light com-
posite particles such as deuterons, tritons, and heli-
um nuclei. In the case of a particles this emission

may be due to preformed clusters, but it is unlikely
that knockout of preformed deuterons, tritons, or
He particles will significantly contribute to the ob-

served production cross sections. Theories have
been formulated, moreover, to describe the forma-
tion of clusters including a particles. These
theories are based on differing physical assump-
tions.

(a) The coalescence model' is a purely statisti-
cal model. Complex particle formation from "ex-
cited nucleons" (excited with respect to the Fermi
surface of the nucleus) is treated in a final-state in-

teraction description. A mean field (represented by
the total potential) acts as a third body necessary
for energy and momentum conservation.

(b) The equilibrium approach —a statistical ther-
modynamical model —assumes that thermal equili-
brium, both kinetic and chemical, is achieved dur-

ing the collision of projectile and target.
(c) The sudden approximation model assumes

that complex particle formation occurs during the

expansion of a fireball. During this expansion a
fast transition from a strongly interacting phase to
a weakly interacting one should take place. The
probability of forming clusters is related to the
overlap of wave functions before and after the tran-
sition.

By comparing the different models one finds
that the power-law relationship between the
momentum-space density of an emitted nucleus and
the appropriate power of the nucleon momentum-
space density is similar. The models differ in the
dependence of the momentum-space radius Po on
the excitation energy of the emitting volume. The
study of the energy dependence of Po seems, there-
fore, to be a useful tool to gain insights regarding
the validity of different models. The authors of
Ref. 6 have already studied the reactions
20Ne+NaF and 2oNe+2ospb with bombarding ener-
gies of 400, 800„and 2100 MeV/nucleon and have
measured p, d, t, and He spectra. The composite
particle spectra have been well reproduced by calcu-
lated spectra when approximating excited cascade
nucleons by the observed proton spectra. This pro-
cedure yields constant Po values. However, the
number of nucleons emitted in clusters is not negli-
gible at these high excitation energies. It is there-
fore necessary to add these nucleons to the proton
and neutron spectra to get intermediate or primor-
dial nucleon distributions. The striking agreement
between data and calculation is not obtained when
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the observed proton spectra are modified to take
into account such depletion effects. Similar obser-
vations have been made by Gosset et al.

In a recent approach intermediate nucleon distri-
butions are calculated, thus avoidirig the problems
discussed above. This approach is successful at
moderate energies of some tens of MeV/nucleon.
We therefore have measured the energy dependence
of Fe(a,o,"x) reactions up to an a energy of 160
MeV. In the following section the details of our
measurements are presented. The exciton coales-
cence model (ECM) (Ref. 8) is then extended to the
high energies. Finally, we compare our results with
model predictions.

II. EXPERIMENTS AND RESULTS

A. Experimental procedure

The a-particle spectra from reactions induced by

90, 120, and 160 MeV a particles from the

unanalyzed external beam of the isochronous cyclo-

tron JULIC have been measured. The beam energy

resolution (bE/E=0. 003) was sufficient for an in-

vestigation of the continuous spectra, and the ener-

gy resolution of the spectra observed was better

than l%%uo depending on the beam energy and the tar-

get thicknesses. The experimental setup was

checked by taking spectra with no target in the tar-

get frame, thus making sure that there were no

background problems. The total number of events

was always less than 1000 counts/s, thus reducing

pileup and dead-time effects to a negligible level.

By means of a pair of quadrupole magnets, the

beam was focused and centered on the target to a
beam spot of 4 by 2 mm. The beam was then again

focused to the Faraday cup with another quadru-

pole doublet. A Ge(Li) monitor counter was also

used as a redundancy check on the charge integra-

tion.
Self-supporting metallic foils of enriched Fe

(96.8%%uo isotopically pure) with thicknesses of 15.7
mg/cm served as targets for the bombardments at
90 and 120 MeV, while a 1.2 mg/cm foil was used
in the 160 MeV experiments. The targets were
mounted on the target ladder which was located in
the center of a scattering chamber of —1 m diame-
ter. Charged reaction products were detected using
hE-E telescopes. The 4E counter was, in all cases,
a Si surface barrier detector. In the experiment us-

ing the 90 MeV beam a stack of three 2000 pm Si
surface barrier counters served as the E detector,
while at 120 MeV a 5 mm Si surface barrier counter
(at 30' to the incident particles) and at 160 MeV a
Ge(Li) (Ref. 9) were used. All data concerning the
conditions of the three experiments are listed in
Table I. A pair of tantalum collimators was used as
an antiscattering aperture and to define the solid
angle. The telescopes were connected to a fast elec-
tronic particle identification system (Canberra 2161)
using the Bethe-Bloch relation. Alpha-particle
spectra were accumulated in a pulse height analyzer
and recorded on magnetic tape. Energy calibration
of the spectra was performed with a polyethylene
(CHq) target from which elastically and inelastically
scattered u particles on ' C, elastic scattered a par-
ticles on protons, as well as recoiling protons, were
detected.

Since the uncertainties in the cross sections re-
sulting from energy calibration are negligible, the
uncertainties in the target thicknesses (about 15%)
are the main contribution to the systematic error.
The uncertainties in the solid angles are less than
1%, and charge integration is estimated to be
correct within 2%. The statistical error depends on
the measuring angle. Typical values are 2% at for-
ward angles and 10% at backward angles.

B. Experimental results

Figures 1 —3 show inelastic a-particle (a') spectra
from the bombardment of Fe with a particles of

TABLE I. Experimental setup.

Detector thicknesses
Beam energy Target thickness hE

(MeV) (mg/cm ) (pm) (mm)

Number of
AO angles

(msr) A8 4;„5,„measured

90
120
160

15.7
15.7
1.2

235
232

1000

6a

5.8
Ge(Li)

0.50 1.0' 15 140'
0.68 1.2' 10' 160'
0.19 0.9 15' 135'

10
11
7

'3)&2000 pm.
5 mm counter turned by 30'.
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bump at -17 MeV excitation energy, resulting
from excitation of the giant quadrupole resonance
in Fe, increases with bombarding energy.

III. DESCRIPTION OF THE MODELS

A. Exciton coalescence model

In this section the emission of a particles in the
framework of the ECM (Ref. 8) is briefly described.

l

The basis of the ECM is that complex particle for-
mation occurs from excited nucleons with small
transverse momenta. It is assumed that, for exam-
ple, a proton and a neutron coalesce into a deuteron
if the second nucleon is within a sphere in momen-
turn space with radius Po around the momentum P,
of the first nucleon. The distributions of the excit-
ed particles (p) and holes (h} with respect to the
Fermi energy are governed by a generalized master
equation'

BP(n, t)
Bt

= y fdQ'A(m~n, Q'~Q)P(m, Q', t}—P(n, Q, t}[gA,,''(n, E)+ g fdQ g(n~m, Q~Q }].

(1)
The intermediate states are classified according to their number of excitons (n =p+h} and the direction
Q(@,y} of a scattered particle. P(n, Q, t) denotes the occupation probability of the states (n, Q} at time t, while
the averaged transition rates are given by A,. Angle integration leads to the angle-independent master equation.
If we restrict ourselves to only two-body interactions (b,n =+2), this equation reads:

BP(n, t)
(n +2,E)P(n +2,t)+k+(n —2,E)P(n —2, t) —[A+(n,E)+A, (n,E)+ g A,,'(n, E)]P(n,t),at

P(n, t =0)=5„„,. (2)

The emission rate A,,' must be extended over all exit
channels s. For the reactions under discussion here,
it is sufficient, in practice, to take only proton and
neutron emission into account. The transition from
Eq. (1) to (2) is, for example, valid for the factoriza-
tion ansatz

tf P(n, Q, t)dt=A(n, Q)f P(n, t)dt

=A (n, Q)~(n, E)
if the relation

fA (n, Q)dQ=1 (4)
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dG
W(Q'~Q) oc (Q'~Q) .

dQ
(6)

The initial condition for infinite nuclear matter is
given by

&(nc,Q(&,y))=n. 'cos@8(~/2 Q)—

with the step function 8.
The emission probability for a particle of type i

with energy e; from a state with p particles and h

holes is given by

2S;+ I
W~(p, h, e;)= 3 jt;&;o;,„(&;)

fi

)&F(p,h,p;,E,e;)y; . (&)

Here, all factors except the last two are the same as
in the statistical model. The quantity E denotes the
probability of having p; particles with energy
e;+B; (B;=binding energy) in unbound states

p(p —p;,h, E —B; e;)—
F(p, h,p;,E,e; )=

p(p, h, E)

holds. The angular distribution functions have been
derived from the recurrence relation"

A (n +2,Q) = JdQ'A (n, Q') W(Q'~Q)

with the transition rate W calculated from the free
nucleon-nucleon cross section

y;=y„„=[, n(P —/uc) )"+~ (12)

with x (y) being the number of protons (neutrons) in

the cluster i, u giving the nucleon mass, and c
denoting the velocity of light.

The cross section can be then approximated as

d~o;(e, 4)
dedQ

n

W, (p, h, e)
n =no(i}
dn =2

yA(n, Q)r(n, E), (13)

where 0.0 is the total reaction cross section derived
from the optical model. The summation is extend-
ed from no, the projectile and ejectile dependent ini-
tial exciton number, ' up to n, the exciton number
of statistical equilibrium. This number is obtained
from the condition A, +(n,E)=A, (n,E).

However, it should be noted that, if the binding en-

ergy is neglected, integration yields

i i i ~

E
F(p, h,p;,E,e; )de; =p .

The last factor in Eq. (8), y;, denotes the fraction of
those states where the p; particles are coalesced into
a baluster of type i T. he coalescence radius men-

tioned above is obtained from

p(p;, O,B;+e;)
X p p.pi

B. Multiple precompound
particle emission

hE= gP+hEP+h —I

(p +h —1)!p!h!
(10)

where p(p, h, E)/g gives the number of ways to dis-

tribute E energy quanta on p+h excitons and g is
the single-particle level density

At the high energies under discussion here the
residual nucleus with excitation energy
U=E —e; —8; might have enough energy to emit a
second particle pj during the precompound phase.
This process can be described again by a master
equation

BQ(m, t) = A+(m —2, U)Q(m —2, t)+A, (m+2, U)Q(m+2, t)

—[X,(m, U)+X (m, U)+ g &,"(n, U)]Q(m, t)
k

with the initial condition

Q(m, t =0)=5(m, mo ——p —p;+h) W;(p, h, e; )r(n, E) .

The quantity Q denotes the occupation probability of an m-exciton state at time t.
The emission rate is given by

2SJ +1
Wj(pp hips' pE& U&8j )— pjez of„„(ez )F(p —p;, h&pj, U&Ej )yj

fi
(16)
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where all quantities have the same meaning as above. From Eq. (14) one can calculate the lifetime

r(m, U)= I Q(m, t)dt

thus leading to the cross section

do,q(ej. ) n E—B,.
=crp g g I dU Wq(p, h,pt, E, U, E~)r(ttt, U) .

n =no(i) m =mo(n, p; )

hn =2 hm =2

(18)

The total angle-integrated cross section for a parti-
cle type j is then given by

dg d0'J do'gj.
+

dE dE', dE' (19)

C. Comparison of the ECM with

the coalescence model

A common feature of the coalescence model

(CM) (Ref. 3) and ECM (Ref. 8) is the equation for
the cross section

0 3 0 i P(
~ p 3)x+y —jy( ) (20)

5&Fe (a.,ct'x )

where p represents the nucleon momentum and

f, ( p) is the model dependent distribution of the cas-
cade nucleons. In ECM, f~(p) is given by the sum

over nucleon distributions in possible exciton states.
In CM (for high nucleon multiplicities) f~(p) is

I

given by
' x+y

1 N 1

00 P dPdQ
(21)

The cascade nucleon distributions are then approxi-
mated by the observed proton spectra
d O'Jv/p dp dQ.

As noted in Ref. 8, the application of this ap-
proximation does not seem to be appropriate for the
energy regime under discussion here. The multipli-
city of the excited nucleons is small. Proton spectra
do not reflect nucleon distributions due to superpo-
sition of evaporated protons from the compound
nucleus and Coulomb distortion effects. However,
using the angular distribution of protons from the
evaporation peak of 59 MeV a-induced reactions as
input for CM [Eqs. (20) and (21)] an excellent fit of
the nonevaporative a-particle angular distribution is
obtained (see Fig. 4). The same degree of agreement
can be obtained for all energies, but for each energy
the coalescence radius po must be fitted (Figs. 5 and
6). The minima in Figs. 5 and 6 coincide with the
evaporation maxima of the proton spectra. Even
though the above procedure yields excellent fits
(Figs. 4—6) it is unlikely that compound protons
can coalesce into u particles or deuterons which are
responsible for the high-energy component of the
spectra. This result can be understood, if both eva-

300—
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200- + ~

~o 100
~ 20o
x 47o
+ 90o

20 60 80
FIG. 4. Angular distributions for the 5 Fe(a, a'x) re-

actions at E~=59 MeV and @~=40 MeV. The dots

represent the experimental data. The solid curve con-

nects the calculated points from CM. The data are
from Ref. 13.

0
0 10 20 30

~d (wev)
40 50

FIG. 5. Extracted Po values for the Fe(a, dx) reac-
tion at E =59 MeV for various ed and emission angles
using CM and data from Ref. 13.



MECHANISMS FOR COMPOSITE PARTICLE PRODUCTION IN ~ ~ ~ 417

54Fe (a,a'x)
Ea= 59 MeV 1p2

tA

300-

0
O

200-

~ 20o
x 47o
+ 90'

1pl

1p0

100
2010 500

I

30 40
a (MeV)

FIG. 6. As in Fig. 5, but for the ' F '

tion.
r e e(a, o,'x) reac-

10-
0 2

I I I I I I

4 6 8 10

j ( Interaction Number)

FIG. 8. As in Fig. 7, but for the F
tion.

e e a,a'x) reac-

porated protons from the compound nucleus
as recom o

un nuc eus as well

precompound protons have the same 1 d'arne angu ar dis-

lated nucle
ion. t t erefore seems necessa too use calcu-
nucleon spectra when applying CM.

IV. COMPARISON WITH
MODEL CALCULATIONS
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TABLE II. Parameters obtained from ECM analysis.

E
(MeV) ja

Pp Pp R
(MeV/c ) (MeV/c )' (fm)"

59
90

120
160

10.43 X10-'
7.52 X 10
8.33X 10
6.24X 10

351
338
342
331

301
290
283
284

1.59
1.65
1.63
1.68

the data into this system (primed quantities) and as-

suming further a Maxwellian distribution leads to

I

, = 0.167~a'
de'd Q'

mb
&& exp[ —e'/28. 2 MeV j MeV sr

'The reduced radii are calculated (Ref. 4) as

1/(Z+y —I )
2z +P

(2S+1)(x+y )'

'The radii are deduced from Po using the phase space
relation.

It is shown in the Appendix that complex particle
emission reflects, within the framework of CM, the
same features of the source, such as its temperature
and velocity, as does nucleon emission. We have
compared angle-integrated spectra from Eq. (22)
with CM calculations [Eqs. (21) and (22)j using
angle-independent exciton model calculations for
proton emission. Such a comparison yields
Po ——345 MeV/c, which is in excellent agreement
with the ECM result of the same data, i.e., Po ——342
MeV/c (see Table II).

However, the very high value of 28.2 MeV for
the temperature of the source with respect to the to-
tal excitation energy of 120 MeV is surprising.
Transformation of (22) into the laboratory system
gives satisfactory results only at fairly low a-
particle energies and angles which are not far for-
ward or backward (Fig. 12). This is just the region
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FIG. 12. Comparison of selected experimental
Fe(a,a'x) spectra for Ea=120 MeV (dots) with emis-

sion from a moving equilibrated source (solid line).

FIG. 13. Comparison of the experimental '4Fe(a, a'x )

angular distributions (dots) for U=18 MeV with the
ECM predictions (solid line). The initial angular distribu-
tion A(no, Q) is according to Eq. (7). Emission from a
moving equilibrated source is given as a dashed line.



420 H. MACHNER, U. BECHSTEDT, A. DJALOEIS, AND P. JAHN 26

10o—

54Fe {rt,a'x)
U=35MeV

10

10 1- 59MeV
10

10 &-

103-
V

E ~
,
O

O

10'-

10

104-

10 5-

10+=
eV

0-4

10

10

0
1

10 7-
1P-

10-8

160MeV
x10 5

I I I I I I I I I I I I I I I I I I I I

0 50 100 150 5{deg)

1P-8

120 MeV

x10 '
FIG. 14. As in Fig. 13, but for U=35 MeV.

1p-10

where the rapidity plot showed the features dis-
cussed above. On the other hand, at fairly low exci-
tation energies ECM yields the same results (dashed
lines in Figs. 13 and 14}as Eq. (22). Angular distri-
butions are shown in Figs. 13 and 14 for all energies
under discussion. For these calculations the angular
distribution function (7) has been used. While for
S9 MeV bombarding energy the data could be nicely
reproduced, the calculations fail more seriously as
the bombarding energy is increased. A possible ex-

planation for this effect might be that, for higher
energies, the treatment of the nucleon-nucleon col-
lisions in infinite nuclear matter and neglection of
reflection and refraction at the nuclear surface are
not valid approximations.

The experimental data, particularly in the for-
ward angle regime, show a more exponential angu-
lar distribution. We, therefore, have tried an initial
angular distribution

10
11

10-12

60 MeV

10
13

50 100 &50 g{(jeg)
FIG. 15. As in Fig. 13, but the initial angular distri-

bution A(noQ) is given by Eq. (23).

A {n0,0(@,y)) =a exp( b5}—(23)

to improve the quality of the model calculations.
The normalization constant was obtained from tQe
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FIG. 16. As in Fig. 15, but for U=35 MeV.

Eq. (4). With b =8/rad we find the best agreement
for all bombarding energies studied here and for all
energies of the outgoing a particles. Comparisons
of calculations using Eq. (23) with the data are

given in Figs. 15—17. The agreement between cal-
culations and data is excellent considering the sim-

ple underlying model assumptions.
In Fig. 18 angle-integrated data (dots) are com-

pared with ECM calculations. Contributions of
first-chance emission and second-chance emission
following n, p, and a emission are shown. Obvi-

ously, the 59 MeV spectrum is dominated by first-
chance emission a particles. For higher bombard-
ing energies the importance of second-chance emis-
sion following n and p emission is observed. How-
ever, in all cases the contribution of second-chance
emission following a emission is negligible. The ab-
solute normalization of the spectra was obtained by
adjusting the Po values compiled in Table II. They
do, however, show a rather uniform behavior.

As mentioned in the Introduction, several ap-
proaches have been used in interpreting data from
high energy heavy-ion induced reactions. Starting
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FIG. 18. Comparison of the angle integrated a' spec-
trum (dots) from the Fe(a, a'x ) reaction at E =59 and

120 MeV with ECM predictions taking only the first
chance emission (long dashed curve) and the second
chance emission following a neutron (dashed dotted
curve), following a proton (short dashed curve), and fol-

lowing a emission (fine dotted curve at the bottom).
The thin solid curve denotes the contribution from com-

pound nucleus evaporation. The thick solid curve

represents the sum of all contributions.

from different physical assumptions these models
lead to the same power law (20). However, they
predict different energy dependences for Po. We
will not discuss the approaches in detail, since re-
cent reviews' ' are available. We will give only
the energy dependence of Po, if a temperature T of
the emitting system is calculated following an equa-
tion of state T =(6/n g)E.

The sudden approximation leads to Po-E
an energy dependence also obtained in the statistical
equilibrium approach. Such a relation has been
used in astrophysics for calculating the iron produc-
tion in the e process' or in silicon burning, '

~+28@ 32S

Starting from statistical equilibrium and taking
excited states of the composite particles into ac-
count, the energy dependence becomes' Po-E'
However, due to the lack of the existence of excited

states for light nuclei or the existence at high excita-
tion energies (above 20 MeV for a particles) com-
pared to the total excitation energy, this energy
dependence must fail in the energy regime under
discussion. In a pure final state interaction model
the complex particle wave function in the rest
frame of the system should not depend on the c.m.
motion, i.e., Po ——const. In Fig. 19 we compare the
data for Po from the ECM analysis with the energy
dependences given above. The functions for the en-

ergy dependences have been adjusted to reproduce
the mean value of Po for the mean bombarding en-

ergy. In a recent paper' it has been shown that,
from Po, radii R in coordinate space could be ob-
tained which are essentially those of the free clus-
ters. For R =1.63 fm a value Po ——341 MeV/c is
obtained and indicated in Fig. 19 as a constant. By
comparing the three different functional behaviors
with the data, it becomes clear that Po ——const is
favored. As noted earlier this finding has been also
obtained in relativistic heavy-ion induced reactions.

V. CONCLUSION

It has been shown that angle-integrated complex
particle spectra can be well reproduced by ECM, if .

multiple particle emission is properly taken into ac-
count. The assumption of free nucleon-nucleon col-
lisions in infinite nuclear matter' fails for higher
e-beam energies. An exponential angular distribu-
tion after the first projectile-target interaction nice-
ly reproduces the data. By comparing energy
dependences for the scaling factor Po, as it is given
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from different model assumptions, we have deter-
mined that Po ——const agrees best with the data.
This finding favors a pure final-state interaction as-
sumption for the cluster formation.
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d 0'
, =cv e'exp( e—'/T) .de'dQ' (Al)

Transformation into the laboratory system
(unprimed quantities) for a source moving with
velocity U, parallel to the beam axis leads to

d o(5)
dedQ

=cv eexp[ —(e—V'2uev, cos8

quantities) of a thermslized source. For a Maxwel-
lian distribution the cross section yields (with the
normalization constant, c )

+ —,uu, 2)/T] (A2)

APPENDIX

In the following it is shown that complex particle
emission from a moving thermal source shows the
same source temperature T within the framework of
CM as does nucleon emission.

We assume the isotropic emission of nucleons
with mass u in the center of mass system (primed

I

for emission in direction 5.
Now CM [Eqs. (20) and (21)] is appliai. In the

following the mass of the complex particle with x
protons and y neutrons is denoted by m =(x+y)u
and its kinetic energy is E=(x+y)e, if binding en-

ergy is neglected. When Eq. (A2) is inserted into

Eq. (21) and then Eq. (21) into Eq. (20), the com-

plex particle cross section is

2
~ ~ Z+y ] 2

Z+y
d &x+y 1 4 3 1 ' d 0' 1

dE dQ x!y! '
era u&2u@

—,mPo dedQ (x+y)3~2

Z+y —1

=c"+~( —,~a 3/~ )"+~
x!y!(x+y}3~ u+2u

X ~@exp[—(E—V'2mE cos@.u, + 2 mu, )/T] . (A3}

Equation (A3) shows that complex-particle cross sections are again Maxwellian with the same
features, such as velocity U, and temperature T, as the emitting source.
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