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Coincidence measurements of charged particles emitted in a narrow cone in "Li+!%"Au,
near grazing incidence, show that the two-step breakup via the -.}' (4.63 MeV) state in the
o +t channel is very weak, in agreement with the predictions of the corresponding in-
elastic process (0, =350 ub), An important a-d coincidence yield comes from the fol-
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lowing mechanism: TAu("Li, ®Li*(2.18 MeV)) 1®Au, ®Li*(2.18 MeV)~a +d; 0,,; <9
+2 mb. The experimental optimum @ value of the first step of this process is Qo

=—1.8£0.1 MeV.

Recent experiments have shown that the nature
of the projectile must be taken into account in
understanding heavy-ion scattering. For instance,
the so-called second-order processes such as re-
orientation effects or virtual excitations may not
be negligible for the projectile.

We present here a study of another process
which may occur in inelastic scattering or trans-
fer reactions, i.e., the breakup of the projectile
via a real or virtual excitation above a particle
threshold. The study of such a two-step process
may be a help in the understanding of transfer
form factors and a probe for the best configura-
tion to choose in the projectile wave function.
From the experimental point of view, it is attrac-
tive to attempt to record the particle components
by a coincidence method which is very sensitive
to the prior excitation energy in the projectile
and therefore to the state involved in the two-
step process.

In this work, we study the possibility of a two-
step breakup of "Li when it is scattered by a
heavy target ('*’Au in this case). For example,
we can expect an a+{ dissociation when consid-
ering the transition from the 3 ground state to
the #°, 4.63-MeV state which lies above the a + ¢
threshold. Let us now define what seem to be the
best conditions to study this process.

First, it seems reasonable to link this mecha-
nism to the behavior of inelastic Coulomb plus
nuclear scattering. However, destructive inter-
ferences between Coulomb and nuclear perturba-
tions may occur in the grazing-incidence region
and have to be avoided.

Second, when the breakup occurs very close to
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the target, one of the clusters may be trans-
ferred to it and the phenomenon may be inter-
mingled with a multinucleon transfer. The only
region which seems to favor a simultaneous
emission is at the maximum of the Coulomb ef-
fect.

Third, the two clusters have to be detected in
coincidence in the right cone of emission. The
aperture of this cone depends on the state which
is involved and on the kinematics.

In the scattering of "Li on different targets,':?
many « particles and tritons are seen in singles
spectra. Though not shown, all particle spectra
have similar symmetrical shapes. They also
have the same mean energy for each kind of iso-
tope. The following table gives the absolute total
cross sections for all particles identified in the
reaction under the same kinematic conditions and
taking into account the experimental angular dis-
tributions:

Trot
(mb) Particle
11£3 )
9+ 2 d
19+ 3 t
220+ 10 @
9+ 3 SHe

In previous work!, we showed that we actually
recorded the remaining particle («/f) connected
with a (¢/a) transfer to the target. This gave a
qualitative explanation of the different yields of
emitted particles. We analyzed quantitatively the
behavior of the mean energies against the inci-
dent energy. These quantities are not increasing
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very fast with the incident energy, and are in
fact in very good agreement with calculations of
the optimum @ value for transfer reactions, us-
ing the kinematic conditions and including recoil
effects.>® Thus, the symmetrical shapes for
each spectrum reflect the behavior of the @ ef-
fect for each kind of transfer to the target. These
shapes are not rectangular as would result from
a breakup in flight via some level in "Li.

In order to clarify whether an « + f breakup via
the £~ state really occurs or not, we performed
a coincidence experiment for Li+'®’Au, using
the Heidelberg Emperor accelerator. Our pur-
pose was to record coincidences of charged par-
ticles identified by a telescope triggered by the
correlated particle impinging on a single solid-
state detector. Both detectors were set up in a
plane normal to the beam direction at the target
center. The two axes of symmetry of the detec-
tors cross the target center and define an angle
¢,, Which corresponds to the relative cone of
emission of each fragment.

The experimental conditions have been chosen
so that (a) ¢,, lies between 0 and 25° in order to
observe the possible breakup via the 4.63-MeV
Statey and (b) dcelastic/doRutherford begins to
deviate from unity. The coincidence counts are
obtained by gating on true events in the time
spectrum and by choosing a type of particle re-
corded by the telescope. The corresponding den-
sity N(E,, E,) is shown in Fig. 1.

The main result of this experiment is that no
appreciable counting rate of an o-f type comes
through the identification gating at any angle ¢,,
(0-25°), so no strong breakup comes from the -
level at this energy. The experimental upper
limit of this process at 90° does not exceed the
theoretical predictions of a Coulomb excitation of
"Li(# 7). We used for that the de Boer -Winther
program?® in which the role of the target is played
by "Li with appropriate kinematic conditions. By
using the matrix element

G lla(ER) )=+ [(2x3+1)B(E2; 3~ = F)]'7
=+0.07899¢ b,

we found 0,,,(%7)=0.35 mb and (do/dw)(breakup;
90°) <40 pb/sr. The only important counting
rate is of an a-d type and may be explained by
considering a neutron transfer to the target and
a core excitation of °Li:

197Au( L, °Li*(2.18 MeV))®®Au,
SLi*(2.18 MeV)~a+d.
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FIG. 1. Correlated events of the a~d type. Four
zones can be distinguished but only one side of the
plot, relative to the E,;=FE, line, has to be considered
because of the symmetry in the detector locations. Each
zone corresponds to the double condition "Li +1*7Au—a
+d +'%Ay (kinematic line 1, overbent for the drawing)
and ®L1*(3*) —a +d (kinematic line 2).

This reaction can be studied in the framework of
three-body reactions in which we define a pro-
jected spectrum’:

_ mini PP, ) 2,
S"—<1+mk/mj+Picos(9012)/Pj lal?; D

my, ;. (4,7,k=1,2,3) are the masses of the parti-
cles involved, with scalar momenta P, ; , in the
lab system. The matrix element A accounts for
the neutron transfer and the breakup of °Li.

The projected spectrum depends mainly on the
form factor in A which refers to the breakup of
®Li(3*, 2.18 MeV) to a free a particle plus a free
deuteron. We write it as

fbrkuP:YGLit‘ya'd/(eij_€r+%ir); (2)

y stands for the reduced width in each subscripted
channel, €, and T define the 3* state, and ¢, is
the available energy in the two-body system o

1137



VOLUME 32, NUMBER 20

PHYSICAL REVIEW LETTERS

20 May 1974

15 g, (Mev)
No of Counts:S¢

—
=]
L

olphos

N L
Wil e

J w
No of caunts: S, w

1
15 20 E,(MeV)

FIG. 2. Projections of the coincidence density for ¢;,=18°. Solid curves are the best-fit results of the calcula-
tion with expressions (1) and (2) and a residual energy of 1 MeV in the three-body system. The peaks are correlat-
ed by the squares and asterisks. The finite sizes of the detectors have been taken into account.

+d. We show a part of theoretical calculations
in Fig. 2. To fit the data, we need to assume a
residual energy E of about 1 MeV in the three-
body system (a +d+'®®Au). This means that the
experimental optimum @ value for the neutron
transfer is

Q = A(Li+ *7Au) - A(PLi* + '%®Au) - E
=-1.8+0.1 MeV.

This result leads to a virtual energy of 10.4 MeV
in "Li prior to the neutron capture.

The absolute value of the total a-d breakup is
not easy to get from the coincidence experiment.
The upper limit is however contained in the total
deuteron yield, 0,,,<9+2 mb. If we consider
the Coulomb inelastic process *®Au +®Li(1 ")
~19Au +%Li(3 *) with a relative c.m. energy cor-
responding to the total available energy [E("Li)
=32 MeV; E(°Li) ~$E("Li)], and use B(E2; 1*
-3%)8=26¢* fm* we find a total cross section
0;,=5.15 mb. This value does not seem to be too
far from the estimated upper limit of the break-
up. Another point of comparison is the result of
a rough integration on the three-body parameters
of the coincidence yield, obtained in the experi-
ment at 90°, with the theoretical inelastic differ-
ential cross section. We found

(do/dw),+(90°) 0.5 mb/sr,
and
(do/dw) ey p(90")= 1.0+0.3 mb/sr.

These results show that a Coulomb excitation of
the °Li core in the total reaction is not out of
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consideration.

In conclusion, the search for a real two-step
process, involving the excitation of the 4.63-MeV
state in "Li, has shown that this mechanism is
negligible (o ,, <350 ub). However, the experi-
ment has shown a strong selectivity of the *Li(3 ")
+n configuration in “Li. In this case the excited
core is far enough from the residual nucleus so
that it breaks into a free « particle and a free
deuteron without absorption by the residual nu-
cleus. The process is optimum for virtual exci-
tation energy of 10.4 MeV in the projectile + tar-
get system. This experiment shows the effect of
the projectile structure and the importance of
coupled-channel effects in the transfer process.
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Thermal photons are present in every initial state, and nonthermal photons are present
in many systems of interest. Furthermore, stimulated emission promotes the infrared
divergence of quantum electrodynamics from logarithmic to an inverse power in a Planck
distribution. I have calculated to order e® the background-photon corrections to the cross
section for scattering a charged particle off an external Coulomb potential. I demon-
strate the cancelation of infrared divergences, and derive a formal shift in the masses
of charged particles. I interpret this shift, and discuss atomic spectra.

Standard treatments of quantum electrodynam-
ics (QED) involve an important unphysical as-
sumption—namely, that reactions take place in
a vacuum. In reality, thermal photons are pres-
ent in every initial state, and nonthermal photons
are also present in many systems of interest.

For a Planck distribution, the photon-mode oc-
cupation number diverges like 2T/w as w—0
(where & denotes Boltzmann’s constant, 7 the ab-
solute temperature, and w the angular frequen-
cy). This divergent behavior of the occupation
number promotes from logarithmic to an inverse
power the infrared divergence of photon-emission
cross sections, thereby posing a new challenge
to the finiteness of the theory. In addition to ob-
vious academic questions, the possibility of new
phenomena must be considered.

In this Letter, I analyze a simple example of
QED in a photon sea. Specifically, I calculate to
order e” the background-photon corrections to
the cross section for scattering a charged parti-
cle off an external Coulomb potential. I demon-
strate the cancelation of divergences in the total
cross section, and derive a formal shift in the
masses of charged particles. I interpret this
shift, and discuss atomic spectra.

Let us begin by reviewing some elementary
facts. When a boson creation operator a '(g) [or
annihilation operator a(q)] acts on a state with n

bosons of momentum ¢, the effect is
al@)Ing)=(m+1)"2|(n+1)g), (1a)
alq)|ng)=n'"?|(n - 1)g). (1b)

We shall render the photon modes discrete by
quantizing in a box. The continuum limit is ob-
tained by letting the volume V go to «, in which
case a mode becomes a unit cell (d3x)(dq)=F1.

For a Planck distribution, the number of posi-
tive- or negative-helicity photons in a mode is
given (with #Z =c=1) by

n,(q)=lexp(w/kT)-1]"!

(2)
=kT/wfor w<«<kT.

Throughout this work, we assume the radiation
field to be an eigenstate of the occupation num-
bers n,(g). Such a field is incoherent, with
(E(X, £))=0. The results should have qualitative
validity, however, for coherent fields as well.

Now consider the scattering of a spin-zero
charged meson off an external Coulomb potential.
(The scattering of a Dirac particle will be dis-
cussed later.) We denote the meson mass by m,
and its initial and final momenta by p and p’, re-
spectively, with p2=p’2=m?. We denote the low-
est-order S-matrix element by S,, which yields
an elastic cross section of order Z%a? for scat-
tering a charge e off a static charge Ze (where «
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