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Systematics of charge-pickup reactions by GeV/nucleon heavy nuclei
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%'e have measured cross sections for inclusive reactions in which 1.7 GeV/X ' Fe, 1.46 GeV/X
'"Kr, 1.28 GeV/X "La, and 0.8 GeV/X ' 'Au increased in charge by one unit. Combining these
results with data on charge pickup by ' C, "0, and Ne projectiles, we 6nd that the cross section
for charge pickup by -QeV/nucleon projectiles is generally given to within a factor of 2 by the ex-
pression ogz —+l =1.7X10 gpT Ap (in mb), where ypz= Az + AT —1.0. This expression, with
roles of projectile and target interchanged, equally well fits crass sections for |'p, xn) reactions at
GeV energies when summed over x. The factor ypT implies peripheral collisions; the dependence
on Az is the steepest ever reported for a nuclear process.

I. INTRODUCTION

In this paper we will discuss two types of charge pick-
up reactions between relativistic nuclei —those in which
the projectile, of charge Z~ and mass Az, picks up one
unit of charge, and those in which the target, of charge
ZT and mass AT, picks up in one unit of charge. We ask
the reader to keep clearly in mind the distinction between
the two types of reactions in what follows. Until now
very few measurements had been made of cross sections
for charge pickup by relativistic projectile nuclei, ' ' and
no attempt had been made to 1ook at the systematic
dependence of cross section on projectile size. In experi-
ments with a magnetic spectrometer at the Lawrence
Berkeley Laboratory Bevalac, Lindstrom et al. ' mea-
sured very small cross sections ((0.1 mb) for 1.05 and
2.1 GeV/N ' C going to 'zN, for H, Be, C, Al, and Ag
targets, and Olson et a/. measured larger (0.5 to 1 mb)
cross sections for 1.7 GeV/N ' 0 going to ' F, for Be and
Th targets. Cross sections for production of other iso-
topes of N (in Ref. 1) and of F (in Ref. 2) were undetect-
ably small. Using a magnetic spectrometer and a time-
of-fiight (TOF) system at Saturne, Bachelier et a/. mea-
sured the energy transfer in the charge transfer reaction
0.95 GeV/N Ne going to Na, for C, Y, and Pb targets.
They were able to detect two peaks —one at low excita-
tion energy due to np ~pn and one at -300 MeV due to
excitation of a target nucleon to a delta resonance. Re-
cently, Roy-Stephan ' has reported new results by the
same group in which they studied charge pickup by 900
MeV/N Ne in H, C, and Pb (Ref. 4) and by 900 and
1100 MeV/N ' C in H, C, and Pb targets. Gerbier et a/.
used an array of phosphate glass dE/dx detectors to
measure cross sections for 0.6 to 0.8 GeV/N ' Au going
to any isotope of Hg. They reported that this charge
pickup reaction has a large cross sanction, -35 mb, and is
accompanied by a surprisingly large momentum down-
shift. In contrast with the magnetic spectrometer mea-
surements, the glass detectors recorded all events going
to Hg (Z=80), regardless of isotope or energy transfer.
Finally, at the E&ghth High-Energy Heavy-!on Study
held at Berkeley in November, 1987, C. J. Waddington

reported cross sections for charge pickup of La and Au in
several targets, measured by himself and members of his
collaboration, with a combination of scintillators and
Cerenkov detectors. They observed a large velocity de-
crease for projectiles that had undergone charge pickup,
but because of the large thickness of their targets they
were unable to distinguish an abrupt momentum down-
shift from gradual difFerential slowing in the target,
which would occur for projectiles that lost many neu-
trons as well as picked up a unit of charge.

Charge pickup by a stationary target nucleus has been
studied almost solely in proton reactions. In a study of
charge exchange of 1 GeV protons with various targets,
Koptev et al. studied charge pickup by the target by
measuring the emission angle and energy of the outgoing
neutron. Their energy resolution of 100 Me V was

sufficiently good to single out neutron production unac-
companied by meson production, pn ~np, but not good
enough to select among 6nal states of the target nucleus.
Most of the data on charge pickup by a target nucleus
have been obtained using radiochemical methods to iden-
tify an incomplete sample of radioisotopes. These data
have been summarized by Silberberg and Tsao.

The increase by nearly three orders of magnitude in
charge pickup cross section in going from C, 0, and Ne
projectiles to Au projectiles motivated us to study charge
pickup by relativistic projectiles of intermediate mass.
We report here cross sections for charge pickup by Fe,

Kr, and ' La nuclei using Bevalac beams. An unex-
pected result of our study, when combined with other
data, is that the charge pickup cross section for
-GeV/nucleon projectiles has an extraordinarily steep
depend. ence on project~le mass: o az + &

=const Az.

II. EXPERIMENTAL METHOD

We used an automated system to scan and measure
projectile fragments in three stacks of CR-39 track-
recording plastic detectors (composition C&2H, s07) that
had been irradiated several years ago with 1.28 GeV/N
La, 1.46 GeV/N Kr, and 1.7 GeV/N Fe nuclei for other
experiments. ' '" Each stack, comprising -60 sheets of
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dimensions 15 cm X 15 cm X0.072 cm, was irradiated at
normal incidence with a defocused beam of either La, Kr,
or Fe. The sheets were etched in a stirred 6.25 normal
NaOH solution for 480 h at 40'C. Along the track of a
particle with charge Z and velocity Pc, etching occurs at
a rate v T that exceeds the general etch rate v 6, producing
a conical etchpit at the point of entrance and exit of the
particle. The ratio s:—vT/vG is an increasing function of
Z/P. When viewed in transmitted light through a micro-
scope focused on a surface, the mouth of an etchpit looks
like a dark, circular hole with a well-defined radius. The
value of s depends on -radius, r, through the relation

s =(1+r /G )/(1 —r /G ),

tizes each field of view, stores the location of the centroid
of each etchpit and locates the perimeter of each etchpit
by a gradient operation followed by thresholding and
thinning operations. The perimeter is fitted by a circle,
providing the radius of the etchpit mouth and the abso-
lute location X, Y relative to the fiducial events. Surface
Aaws and low-energy target fragments are rejected by re-
quiring that a valid event show up on at least two sur-
faces within an angle of 20 mrad to the beam direction.
Overlapping etchpits are recognized by evaluating the ra-
tio of perimeter to area. Interactions are recognized by a
sudden change in etchpit radius from one sheet surface to
the next. Examples will be given in the next section.

where 6 =vGt is the amount of material removed in etch-
ing time t. Since the velocity undergoes essentially no
change in projectile fragmentation, measurements of the
distribution of values of etchpit radii give the distribution
of fragment charges. Each of the -60 plastic sheets pro-
vides two independent measurements of Z/P of the parti-
cle being studied. This is analogous to having 120 in-
dependent b E detectors in a semiconductor detector tele-
scope.

A unique feature of the track-etch particle
identification technique, which is very advantageous in
the study of projectile fragmentation, is that particles as
close together as a few hundred Angstroms produce in-
dependent regions of radiation damage. This was first es-
tablished by electron microscopy, which showed that
chemically etched tracks of fission fragments had a diam-
eter less than 100 Angstroms and that etched tracks a few
hundred Angstroms apart could be resolved. ' This fact,
together with the rapidly rising response as a function of
Z/p, means that the size of the etched track of a projec-
tile fragment is governed solely by the broken bonds and
displaced atoms in the central few tens of Angstroms of
the core of the track and is immune to the presence of
delta rays, mesons, nucleons, and minimum-ionizing light
nuclei (Z(6 for CR-39; Z & 50 for VG-13) beyond 100
Angstroms of the trajectory of the heavy particle being
studied. For example, dissociation of a projectile into a
number of fragments in a narrow forward cone would
produce discrete, spatially resolved tracks of those frag-
ments with high dE/dx and no tracks of fragments with
low dE/dx. In contrast, the signal in a semiconductor
detector is proportional to the sum of the dE/dx values
of all particles passing through the detector at one time.

Our automated system locates and measures etchpits
due to beam particles and relativistic fragments with
Z ~ 8 on all surfaces of the plastic sheets, with respect to
fiducial beam tracks at two opposite corners of the sheets.
A VAX750 computer operates X, Y, and Z motors that
provide a raster scan in the horizontal plane and main-
tain satisfactory focus on the top surface of a sheet. The
latter is done by mapping the heights of the surface at
points on a grid of 'spacing 1 cmX1 cm before starting
the scan, and then letting the computer interpolate to the
height for best focus at each location in the horizontal
plane. A charge-coupled-device camera views the plastic
through the optics of a Leitz Metalloplan microscope at a
magnification of 120X. A Vicom image processor digi-

III. RESULTS

Table I gives the number of tracks analyzed, the num-
ber of fragments with Z large enough to be detected, the
measured mean free path for charge-changing interac-
tions, the number of events with a one-unit charge in-
crease and the cross section for this process, the number
of events with a two-unit charge increase, and the num-
ber of slow particles that passed a first Z/P cut (to be dis-
cussed below). The charge standard deviation crz was
less than 0.18 for all projectiles and all fragments. We
were able to achieve o.z ~ 0.2 for the high-Z fragments by
averaging the signals for six successive etchpits. The
mean free paths obtained in this work by determining the
decrease in number of beam particles as a function of
depth in the stacks agreed well with those obtained previ-
ously' "' and with the expression of Westfall et al.

Figure 1 shows the distribution of etchpit radii for in-
teractions of La nuclei in a thickness of 2.3 cm of CR-39.
A second scale is added to the abscissa to convert from
etchpit radius to nuclear charge. A peak due to interac-
tions with hZ=+1, as well as peaks at AZ ~ —1, are
clearly visible. Two events with hZ~+2 were detected
deeper in the stack and are thus not shown in this figure.
The charge standard deviation is approximately indepen-
dent of Z for the data shown. The distance between
charge peaks decreases somewhat with Z, as a conse-
quence of the nonlinear relation between etchpit radius
and Z/P given above.

In studying charge pickup reactions in energy loss
detectors without a magnetic spectrometer, one must be
aware of a potential source of background. There is usu-
ally a finite contamination ( —10 ) of the beam by parti-
cles with different charge or velocity from the beam parti-
cles, due to scraping of the beam pipe or interactions in
gas or other upstream matter. With a plastic stack
equivalent to 120 dE/dx detectors, eliminating such
background particles is trivial. One first cuts out all par-
ticles that enter the stack with etchpit radius different
from that corresponding to the value of Z/P for the
beam. This step reduces the contamination level to a
fraction —10 of particles with wrong Z and P but
correct Z/P. These particles can be cut out automatical-
ly by a program that looks for events with Z/P that in-
creases more rapidly with depth in the stack than does
Z/P of the beam particles and projectile fragments of the
beam. As an additional cheek that no slow particles were
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Beam
(GeVyN)

No. of tracks
analyzed

Cross sect&on

(mb)

No. of
fragments A,(cm)

TABLE I. Charge-pickup interactions in a CR-39 target.

No. of events
with hZ= + 1

No. of events
with hZ=+2

No. of slow
particles

La(1 —1.28)
Kr(1.28—1.45)
Fe(1.59—1.7)

15 299
12452
18 295

7540
4000
4300

4.8
6.44
7.9

88
23

2

21
7
0.5
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FIG. 1. Distribution of charges of 1.28 GeV/N ' La nuclei
and of projectile fragments with about the same rapidity and
direction as the beam, produced in a CR-39 target. The absicssa
is linear in etchpit radius.

mistakenly interpreted as charge pickup events, after
completing the automated analysis of each stack we used
the manual control on the microscope to inspect the etch-
pits downstream from each interaction identi6ed as lead-
ing to a charge increase. By inspecting the signals in
each CR-39 sheet we were able to reject any events whose
apparent charge increased slowly from sheet to sheet due
to slowing, and to accept only events that abruptly in-
creased in charge in a particular sheet. Because of the
small number of charge pickup events, this manual pro-
cedure does not take long to complete. The last column
of Table I gives the number of slow particles that were
cut out by this manual procedure.

Figure 2 shows several examples of interactions. In (a)
and (b) are interactions of La with increases of charge by
one and two units. In (c) is an example of a particle with
initial Z/P equal to that of the La but with low Z and
low P, as can be seen from the rise in its ionization rate
with depth in the stack. This particle loses several units
of charge by projectile fragmentation. If its ionization
rate had been sampled only sparsely, the increase in ion-
ization rate might have been attributed to charge pickup
instead of to slowing. In (d) and (e) are interactions of Kr
and Fe with pickup of one unit of charge. Examples of
pickup and fragmentation with loss of charge, as well as
of electron attachment and stripping, are shown for gold
projectiles in Ref. 6.

As a test of the validity of the present technique, one
can measure the mean free path for fragmentation of the
nuclei resulting from charge loss and pickup reactions.
Fragmentation mean free paths of products of charge loss
at Bevalac energies, using CR-39 detectors, have been re-
ported previously and found to be roughly consistent
with expectation. ' ' In the case of charge pickup, only
for La were enough events produced to make a crude es-
timate of the mean free path of the product nuclei, which
in that case were Ce. We found that, within the statistics,
the number of Ce nuclei as a function of depth was con-
sistent with that given by the expression

Nc, (x)=NL, (x)x /A gz

which is valid when the charge-changing mean free paths
for La and Ce are equal. Approximate equality is about
what one would expect in a geometrical model of projec-
tile fragmentation, since the Ce product nuclei and La
projectiles have comparable numbers of nucleons, and the
mean free path depends on AT + Az

Figure 3 shows the cross sections for projectile charge
increase obtained in the present study and by other inves-
tigators. Where a group has studied charge pickup in
more than one target, we have displayed only data for the
target closest to C in this figure. Errors for ' C, ' 0,

Ne, and ' La are smaller than the size of the points.
(Data for additional targets are shown in Fig. 4.) For
comparison, Fig. 3 also shows cross sections for fragmen-
tation with loss of one unit of charge measured in the
present study and by others. For both charge increase
and charge decrease, cross-section data for a given charge
are assumed over all isotopes of that charge, with the one
exception of Ne, for which a spectrometer was set to
look at Na but not at ' Na. Since the reaction
' O~' F was found to have a neghgible cross section,
we think it is unlikely that Ne~' Na would contribute
much to the Na isotopes.

For charge pickup, the number of particle-stable iso-
topes that could be reached by change exchange plus neu-
tron emission increases as a function of A. For charge
pickup by ' C, only N' is particle-stable; for ' 0 (which
was not studied) the lifetime of ' F is only —10 ' s and
lighter F isotopes are particle-unbound, so that the
charge-pickup process could not occur unless a proton
were swept up by the projectile; for Ne both Na and
' Na are particle-stable; for ' 0 both ' F and ' F are
particle-stable; for Fe at least six Co isotopes could be
produced by charge exchange plus neutron removal; and
in charge-pickup reactions of Kr, ' La, and ' Au the
number of isotopes that could be produced by charge ex-
change and neutron removal is larger still.

In Fig. 3 the straight lines, which are weighted least-
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squares fits to log&oo.zz, and log&oo. &z +, as a func-
tion of log~o A p have slopes of 0.47+0.01 and 2.29+0.28.
Expressed as a power law, the exponent for charge-
pickup reactions summed over all isotopes is about five
times greater than the exponent for reactions with loss of
one unit of charge, summed over all isotopes.

Figure 4 shows the weak dependence of projectile
charge-pickup cross section on target mass. The lines
through the data are consistent with power laws with ex-
ponents -0.3+0.1. This value suggests that only the
periphery of the target is participating in projectile
charge pickup. For some time it has been known' that
partial cross sections for relativistic nucleus-nucleus col-
lisions resulting in loss of only a few nucleons can be ex-
pressed as the product of a factor ypT Ap + AT c,
which expresses the peripheral nature of these collisions,
a,nd a factor y&F, which depends on the projectile and
fragment and contains the nuclear physics. We find that

the target dependence for all of the data in Fig. 4 can
be represented quite well by proportionality to y~T= A~ + A T' —c, with c —1.0. Our own results,
presented in Table I, are for a CR-39 target of composi-
tion H&8C, 207. Since the dependence of cross section on
target mass is weak, it suffices for us to approximate the
mass of our target by a weighted average value 7.41 amu.

In order to include data for charge pickup in widely
diFerent targets, we assumed that 0.&z +, is proportion-
al to y pT and did least squares fits for 18 combinations of
targets and projectiles for which data were available. The
best power law, with the factor ypT included, gives a
charge-pickup cross section proportional to A~, which
is smaller than the dependence Az found earlier with
AT fixed at carbon because of the additional weak depen-
dence of the factor ypT on A~. The error in the ex-
ponent is -0.2. Of course, no such simple expression
can hope to account for details of nuclear structure of the

(a) (b)

C
. 7-

Cd

6
Lll
I—
UJ

C5

La to Ce (hZ=+1)

II

5 -.
II

La to Pr (h Z=+2)

II
II . ~ ~

II II II ~Ii ~

II

II
~ JI

~ r
II

I I

10 20 30 40 50
3

60 0 10 20 30 40 60

8

V)
7

(c)

, ~ IIII

II
It ~

' ll

II ~

Al

ll
II

~ el I

II

I I' ~ ~

ll

G5

CC
5I-

LLJ

4

CI

8 ~

~ I~

SLOWING,
FRAGME NT IN G

II
1 ~ ~

II

4

I I.

3 I

Il ~

I I ~ I I I

I I I I ~
II II

Kr to Rb (hZ=+1)

15.2

1 5.0
(e)

I t

10 20

I I ~,' P

I I

30 40

.~ I I I

II
II'

.JI

50
1

60 0 10 20 30 40

SHEET NUMBER

50 60

CC
14.6

LLI

14.4

a
14.2

II
II

II
II

I

~ Il

~ ~
II

Fe to Co (b,Z=+1)

14.0
20

I

40

SHEET NUMBER

60 80

FIG. 2. Examples of charge-changing interactions; (a) 1.28 GeV/N La nucleus (Z=57) changes into a Ce nucleus (Z=58) as
determined by measurements of etchpit diameter in many successive sheets of CR-39; (b) La changes into a Pr nucleus (Z=59); (c) a
stray particle in the beam with the correct initial ZIP but with low Z and P slows and fragments into a lower charge; (d) 1.45 GeV/N
Kr nucleus changes into a Rb nucleus (Z= 37); (e) 1.7 GeV/N Fe nucleus changes into a Co nucleus (Z=27).
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projectile and the product in the final state. The ex-
ponent is compatible with the value 2, and in fact the ex-
pression, quadratic in Ap, fits the. 18 data points quite
satisfactorily:

0'az —+~=1.7X 10 7 pTAp (in mb)

where the coefficient is determined by a least-squares fit.
This expression fits the straight line for charge pickup in
Fig. 3 to within about 25 lo over the entire mass interval
12( A (197.

Charge pickup data for relativistic deuterons going to
He exist but are too fragmentary' to enable us to test

the validity of Eq. (2) at very'low Ap.
The beam energy per nucleon for the Fe, Kr, La, and

Au experiments decreased with Ap, and it is natural to
ask if the steep dependence of charge pickup cross sec-
tion on Ap might be at least partly due to a decrease of
the cross section with energy. At very low energies (a few
tens of MeV per nucleon), where significant mass transfer
such as by fusion or compound nucleus formation can
occur, one would expect large cross sections for charge
pickup. However, those measurements made on the same
beams at various relativistic energies indicate that there
is little or no energy dependence of the cross section for
charge pickup in the energy interval -0.6 to 2 GeV/X.
Lindstrom et al. ' found no difference in charge pickup
cross sections for ' C at 1.05 and 2.1 GeV/N; Roy-
Stephan ' found no difference in charge-pickup cross
section for ' C at 0.9 and 1.1 GeV/N; Waddington found
no difference for charge pickup of La on CHz, C, and Cu
targets at energies 0.8 to 1.2 GeV/N. No data have been

published for charge pickup at energies between -0.01
and -0.6 GeV/N. (While this paper was in the review-
ing stage, C. J. Waddington sent us unpublished data
showing a strong increase in the charge-pickup cross sec-
tion for Au as the beam energy decreased below 700
MeV/N, and a weak decrease for La and Ho beams. )

IV. CHARGE PICKUP IN A STATIONARY TARGET

Silberberg and Tsao developed a number of almost
purely empirical equations with which to fit the roughly
700 published (p, xn) cross sections and to predict cross
sections for new (p, xn) reactions. This notation signifies
a reaction in which an incident proton is absorbed or
suffers charge exchange with a stationary target and x
neutrons are emitted. To account for the dependence on
ZT, AT, and E over a wide range of these variables re-
quired more than 50 parameters, of which about 20 were
used to fit the dependence on ZT and A T. We have used
these empirical equations, with the roles of projectile and
target interchanged, to calculate pickup cross sections for
all the experiments summarized in Fig. 3. To correct the
equations to reQect the fact that our targets are heavier
than protons, we made the assumption, discussed earlier,
of factorization of the cross section into the projectile
factor ypT Ap + AT 1.0 and into a target factor
given by the equations. Our correction to the cross sec-
tion is the ratio of ypT for one of our projectiles to y pT
for a proton. This correction ranges between 1.25 and
1.74. We must sum the cross sections over all possible
values of x, the number of emitted neutrons. The cross
sections calculated in this way are designated in Fig. 3 by
the X's. The agreement between the calculated values
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FIG. 3. Dependence of cross sections for charge pickup and
single-charge-loss on projectile mass. Data are for 1.05 and 2.1

GeV/N ' C in C (Ref. 1); 0.95 GeV/N Ne in Al (Ref. 3); 0.9
GeV/N ' C and Ne in C (Refs. 4 and 5); 1.7 GeV/N ' 0 in Be
(Ref. 2); 0.8 GeV/N ' 'Au in Al (Ref. 6}; and ' Fe, Kr, and
"La in CR-39 (this work; see Table I). Cross sections are
summed over all isotopes of the product with nuclear charge
Zp+1. Solid lines are least-squares fits to data. Calculated
values are obtained from Ref. 9 as discussed in the text.

1 0-2
0.1 10 100 1000

TARGET MASS NUMBER

FIG. 4. Dependence of cross section for change pickup on
target mass. Symbols are ~ (1.28 GeV/N La; Ref. 7); 0 (1.7
GeV/N "0;Ref. 2); + (0.9 GeV/N ~ Ne; Ref. 5); I (2.1 GeV/N
' C; Ref. 1); Cl (1.05 GeV/N ' C; Ref. 1). Lines are least-squares
fits to power laws; exponents are labeled.
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and our data is within the uncertainty of a factor of 1.6
claimed in Ref. 9. We have thus shown that the Silber-
berg and Tsao expressions can easily be scaled to predict
cross sections for charge pickup by relativistic heavy
ions.

Conversely, the very simple expression in Eq. (2),
which with one free parameter roughly fits the projectile
charge-pickup data in Figs. 3 and 4, also roughly fits tar-
get charge-pickup data for GeV protons, as indicated by
the proximity of the straight line in Fig. 3 to the points
labeled X. The only point not predicted to within a fac-
tor 2 is the ' 0 point, which is a factor of 4 too high.
This one discrepancy suggests that the neutron/proton
ratio of the nucleus picking up charge plays an important
role. It is known that the cross sections for (p, xn) reac-
tions depend on the neutron/proton radio of the nucleus
that picks up charge, and in fact the deviations of points
with high and low X/Z from the simple power law are
tracked well by the X's, which are the values calculated
from (p, xn) reactions.

According to data collected by Silberberg and Tsao
and fitted by their semiempirical expressions, the energy
dependence of the cross section for (p, xn) reactions de-
creases to a roughly constant value at an energy between
—100 and —1000 MeV, consistent with our discussion of
energy dependence for heavy projectiles in the previous
section.

V. DISCUSSIGN

The strength of the dependence of the cross section for
a particular type of interaction on target mass has long
been used as a clue to the mechanism involved. A linear
dependence of cross section on A usually indicates a long
mean free path of the projectile in nuclear matter; a
dependence on 2 indicates a very short mean free
path and thus an interaction at the surface; and a depen-
dence on 2 ' indicates an interaction at the perimeter.
Our finding —that o.~z +, depends roughly on
+p fpy —is intriguing. The proportionality to y pz" sug-
gests that the collision is peripheral, and this is supported
by the observation that the projectile, in picking up
charge, survives with little change of velocity (although
its momentum may decrease substantially).

The dependence of cross section on A& is the steepest
3 dependence ever reported for a nuclear process, as can
be confirmed by consulting recent reviews of high-energy
collisions with atomic nuclei. For projectile energies
greater than 5 GeV/X, see the review by Fredriksson
et al. '; for 'projectile energies —1 to 2 GeV/N, see the
proceedings of the series of Lawrence Berkeley Laborato-
ry High-Energy Heavy-Ion Studies. The large asym-
metry in the dependence of o.zz +, on A~ and A~
seems to rule out both exchange of a virtual pion between
target and projectile and direct charge-exchange between
a neutron in the projectile and a proton in the target as
the dominant mechanism for charge pickup by the pro-
jectile. The latter process is also ruled out by the work of
Koptev et al. , which showed that the cross section for
charge-exchange scattering of 1 GeV protons by targets
from Li to Pb increases only as —2 ~ . As we stated ear-

lier, this group looked at reactions leading to single neu-
trons unaccompanied by meson production or target
fragmentation. From this result, transformed into the
rest frame of the protons, we infer that charge-exchange
scattering of a proton in a stationary target by a GeV/N
projectile without meson production would not account
for our A~ dependence.

We are left with several possibilities, each of which
may dominate in dift'erent regimes of Ap. (1) The projec-
tile may increase its charge without change of mass num-
ber by emitting a real, negative meson, possibly through
the intermediate step of a delta resonance. Bachelier
et al. ' have observed two modes of charge pickup by
' C and Ne —one at low excitation energy involving
one-pion exchange and several particle-hole states, and
one at -300 MeV involving one-pion exchange and exci-
tation of a delta resonance in the target. The cross sec-
tion for the low-excitation process shows no significant
dependence on projectile mass. The cross section for the
higher excitation process shows a strong dependence on
projectile mass, although the di6'erence in projectile mass
between C and Ne is not large enough to permit one to
establish accurately a power-law dependence of cross sec-
tion on A~ from the published data. (2) Charge exchange
leading to an increase in projectile Z could occur at still
higher excitation energy, accompanied by knockout or
e'vaporation of neutrons. Such a process has not been
directly studied by spectroscopic techniques. (3) The pro-
jectile might increase its charge by absorbing a proton (at
least) from the target and emitting one or more nucleons
to carry out some of the momentum and internal energy.
Such a process was suggested by Gerbier et al. to ac-
count for the large momentum downshift in charge pick-
up by 0.8 GeV/N Au projectiles. For several reasons, the
cross sections for processes (2) and (3) will increase rather
rapidly with Z~ and Az. The number of available
particle-bound excited levels (taking into account their
quantum numbers when necessary), the number of
particle-bound isotopes with Z =Z~+ 1, the ratio N /Z
of the projectile, and the probability of evaporating neu-
trons without evaporating a proton are all quantities that
tend to increase with projectile size. Any or all of these
quantities may relate to the steep dependence of charge-
pickup cross section on Az. We are not yet in a position
to develop a quantitative model of the Az dependence.
Instead, we will cite several experiments and theoretical
papers that deal with trends of cross sections with A~.

In one previous experiment a dependence on A~
steeper than linear was seen: In negative pion emission at
forward angles in collisions of protons, deuterons, alpha
particles and carbon nuclei with targets of H, C, Cu, and
Pb, Moeller et a/. ' found that the dependence of pion
yield on Az was best fitted by a power n that increased
with momentum, reaching a value n —1.7 at a momen-
tum well beyond the nucleon-nucleon kinematic limit.
The target dependence was —A ~ . It would be interest-
ing to extend such measurements to heavier projectiles.

A strict A~ dependence would suggest a coherent pro-
cess such as nuclear bremsstrahlung, which depends on
Zp Zy' Cerenkov radiation, which depends on Zz and
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the refractive index of the medium; and transition radia-
tion, which depends on Z& and the plasma frequency in
the medium. Several coherent processes involving pion
emission have been proposed, mostly to explain emission
at laboratory energies below the single nucleon-nucleon
threshold of 290 MeV. In this context, we use the term
coherent to mean a process by which energy is extracted
from the relative motion by slowing down the projectile
or target as a whole and converting it into one degree of
freedom, the pion.

Vasak and co-workers' ' have proposed that the rap-
id deceleration of projectile and target during a collision
gives rise to pionic bremsstrahlung much as a rapidly de-
celerated nucleus of charge Z radiates photons at a rate
proportional to Z . In pionic bremsstrahlung the source
term involves the spin and isospin of the colliding nuclei,
which might be coherently generated in the initial phase
of the reaction. Vasak et al. find that in pionic brems-
strahlung the probability of pion emission increases only
as —Az and goes to zero for peripheral collisions, so that
it does not fit our data.

Zaretskii and Lomonosov' have discussed coherent
emission of pions in processes analogous to Cerenkov ra-
diation and transition radiation. They studied the in-
teraction of one nucleus in a second nucleus, at the sur-
face of which or in the volume of which pions are emit-
ted. In our case, to explain charge pickup the second nu-

cleus, the source of the pions, would be the projectile.
Their model has not been developed far enough for a
comparison with our data.

Others' ' have investigated the coherent production
of pions in peripheral collisions in which one nucleus ex-
cites the other into a delta-nucleon-hole state that subse-
quently decays into a free pion. This, and other models
of coherent production, are discussed in a recent re-
view. ' None of them is fully developed, and none as yet
predicts a mass dependence as steep as A p.

The single-parameter expression [Eq. (2)j that accounts
for most cross-section measurements to within a factor 2
applies only to reactions at -GeV per nucleon energies
and to the sum of cross sections for production of all
particle-bound isotopes with a one-unit increase of
charge, whereas the expressions of Silberberg and Tsao,
with their -SO parameters, fit all energies and individual
isotopes. We see two advantages in our Eq. (2) for the
study of GeV per nucleon reactions. One is that it explic-
itly calls attention to the dependence on Az and A z and
may point toward a theoretical understanding of the
charge-pickup process. The other is that, being so sim-
ple, it can easily be used to estimate cross sections for
charge pickup in reactions of interest in cosmic ray astro-
physics, and in the evaluation of charge resolution of new
detectors at heavy ion accelerators. We give two exam-
ples:

(1) To search for heavy antinuclei in the cosmic rays,
Ahlen et al. have built a multicornponent detector con-
sisting of a large array of plastic scintillator, plastic
Cerenkov detecting film, and CR-39 plastic track-
recording film through which each particle must pass.
The signal of a relativistic anti-iron is that it looks like

normal iron in the CR-39 and Cerenkov detectors but
looks like a nucleus one or two charges lighter in the
scintillator. To assess the background signals that could
fake an anti-iron, one needs to know the charge-pickup
cross sections for Cr and Mn going to Fe, which had not
been measured prior to our work. Using our result in
Fig. 3, or using Eq. (2), one concludes that the charge
pickup cross section is too low to pose a significant back-
ground problem.

(2) When one fragments a beam of GeV per nucleon Fe
nuclei at the Bevalac and uses the projecti. le fragments to
assess the charge resolution of a new detector, if the reso-
lution is inferior one may see a broad peak that extends
to both sides of the Fe peak. Knowning now that the
cross section for charge pickup is less than 1 mb, one will
not be misled into attributing the signals on the high side
of Fe to charge pickup, but will look for another explana-
tion (slowing particles that were not excluded before the
beam hit the target; nonuniform response of the detector;
and so forth).

VI. SUMMARY AND FUTURE PLANS

We have presented new measurements of charge. pick-
up by GeV per nucleon nuclear projectiles which, taken
with other data, show that the cross section for b,Z= + 1

increases approximately as the square of the mass of the
nucleus that picks up charge but only very weakly on the
mass of the other nucleus that participates in the collision
(through the factor y~z ). Equation (2) is a convenient ex-
pression, probably without any simple theoretical
significance, that accounts to within a factor of -2 for
charge-pickup cross section summed over isotopes. Be-
cause of nuclear structure effects, one should not expect
the quadratic dependence to hold accurately between any
two projectiles of quite diff'erent N/Z.

We have also shown that when the roles of projectile
and target are reversed, the situation is symmetric (as it
had better be): the cross section for charge pickup by the
target increases as the square of the target mass.

We observed two interactions in which a relativistic La
nucleus pickup two units of charge.

We are planning experiments to measure charge-
pickup cross sections for uranium nuclei and to measure
the energy dependence of charge pickup from -0.1 to 2
GeV/¹ It would be very interesting for the group of
Bachelier et al. to extend its magnetic spectrometric
analysis of charge pickup to projectiles much heavier
than Ne, when they become available.
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