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Projectile fragments formed in the interaction of 0.94- and 1.84-GeV *°Ar ions with a Cu disk in-
teract with a second Cu disk and the relative yields of products in the two disks are measured by ra-
dioactivation techniques as a function of the distance between them. The data at 1.84 GeV
demand either (1) decay in flight (7;,,=107'" s) of some projectile fragments having large cross

sections or (2) production of secondaries with unexpectedly large transverse momenta.

PACS numbers: 25.70.Np

The formation of projectile fragments (PF) with
anomalously short mean free paths in relativistic
heavy-ion collisions has attracted considerable interest
in recent years.! The existence of these ‘“‘anomalons’’
has not been definitively established.>”!® Thus, it is
important that as many different techniques as possi-
ble be used to study the problem. We report here the
first results of experiments in which the formation, in-
teraction, and possible decay of PF has been investi-
gated by use of radioactivation techniques.!!

The principle of the experiment is shown in Fig. 1.
An Ar-ion beam is used to irradiate two Cu disks. The
primary Ar beam along with any secondary fragments
from Ar-Cu interactions can induce target-fragment-
ation reactions in the Cu disks, which produce the usu-
al observable radioactive products. The ratio, R, of
the radionuclide activities found in the downstream
(““detector”) disk to those in the upstream (‘‘target’’)
disk is measured for three separations of the disks,
d =0.0 cm (contact), 10 cm, and 20 cm. For radionu-
clides resulting from the interaction of the primary Ar
beam or strongly foward-peaked PF with the disks, we
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would expect R; to be independent of the distance
between the disks (provided that the beam is not
diverging). If R, decreases with increasing d, then the
species inducing the target-fragmentation reactions in
the second disk either have a broad angular distribu-

S
405, Cu d =0, 10, or 20cm Cu
———

FIG. 1. Schematic diagram of the target arrangement.
The two copper disks (diameter =8 cm, thickness =1 cm)
are separated by a distance d (d =0, 10, or 20 cm). The
downstream disk is surrounded by a 1-cm-thick Cu ring, 14
cm in outer diameter.
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tion causing them to ‘‘miss’’ the second disk, or decay
in flight between the disks. To evaluate the former
possiblity, large annular guard rings are installed
around the second disk. If broad PF angular distribu-
tions cause R, to decrease with d, significant activities
should be observed in the guard rings when the disks
are far apart. In the absence of such an effect, a de-
crease of R; with d may be a measure of the lifetime
of any decaying PF.

The circular Cu disks were 1 cm thick and 8 cm in
diameter. The 1-cm-thick guard rings had inside di-
ameters of 8 cm and outside diameters of 14 cm. Thus
the rings subtended angles of approximately 83°-86°
with respect to the center of the first disk when the
disks were in contact, and angles of 11°~20° when the
disks were separated by 20 cm. Replicate sets of Cu
disks were irradiated with about 102 0.94- and 1.84-
GeV “Ar ions in the irradiation station of the
Lawrence Berkeley Laboratory (LBL) Bevalac. Au-
toradiographs of each irradiated disk showed the beam
spot to be less than 1 cm in diameter and to be the
same for all disks.

The radionuclides present in the irradiated Cu disks
and guard rings were assayed by off-line gamma-ray
spectroscopy. The guard rings were cut into sections
and reassembled to simulate the disk geometry. Mea-
surements were made with Ge(Li) detectors (AE =1.8
keV). Differences in counting efficiencies due to sam-
ple geometry were determined with homogeneous
24Na sources produced by the ?’Al(n, «) reaction and
found to be less than 2%. The analysis of the energy
spectra was based on standard radiochemical pro-
cedures.!? Counting was begun within a few hours
after the end of irradiation (at LBL) and was contin-
ued for several months (at Philipps Universitat, Mar-
burg). Independent determinations of most of the ra-
dionuclides present in each disk were made at LBL,
Purdue University, and Marburg. All of the results
agreed within experimental uncertainties and the
values from the different laboratories were averaged to
give the final results.

Figure 2 shows the dependence of R; on product
mass number for two different separations of the disks
for the two “’Ar energies. The dependence of R, on A
is a reflection of the energy spectrum and angular dis-
tribution of the PF inducing secondary reactions in the
disks. The results for 0.94-GeV “°Ar show that when
the two disks are in contact (R,), the PF most likely
to strike the detector disk lead to the formation (by
target fragmentation) of products with 4 =55 and
substantial yields are seen for all products with
A > 40. The products with 4 < 30 ("Be,?*Na,?Mg)
are formed only in high-deposition-energy target-
fragmentation events.!> They cannot be projectile
fragments because these are much too energetic to
stop in the copper disks.!*
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FIG. 2. Product-mass-number dependence of the ratio Ry
of the activity in the downstream to that in the upstream Cu
disks for nuclides produced in the interaction of copper with
relativistic *°Ar ions.

The R, values for the light fragments, e.g.,
1.17 £+0.02 for 2*Na, can be understood as follows:
The interaction of a 0.94-GeV “°Ar with Cu leads to
one heavy projectile fragment plus sixteen energetic
nucleons, on average.'* All of these secondaries can
produce 2*Na from copper. However, they are more
likely to interact in the downstream disk, thereby lead-
ing to Ry > 1.

When the disks are moved to 20 cm apart, the
detector disk samples a different subset of the PF
created in the target disk, i.e., the more strongly
foward-focused and thus higher-energy fragments. As
a result, the PF most likely to reach the second disk
now lead to the formation of products with 4 = 45 and
the formation of heavier fragments is less likely. The
fragments with 4 < 30 are produced with the same
yields regardless of disk separation because they are
only produced by highly forward-focused, energetic
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projectile fragments. The activities found in the guard
rings support this interpretation. Thus, the guard ring
shows essentially no activity of 4 < 30 products
(< 1% of the disk activity for 2*Na) when the disks
are in contact and very little activity ( = 4% of the disk
activity for 2Na) when the disks are separated by 20
cm.
For the 1.84-GeV “°Ar bombardment, the depen-
dence of Ry on A4 for A > 40 is similar to that obtained
with 0.94-GeV %CAr except for the shift of the most
probable product mass number to a slightly lower
value (4 = 50). The values of R,, (for 4 > 40) are
also similar to those obtained at 0.94 GeV. However,
the results for products with 4 < 30 are significantly
different from those obtained with 0.94-GeV *CAr.
The values of R, are substantially higher, ranging
from 1.2 to 1.6. Furthermore, the ratios decrease with
separation between the disks, with the values of R,
being 1.1 to 1.2. However, the activities of these prod-
ucts in the guard rings remain low ( < 1% of the disk
activity of *Na at d =0 cm and = 8% at d =20 cm).
The variation of R, with d is shown for 2Na and **Mg
at both bombarding energies in Fig. 3.

The differences between the data for the 4 < 30
products obtained at 0.94 and 1.84 GeV may be ex-
amined by means of the quantity

X;=100(R; —1)%,

where R/ is defined analogously to R, but with the ac-
tivity in the guard rings added to that of the detector
disks. For ?*Na we obtain X,=17 £2, X,0=14+3,
and Xyp—Xg=—-(3%3)% at 094 GeV, and
X0=50 i2, X20=34 + 2, and XZO_X0= - (16 * 3)0/0
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FIG. 3. The ratio Ry for *Na and Mg as a function of
the separation distance d between the Cu disks for 0.94 - and
1.84 -GeV “°Ar irradiations. Open points, 0.94 GeV; closed
points, 1.84 GeV.
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at 1.84 GeV. Thus, at 0.94 GeV, by adding the 2*Na
activity in the guard ring to that in the detector disk,
we are able to account for any apparent loss of activity
with increasing disk separation due to the finite width
of the PF angular distribution. At 1.84 GeV, howev-
er, the same procedure indicates that (16 + 3)% of the
activity is ‘‘missing.”” Qualitatively similar results
(with larger uncertainties) are obtained for 2¥Mg.

The conventional explanation of the results is that
the number of very energetic PF emerging at large an-
gles to the beam increases between 0.94 and 1.84
GeV. The increased yields of these PF would account
for the increase in R, while their broad angular distri-
bution would cause them to miss the second disk as
the disks are moved apart. However, the small frac-
tion of the activities of 4 < 30 products observed in
the guard rings as well as the known energy spectra
and angular distributions'® of normal PF and other
secondary particles are inconsistent with this interpre-
tation, provided that one takes into account the known
high threshold for 4 < 30 production from Cu'? and
the low mean transverse momenta of all secondaries.

To confirm the conclusion, we have performed a
““‘worst case’” Monte Carlo calculation of the expected
relative 2*Na activities in the disks and guard rings (as
well as “‘missed’’ activity) for a disk separation of 20
cm. In this calculation, we evaluated the **Na produc-
tion in the second disk and its guard ring due to three
different types of secondaries produced in the first
disk: (a) protons evaporated from PF moving with
beam velocity, (b) ‘‘mid-rapidity’’ protons ‘‘evaporat-
ed”’ from a fireball moving with the p-p center-of-
mass velocity and 7 =120 MeV,'® and (c) pions which
are treated as ‘‘evaporating’’ from the p-p center of
mass with 7 =80 MeV.!7” 13 We have further assumed
that 80% of the protons evaporated from the PF had
T =10 MeV and 20% had T =40 MeV !5 and that the
three types of secondaries (a), (b), and (c), are pro-
duced in equal abundance. In the computation, each
evaporated particle is assigned momentum com-
ponents p,’, p,*, and p,* drawn randomly from a Gauss-
ian distribution of zero mean and dispersion
o= (mT)V? (where p;* refers to the relevant moving
frame). The quantities p, and the total energy E* of
the emitted particle are Lorentz transformed into the
laboratory-frame quantities p, and E;. Since the
transverse momentum pr is invariant under Lorentz
transformation, each emitted particle emerges at la-
boratory angle 6, where §=tan~'(p, /p,). The value
of @ for each particle emerging from the first disk will
determine whether that particle will strike the second
disk or its guard ring or miss both, and the probability
of inducing a Cu— ?*Na reaction is calculated by use
of the known excitation functions for the reactions
Cu(p,X)?*Na and Cu(#7~,X)%*Na 1920

The results of this calculation indicate that the ac-
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tivity of 2*Na in the guard ring is about 5% of that in
the detector disk at 0.94 GeV and decreases to < 1%
at 1.84 GeV. Similarly, 1.4% of the 2*Na activity is ex-
pected to be ‘‘lost’’ beyond the guard ring at 0.94 GeV
but < 1% is expected to be lost at 1.84 GeV. Further-
more, the contributions from mid-rapidity protons to
the 2*Na activities are so low as to exclude also the
possibility that even the most energetic protons
(T =40 MeV) evaporated from the target nucleus
could play any significant role in this problem. Thus,
on the basis of conventional nuclear physics, one
would not expect any secondary fragments to be pro-
duced at 1.84 GeV with broader angular distributions
than those observed at 0.94 GeV. Hence, this ex-
planation of our observations can be ruled out.

Our results can be explained by postulating either
one of the following two unconventional effects, or a
combination thereof: First, we postulate the forma-
tion of a new, unusual, short-lived type of energetic
PF as the beam energy increases from 0.94 to 1.84
GeV. If we assume that the decrease in R, for 1.84-
GeV “Ar is entirely due to the decay of heavy
anomalous PF (Z > 3), then a lifetime of =2x 10710
s would be indicated. The production of short-lived
particles (A,K ), which can also form 2*Na, is much
too low in primary heavy-ion interactions ( < 1%) to
permit their decay to account for the missing activity.2!
Second, we postulate the emission of highly energetic
secondaries with unexpectedly broad angular distribu-
tions, i.e., large transverse momenta, a process that is
inconsistent with conventional nuclear physics.!*
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