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The fragmentation of relativistic '®O projectiles in nuclear emulsion into projectile fragments of
Z 22 has been investigated. Production rates, charge, and multiplicity distribution of such projec-
tile fragments and their dependence on target-fragment multiplicities have been obtained. The
width of the momentum distribution of He (Z =2) projectile fragments as well as the average num-
ber of target fragments is found to decrease with increasing He multiplicity. These dependences
are, within errors of measurement, the same for E/ A =2.1, 14.6, 60, and 200 GeV, and to that ex-

tent satisfy the condition of limiting fragmentation.

INTRODUCTION

The acceleration of '°0 ions to E / A =60 and 200 GeV
at CERN and 14.6 GeV at Brookhaven National Labora-
tory (BNL) heralds a significant advance in the field of
relativistic heavy-ion physics. In conjunction with the
studies of particle production in interactions of 'O with
emulsion nuclei at 200 4 GeV by the EMU-01 Collabora-
tion for purposes of understanding hadronization in the
nuclear environment,! we have also examined interac-
tions that exhibit the fragmentation of the incident '°0
nucleus. In such interactions, projectile fragments are
essentially emitted inside a narrow forward-angular cone
centered around the direction of the incident ion at near

40

beam velocity. The momentum, hence, approximately,
the angular distributions are characteristically Gaussian
shaped. Their widths are, to a first approximation,
governed by the Fermi motion of the nucleons within the
fragmenting nucleus.>? In this work we report on mea-
surements of projectile and target fragmentation in emul-
sion chambers and stacks, with specific emphasis on the
angular distribution of He (Z =2) projectile fragments
(PF’s) from peripheral '*0O-Em interactions at energies of
2, 15, 60, and 200 GeV/nucleon.

DETECTORS AND MEASURING DEVICES

Fifty emulsion chambers, 10X 10X 10 cm?® in volume,
and six high sensitivity (HS) stacks, up to 20 cm in
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length, were exposed to the CERN super proton synchro-
ton (SPS) '°0 beam at energies E/ A =60 and 200 GeV.
(For details see Refs. 1 and 4 and references therein.) In
addition, individual stacks of lower-sensitive (LS) emul-
sion (yielding typically 6—8 grains/100um for a minimum
ionizing particles) were exposed to '°O beams at
E/ A =14.6, 60, and 200 GeV, respectively.

The measuring systems used in this work incorporate
microscopes with digital readout of the xyz stage coordi-
nates in 1 pm units (typically). With such systems, emis-
sion angles of projectile fragments are measured to accu-
racies 0(0)~3 X107 rad, or when expressed in terms of
pseudorapidity, n=—1n (tan 6/2), 0(1)~0.1-0.2 at
1n=9, the pseudorapidity characteristic of He PF’s of 10
at 2004 GeV. Representative coordinates of all tracks
(including those of the vertex) were measured relative to
adjacent, noninteracting beam tracks, and subjected to
least squares, three-dimensional reconstruction programs
that yield projected and space angles from which particle
multiplicity and pseudorapidity distributions were de-
rived on an event-by-event basis.

SCANNING PROCEDURES

In the emulsion stacks conventional ‘“along-the-track”
scanning was used to locate !°O-Em interactions. The
data sample thereby obtained is virtually unbiased. The
charges of the emitted particles were determined by gap-
length distributions and/or &§-ray densities (HS emul-
sions) and by photometric track width measurements and
gap density distributions (LS emulsions). Data recorded
for each event pertinent to this work include the multipli-
cities and emission angles of shower (Z =1) particles (HS
emulsions only) and PF’s with Z =2. In addition, the
number of heavily ionizing fragments having grain densi-
ties g =2 1.4 g, (E, =400 MeV) associated with the tar-
get nucleus, denoted by N, was also recorded for each
event. For the low sensitive stacks Np, defined by
8 Z28min (E, =280 MeV), was used as an alternative
measure of the target breakup.

Events occurring in the emulsion chambers were col-
lected by ““area scanning” the normally incident beam in
the 350-um-thick target plates. Because of the limited
volume of emulsion in which an event must be detected,
there is an inherent bias against the detection of events
that exhibit mainly low target-fragment multiplicities, al-
though low shower particle and/or projectile-fragment
production contributes to this loss; such events are nomi-
nally a prerequisite for the presence of peripherally pro-
duced PF’s. To minimize this bias, the emulsion
chambers were scanned under 22X oil objectives with
10X oculars, a combination which allows one to detect
events with shower multiplicties n, = 10 and N, =1 with
high efficiency. Because PF’s cannot be resolved within
the target plate, particles emitted within the forward,
fragmentation cone (0.20 mrad for PF’s with Z >2) in
each event were examined at distances up to 4 cm from
their origin, sufficient to attain complete resolution of the
PF’s, if present. Also, because of their high rates of ion-
ization, PF’s having Z =2 were unambiguously resolved
from Z =1 shower particles by inspection.

The identification of Z =2 PF’s is unique when the
multiplicities of the PF’s are 3 and 4. For multiplicities
of 2, a visual comparison of the track diameters enabled
the observer to determine the (non) equality of the
charges of the PF’s. PF’s of equal charges were deemed
to be due to He nuclei, because the production of two
PF’s each with Z =3 or 4 is extremely rare. The smaller
of two unequal charges was taken to be due to He. Only
for single PF emission was absolute charge, estimation
necessary. Although visual estimation of track diame-
ters, i.e., charge was made in each case, our sample of 1
He events can reasonably be expected to include some
misidentified Z =3, and possibly Z =4 PF’s. Estimates
of the upper limits of the correction factors can be, and
have been, applied to the 1 He data to eliminate the
effects of background Z =3,4 PF’s.

Emulsion chambers and stacks are complementary in
this experiment. Specifically, the data collected from
stacks are largely wunbiased. In particular the
identification of projectile-like helium and PF’s is very
accurate. Also, the background of low-energy hydrogen
tracks simulation a PF at the collision point is completely
negligible within the fragmentation cone. However, the
accuracy in determining the vector direction of particle
tracks is degraded by distortion in the emulsion and the
need to apply shrinkage-factor corrections to the vertical
component of the track vectors. The advantages gained
by use of chambers are that angular data are accurate,
limited only by the accuracies of the microscope stage
coordinates and the geometrical configuration of the
chambers. Measurements are simplified and secondary
reactions are reduced to a minimum because of the low
average density of the chamber itself.

PROJECTILE AND TARGET-FRAGMENT
DISTRIBUTIONS

Table I presents the relative rates of production of pro-
jectile fragments from !®O-Em interactions in nuclear
emulsion at relativistic energies. The data used are
minimum-bias events. No attempt was made to eliminate
electromagnetically induced events. This was done to fa-
cilitate a comparison with results obtained from LS emul-
sions. The fraction of electromagnetic dissociation events
is expected to be about 1% at 2.1 4 GeV and to be of or-
der 10% at 2004 GeV.® For the LS stacks, collisions
with one PF and N, =0 are normally not observed in the
scanning. Table I has been corrected for these losses as
well as for a part of those with N, =1 (33%), N,=2
(10%), N, =3 (3%), and N, =4 (1%). The former correc-
tion is directly taken from the HS data Judek® and the
fraction of lost N, =1, 2, 3, 4 collisions are obtained by
comparing (N, ) from Ref. 5 with {N;) for collisions
with one PF. The data are categorized according to
Z ..x> the maximum charge of the PF’s emitted in each
event, and, in the case of He, their multiplicities. We ob-
serve that PF’s with Z =3 are often accompanied by He
PF’s, i.e., by 1 He in ~20%, and by 2 He in ~2%, of the
events of this class. Events grouped under “none”
comprise those that involve -the emission of Z =1
(shower) particles only, and hence can be associated with
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TABLE 1. Relative production rates, in percent, of projectile fragments from 2.1, 14.6, 60, and 200 GeV/nucleon '°0O nuclei in nu-
clear emulsion. Data are categorized by the maximum charge (and its multiplicity) of the emitted PF’s. Indicated in the last column
are detector type and sensitivity, i.e., high (HS) and low (LS).

Energy

E/A (GeV) Events 1He 2He 3He 4He zZ>2 None Detector

2.1 1192 13.5+1.0 10.2+0.9 6.71+0.7 0.7+0.2 36.6+1.4 32.4+1.4 IlIford G5 HS
269 14.1£2.3 9.4+1.9 9.0+1.8 0.3+0.2 37.2+3.0 30.0+3.0 Iliford K2 LS

Total 1461 13.6+£0.9 10.1£0.8 7.1+0.7 0.61+0.1 36.7+1.3 32.0+1.2 Both

14.6 417 19.7+2.0 14.4+1.7 7.2+1.3 0.2+0.2 30.9+2.3 27.6+2.2 NIKFI BR-2 HS
106 18.7+4.0 9.4+3.0 5.1+£2.3 0.0 37.1£5.3 29.7+5.0 Ilfford K5 LS

Total 523 19.3+1.7 13.4+1.5 6.7t1.1 0.2+0.2 32.1£2.0 27.942.0 Both

60 402 15.2%1.8 8.7+1.4 7.2%+1.3 1.0£0.5 38.1+2.4 29.9+2.3 NIKFI BR-2 HS
1001 17.7%+1.6 11.5+1.2 5.8+0.9 0.34+0.2 31.7£2.5 33.1+2.1 Ilford K5 LS

Total 1403 17.0%£1.5 10.7+0.9 6.2+0.7 0.5+0.1 33.5+£2.0 32.2+1.6 Both

200 1196 16.1+1.1 10.6+0.9 5.8+0.7 0.41+0.2 37.3+1.4 29.8+1.3 NIKFI BR-2 HS
732 18.4+1.8 14.6+1.6 5.1+1.0 0.240.2 33.9+2.9 27.8+2.2 IlIford K5 LS

Total 1928 17.0+1.0 12.1£0.8 5.6+0.7 0.3+0.2 36.0+1.3 29.0+1.2 Both

the smaller the sum 3 Zyg, the greater is the degree of
fragmentation of the target. In Fig. 2(b) we examine

complete disintegration of the projectile. The errors
quoted in Table I for the HS stacks are taken from a bi-

nomial distribution and for the LS stacks a systematic er-
ror is included in the correction factor to compensate for
the loss of small N, events.

As we shall do henceforth, Table I compares the pro-
duction of PF’s from '°O interactions in emulsion at
E /A =200 GeV with those observed at 2.1 (Ref. 5), 14.6,
and 60 GeV. Due to possible systematic errors in the
correction factors for the LS stacks, the HS and LS sam-
ples should preferably be compared separately. Both sets
of observations clearly exhibit energy independence, the
data agreeing to the extent that errors associated with the
data points overlap in most channels. Nonetheless, small
systematic variations in specific reaction channels cannot
be ruled out. As a particular example the 1He/3He ratio
appears to increase between 24 GeV and 2004 GeV, a
variation whose significance lies at about the two stan-
dard deviation level at this stage. In Fig. 1 we show the
data from HS emulsions for 2.1, 14.6, 60, and 200
GeV/nucleon. Again, the overall energy independence of
the production channels is evident. In another experi-
ment, Ref. 6, that used the Fuji ET7B HS emulsion, the
following percentages of the production channels (in the
order tabulated in Table I) were obtained for °0-200 4
GeV collisions: 16.8+1.5, 12.0%+1.3, 5.9+1.0, 0, 36.21+2.0,
and 29.1%+1.9; they compare favorably with our com-
bined HS+LS data in Table I.

In Fig. 2(a) we interrelate the total charge of PF’s

(N, ) as a function of the number of singly charged par-
ticles falling inside the fragmentation cone (defined by
6<6,, where 6,=0.2/p;,.) for events with no observed
PF’s. Again a strong dependence is seen which is qualita-
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emitted mainly from the target nucleus. The range of
S Zypg varies from 0, i.e., when no PF (Z = 2) is emitted,
to 8, when the total incident charge of the '°0 appears in
the PF’s. These data reveal that the degree of target exci-
tation, as represented by (N, ), is strongly correlated
with the sum of the charges carried by the PF’s. Qualita-
tively, the greater the fragmentation of the projectile, i.e.,

FIG. 1. The fraction (%) of minimum bias events having
Z 23 (inclusive), none (no Z >2), 1He, 2He, 3He, and 4He (ex-
clusive) in '°0O-Em interactions at E/ A4 =2.1, 14.6, 60, and 200,
GeV incident energy for HS stacks. Errors shown are statistical
only. The dashed lines give the mean values assuming energy
independence.



tively understandable as reflecting an anticorrelation be-
tween the target participants (as measured via { N, )) and
the projectile spectators (as measured by the number of
single charged particles falling inside the fragmentation
cone).

In Fig. 3 we show the similar behavior for { N;) where
Ny, as stated before, contains all tracks with dE /dx =2
(dE /dx),,;, which means that tracks equivalent to pro-
tons with E, <280 MeV are included in the data. At
2004 GeV, {N;) is three units lower than (N, ) in the
HS Stacks and we note that the difference between the
observed quantities (N, ) and (Ny) is higher than the
fewer PF He nuclei that are emitted. The qualitative be-
havior of the (N, ) and { N;) correlations with the num-
ber of charges possessed by PF’s is certainly the same.
Specific points of interest are: (i) the data exhibit, quali-
tatively, energy independence, (ii) target excitation de-
pends only on ¥ Zpg, irrespective of the distribution of
charges that contribute to the particular sum, and (iii),
(N, ) decreases approximately linearly with 3 Zp. We

(b)

Z=1 w/no PFs 22

+

f

i —— —O—

10F

E:l 3He
Al A
Zr 4’ 4HeHe+C
N . S
o] | 2 3 4 5 6 7 8

Y Zpr (22)

FIG. 2. (a) Mean number of heavily ionizing target fragments
(8 = 1.4gmin), Ny, plotted vs 3 Zpg, the total charge of PF’s
(Z 2 2) emitted in '®O-Em collisions. The fragmentation chan-
nels are indicated. The open squares, closed squares, open cir-
cles, and closed circles are the symbols for the E/ A4 =2. 1, 14.6,
60, and 200 GeV data, respectively. (b) The inset shows (N, )
as a function of the number of singly charged particles inside
the fragmentation cone n,_,(6<8,) for events having no PF’s
with Z >2. Values of 8, are 1.0, 3.3, and 13 mrad for
E /A =200, 60, and 14.6 GeV, respectively. Symbols are the
same as defined for (a).
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FIG. 3. A plot similar to Fig. 2 showing {N;) vs 3 Zpg
where T fragments have dE /dx = 2(dE /dx);, in E/A=2.1,
14.6, 60, and 200 GeV reactions.

note that linearity may fail at low values of 3 Zpr when
(N,,) exceeds 8, the demarcation point between the ma-
jor light (Z =8) and heavy (Z =>35) target groups in
emulsion, indicative of a change in the effective mass of
the target nucleus.

PROJECTILE FRAGMENTATION Z =2

The intrinsic spatial resolution attainable with emul-
sion chambers/stacks enables us to measure the projected
angles 0, and 6, and pseudorapidity 1 of the He frag-
ments associated with the 2004 GeV '°O projectile. The
angles 6, and 6, are the projections of the polar angle of
emission of the PF’s on the xz and yz planes, where z is
the vector direction of the incident ion. Because 6, and
6, obey the same physics, they are presented as a single
distribution in Fig. 4. The data are based on a total of 97
interactions, giving rise to 178 He PF’s with multiplici-
ties 1=Ny.<3. No 4He events were observed in this
sample. The angular distribution is Gaussian shaped,
with dispersion o(6,,)=(20.5+1.0)X 107> rad under the
restriction that |6, fvS 50X 107 rad. Given that the in-
cident momentum is 2004 GeV/c, the corresponding (x
or y) momentum component is estimated to be
o(p,,)=155+8 MeV/c, taking the average atomic mass
number of the He PF’s to be 3.78. Assuming isotropy in
the projectile frame, o (p,, ) is equivalent to the longitudi-
nal momentum o (p,), which permits favorable compar-
isons of this result with o(p,)=137+2 MeV/c observed
in early experiments on the fragmentation of 2.1 4 GeV
180 nuclei.>®

Figure 5 presents the derived momentum dispersions
o(p,,) of the He PF’s as a function of the multiplicity of
He PF’s. The closed circles identify the 2004 GeV '°0O
data. These data are to be directly compared with the
2.1 A4 GeV %0 results plotted as open circles (HS stacks)
and open triangles (LS stacks ).” Also shown in Fig. 5 by
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FIG. 4. Projected polar angles 6, and 6, of the projectile
fragments for 'O-Em interactions at 2004 GeV. The solid
curve is the Gaussian fit to the data, |6,,| <50X107° rad. The
width of the distribution is o(6,,)=(20.5+1.0)X 107" rad, cor-
responding to a momentum o(p,,)=155+8 MeV/c. The inset
figure defines the angles 6, and 6,.

open squares are (unpublished) data on the momentum
dispersions of 3He and 4He PF’s from 2.14 GeV
12C.CH, interactions obtained with the HISS facility.’
For purposes of comparison, the dispersions are those ob-
tained by fitting all momentum spectra to Gaussian dis-
tributions for \pxyi <375 MeV/ec.

2C - He MULTIPLICITY
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FIG. 5. Momentum widths o(p,,) vs multiplicity of the He
PF’s from 'O-Em interaction at 2004 GeV (closed circles) at
2.14 GeV in HS emulsions (open circles) and LS emulsions
(open triangles), and from '?C-CH, interactions at 2.14 GeV
(open squares). Note the shift in the upper (!>C) abscissa. The
2.1 4 GeV-'®0O data for 1He shown with dashed error bars give
the momentum widths for the 1He PF events with Z =1 parti-
cles only (upper value) and for 1He PF events with PF’s
3 =Z =<6 (lower value). The hatched region is the one to be ex-
pected from independent emission of He from a thermal system.

The only correction applied to the data shown in Fig. 5
was to the value of o(p,,) for the '°O-1He datum of
2004 GeV. As commented on previously, these data
were obtained from emulsion chambers, where the visual
inspection of the diameters of the single vertical tracks of
PF’s was insufficient to resolve Z =2 from Z =3 (and
possibly 4). Under the assumptions that (i) our 1He data
contain a background of events that include all 1Li PF’s
(unaccompanied by He); (ii) the relative production rates
of the 1He and 1Li channels are 13.5 and 3.3%, respec-
tively,” and (iii) the momentum dispersion for a PF
of mass Ay produced from a beam projectile Ay is
o< [X(1—X)]'?, where X = A,/ Ap,* we find that our
1He result should be increased by about 7% to correct
for the presence of Li. Similarly, if, as an upper limit, we
assume that all 1Be PF’s are also included in our sample,
then the estimated correction factor increases to about
11%. We have, therefore, applied a +9% (£2%) correc-
tion to our measured value of the momentum dispersion
for the 2004 GeV 1He, a correction equal to about one
standard deviation of the experimental uncertainty.

We wish to point out that the 1He, as well as the 2He
channel is the composite of all events having 1 (or 2) He
PF’s, irrespective of the presence of PF’s =3. Upon
separating the 1He events into those accompanied (a) by
Z =1 shower particles only, and (b) by PF’s Z =3, we
find that the momentum dispersions of the He PF’s are
highly dependent on the topologies (a) and (b). As shown
in Fig. 5 for the 'O 1He data at 2.14 GeV (open circles
with dashed error bars), the value of a(pxy) for the 1He
accompanied by Z =1 particles (only) is 22% greater
than the composite average of 194 MeV/c, whereas
o(py,) for 1He with PF’s Z = 3 is 20% less than the com-
posite average. Hence, it is evident that the observed
momentum (angular) distribution of 1He events in a
given experiment depends markedly on the relative
efficiencies for detecting these classes of 1He events.

Conclusions apparent from Fig. 5 are as follows. (i)
The dispersions o(p,,) of He PF’s from '°0 at 2004 and
2.1 A4 GeV are in good agreement, indicative of energy in-
dependence. (ii) This energy independence, i.e., limiting
fragmentation, also appears to extend to the individual
He-multiplicity channels as well, with the dispersions of
the He decreasing with increasing He multiplicity, or al-
ternatively [see Fig. 2(a)] with decreasing target multipli-
city {N, ). (iii) These general features are also observed
in '2C-CH, interactions, where the momentum distribu-
tions of the 1He-3He PF’s were attained with the HISS
facility using magnetic rigidity and particle identification
techniques. We stress, however, that there is a
nonGaussian contribution of PF-like He nuclei which is
most significant for 1He events and gradually decreases
with an increasing number of He nuclei. It seems as if
gentle processes of the type 3He, 4He, or He+PF (Z = 3)
give momentum transfers well accounted for by thermal
motion only, whereas for the 1He and possibly 2He chan-
nels collisions of a more violent kind become significant.
The hatched area shows the region of the expected (con-
stant) width from the liberation of He-nuclei at a fixed
temperature.3

At this stage of our investigations, correlations be-
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FIG. 6. Pseudorapidity distribution of He PF’s. The smooth curve is the expected distribution extrapolated from 2.14 GeV.

tween shower particles and PF’s have not been studied.
Indeed, the number of shower particles, n,, produced in
events studied here rarely exceeds 50, with an average
number in the range of ~20 to 25. Such events are
characteristic of small nuclear involvement of the projec-
tile.

The presentation of the emission angles of the He PF’s
in terms of pseudorapidiy 7, as shown in Fig. 6, clearly
identifies the particle at the highest value of 7, e.g., 7> 8,
that are observed in the pseudorapidity distributions for
low multiplicity (n, <50) '°0-Em events at 2004 GeV as
beam-velocity fragments of the incident projectile.!

The solid curve in Fig. 6 is the predicted 7 distribution
based on the !°0-He spectrum measured at 2.14 GeV
[o(p,)=137 MeV/c].2 The observed value {7)=9.15
+0.06, with 7 in the range 7.6 <7 =13, is in good agree-
ment with the spectrum derived from the transformation
of 2.1 4 GeV data to 2004 GeV.

SUMMARY

The angular and derived momentum distributions of |

the He PF’s we have observed in '°0-Em interactions at
200 A4 GeV are characteristically Gaussian shaped with
widths o that are comparable to those due to Fermi
motion in the projectile nucleus. Of particular impor-
tance is the result that the “Fermi motion” and the o of
the momentum distribution of He PF’s are, in fact,
dependent on the multiplicity of the emitted He PF’s, de-
creasing with increasing multiplicity, and, at a given
multiplicity, dependent on the presence (or not) of PF’s
Z = 3 in final state. This behavior is, within the errors of
our measurement, independent of beam energy, and at
2.14 GeV, is also exhibited in the He PF spectra from
12C.CH, interactions.

As a practical result, this observation extends the va-

lidity of the assumption of energy independence of the
parameter o used in the estimation of the primary ener-
gies of fragmenting nuclei, e.g., in cosmic rays, from the
angular distributions of He PF’s—provided the depen-
dence of the momentum distributions on He PF multipli-
cities is taken into account.

The general feature of projectile fragmentation in
10-Em interactions, derived from an intercomparison of
the results at E/ A4 =2.1, 14.6, 60, and 200 GeV is that
energy independence, i.e., limiting fragmentation, is sus-
tained in the interval 2<E /A <200 GeV. In addition to
the angular dependence of He PF’s with the He multipli-
city cited above, this energy independence encompasses
(i) the production rates of PF’s, Z =2, and (ii) the charge
and multiplicity distributions and their dependence on
target multiplicities, N, or N;. The possible indications
of energy dependences in selected reaction channels make
desirable the accumulation of higher statistics. We find
that the associated target-fragment multiplicities de-
crease monotonically with increasing total charge 3 Zpg
of the emitted PF’s (Z =2). Thus, we deduce that the de-
grees of excitation energy of the projectile and target nu-
clei are directly correlated, an effect that is furthermore
independent of beam energy.
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