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Enhanced production of Na by wide-angle secondaries produced in the interaction
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Radiochemical activation techniques were used to study the behavior of projectile fragments formed
in the interaction of 44 GeV "C ions within thick Cu targets. After a short review of the results ob-
tained hitherto with this Cu-target technique, the interaction of 44 GeV ' C with several copper target
configurations yielding the deep spallation product ' Na is described. Energetic fragments which are
emitted into the laboratory angles 10' 0~45' appear to produce more Na (up to nearly one order of
magnitude) than calculated with a phenomenological model and an intranuclear cascade model. This
enhanced production of Na by wide-angle secondaries is only observed for 44 GeV ' C on copper, but
not for 25 GeV "C on copper. Some normalization experiments with 4 GeV He and 2.6 GeV p are de-
scribed.

PACS number(s): 25.75.+ r

I. INTRODUCTION

The experiments described in this paper are intended
to extend to a much wider range of energies per nucleon a
previous experiment [1—15] introducing a sui generis
technique of "calorimetry" in the investigation of interac-
tion properties of projectile fragments (PF) from relativis-
tic heavy-ion collisions. The idea of the experiment as
well as the peculiar target/detector setups (in several in-

creasingly sophisticated geometries) were initially
motivated by the ongoing debate on a possible anoma-
lously shortened mean free path (abbreviated hereafter as
SMFP) for nuclear interactions of such projectile frag-
ments. Although, at the present stage of our investiga-
tion, our experimental results have not provided a clear-
cut evidence neither for nor against such an effect, they
haue provided evidence for a very high partial cross sec-
tion of Na production by PF emitted at relatively wide
angles to the incident heavy-ion beam. Whether or not
this effect can be explained in terms of "conventional"
relativistic heavy-ion physics was explored in Ref. [2] and
will be discussed in connection with the new experimen-
tal evidence outlined in the present paper. However, in
order to better explain the rationale underlying our tech-
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nique, it seems useful to briefly review the experimental
evidence which prompted this investigation.

Evidence for a SMFP was first observed in nuclear
emulsions. Reference [16] gives the basic experimental
facts together with their early history. Essentially, this
effect consists of a considerably reduced mean free in-
teraction path of heavy PF (Z ~ 3) within the first few
centimeters after the interaction point where they were
produced in the interaction of relativistic heavy ions with
emulsion nuclei. This work stimulated a wide variety of
investigations, with often conflicting results [16—28]. Of
particular interest is the more recent supporting experi-
mental evidence concerning this effect, obtained at the
Joint Institute for Nuclear Research (JINR) at Dubna
[29—31]. This field of investigation has been reviewed re-

cently [32—37]. Some older references have been men-
tioned frequently [38—43]. However, one should
remember some possible "prehistoric" evidence for
SMFP, such as peculiar transition effects observed with
very thick targets in cosmic rays by Roessle and
Schopper [44] as early as 1954 and confirmed later by
Varsimashvili [45], and possible evidence for SMFP of
pions shortly after their emission from kaon decays re-
ported by Alexander, Johnston, and O'Ceallaigh [46] in
1957. These SMFP effects have never been challenged
experimentally, nor have they been understood from a
theoretical point of view.

The interest in the SMFP effect was stressed by its hy-
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pothetical connection with the possible appearance of
"open color states" for quark-gluon matter, as formulat-
ed within certain quantum-chromodynamic models [34].
Due to such possible fundamental implications and espe-
cially to the wide-ranging controversy aroused by this
subject, it seemed important to bring as many different
techniques as possible to bear on this problem. There-
fore, some time ago, several of us started an experimental
program to investigate the interactions of relativistic
heavy ions with relatively massive copper targets [1].
The radiochemcial activation technique has been used to
search for the possible formation, interaction, and decay
of anomalous projectile fragments.

To date, the most detailed investigation has been car-
ried out at the BEVALAC of the Lawrence Berkeley
Laboratory (LBL) in the interaction of 72 GeV ~Ar and
36 GeV Ar with copper. At the lower energy, we en-
countered no difBculties in trying to understand the ex-
perimental results in terms of conventional models and of
the ensemble of available experimental facts. However,
at the higher energy it was impossible to explain the large
cross section of secondary fragments for producing Na
in copper within the framework of widely accepted
theoretical models: in particular, one had severe
difBculties in understanding the wide-angle emission
10'~8 of energetic secondary fragments. Reference [2]
gives a detailed account of the "conventional" arguments
which failed to explain the effect.

Consequently, it was of interest to extend the investiga-
tion beyond the range of energies per nucleon covered by
the BEVALAC, in the hope of observing some general
new features of relativistic heavy-ion physics irrespective
of whether SMFP's were involved or not.

%e start this paper with a general survey of the corre-
sponding experiments. Then a detailed experimental and
theoretical account is given of our studies using the 44
GeV ' C beam of the SYNCHROPHASOTRON at the
JINR (Dubna). Calibration experiments with 4 GeV He
and 2.6 GeV p beams from SATURNE, Saclay, are also
reported. In view of the negative result of a search for
unexpected features in the reactions induced by the lower
energy beam at the BEVALAC (36 GeV Ar) one would
a fortiori not expect any anomalous behavior of particles
produced at the energies of the SATURNE Accelerator.
None was found.

II. THE COPPER-DISK TECHNIQUE

A. Normalizing experiments with two Cu disks
and 25 GeV ' C ions

Our first experiment of this kind may serve as an intui-
tive illustration of our technical approach; it was carried
out via a parasitic exposure to a 25 GeV ' C beam of the
BEVALAC, behind a thin target ( (500 mg/cm ) [47]. It
can be considered as an example of a low-energy experi-
ment with relativistic carbon.

The princip1e of the experiment is illustrated in Fig.
l(a). Two 1 cm thick circular copper disks (r =4 cm)
were irradiated. Typically, = 10' ' C ions passed
through the Cu disks in a period of 2-4 h. The beam was

H. I.

CU-1

ygpg Cu-2

d=Ocm

H. I.

Cu-3

ylCu-4

4 = 20 cm (or 10cm)

FIG. 1. Some typical experimental arrangements of Cu disks
and rings. All Cu disks are 1 cm thick. (a),(b) Arrangement to
study decay versus wide-angle effects as described in detail in
[1,2]. (c) A very compact stack of 16 Cu disks {/=8 cm) as a
kind of calorimeter.

well focused (nominal diameter (1 cm). Pairs of Cu
disks were irradiated together in a "contact"
configuration (d =0 cm) and with a separation of 10 cm
[Fig. 1(b)]. Both Cu disks serve as targets for the primary
beam, as well as for secondaries interacting within the
same disk in which they are produced. Our measure for
the number of interactions induced by all these projectiles
is the amount of radioactive residues of the target nuclei,
detectable via their gamma activity. However, secon-
daries produced in the first disk (target) and interacting
in the second disk (detector) will enhance radioactive nu-
clide production in the detector as compared to the target
(assuming the same projectile fiux). This enhancement
could be especially strong if, among other things, such
PF have an unexpectedly high interaction cross section,
i.e, a "too short" mean free path. After the completion
of the irradiation, short-lived activities were allowed to
decay for approximately 12—24 h. Afterwards, the ra-
dionuclides present in the irradiated Cu disks were as-
sayed by off-line gamma-ray spectrometry. Measure-
ments were made with Ge(Li) detectors (resolution =1.8
keV for the 1332 keV line of Co). The analysis of the
gamma-ray spectra was based on standard radiochemical
procedures [48]. Counting was carried out for approxi-
mately one week at Berkeley and then continued for
several months at Marburg. For specific nuclides, we
determined the ratio Rd of the activity in the detector
(Cu-2, or Cu-4) to that in the target (Cu-l, or Cu-3) as a
function of the separation d between target and detector.
Because each such pair was irradiated with the same par-
ticle beam simultaneously and assayed later for its gam-
ma activity in a fixed position with the same Ge(Li)
gamma-ray detector, the activity ratio Rd for a specific
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nuclide can be determined to a high degree of precision.
All uncertainties due to particle Auxes, counting
efficiencies, branching ratios in the decay scheme for a
specified radioactive nuclide, etc. , cancel out in Rz.
Essentially, the only experimental uncertainty in R&
comes from counting statistics. The number of counts is
typically 10 with its corresponding precision, compa-
rable only to that of large counter experiments or of
high-statistic bubble chamber experiments.

We show in Fig. 2 the dependence of R& on the prod-
uct mass number A for two different separations (d =0
and 10 cm) for reactions induced by 25 GeV ' C ions.
This dependence is a reflection of the energy spectrum
and angular distribution of the secondaries inducing reac-
tions in the disks. The results show that when the two
disks are in contact (Ro), the PF most likely to strike the
detector lead to the formation (by target fragmentation)
of products with A =55 and substantial yields are seen
for all products with A )40. The products with A (30
( Be, Na, Na, Mg) are formed only in high-
deposition energy target fragmentation events [49]. Such
nuclides cannot be PF because those are much too ener-
getic to stop in the copper disks. When the disks are
moved 10 cm apart, the detector samples a different sub-
set of the PF created in the target, i.e., the more strongly
forward focused and thus higher energetic fragments. As
a result, the PF most likely to reach the second disk now
lead to the formation of products with A =45 and the
formation of heavier fragment is less likely. Not surpris-
ingly, Ro for these products is larger than R,o, reflecting
production by low-energy, wide-angle secondaries. The
fragments with A (30 are produced with about the same
yields regardless of disk separation because they are only
produced by highly forward-focused, energetic PF. As
we are interested mainly in reaction channels due practi-
cally only to relativistic high-energy particles ( ) I GeV),

25 GeV "C+"(:U

Ro R &o
=0.019+0.023 . (2)

All Na-producing fragments are emitted within a labo-
ratory angle 0&20' in this experiment, as the R,o( Na)
samples only fragments emitted into this angular forward
cone. Our results reveal no unusual or anomalous prop-
erties of secondaries; all relativistic particles, primaries
and secondaries, which produce Na in the Ro
configuration seem to do nearly exactly the same in the
R Io configuration.

To visualize this, one should consider the separate
effects of three kinds of particles producing Na: (a)
beam projectiles (primaries) producing Qp Na atoms;
(b) their secondaries (and the cascade products thereof)
interacting in the same disk in which primaries interact-
ed, producing Qs Na atoms; and (c) secondaries from
the target interacting in the detector and producing there
Qs =2Qs atoms. It can be shown from Ref. [2], that, to
a reasonable approximation, the ratio Rz is given by

x + (3)
1+ Qa/Qs

R„=exp

we concentrate on deep-spallation products ( A & 30)
since these nuclides are produced in copper only by
high-energy particles. But, as Fig. 2 shows, only Na
can be measured with the necessary accuracy of
=(1—2) %. Therefore, we only concentrate our attention
on the production of Na from copper targets. Further-
more, the excitation function for the production of deep-
spallation products is well known only for the production
of Na from Cu. Moreover, this nuclide has a half-life of
—15 h and a prominent and well-determined gamma line
at E = 1.3685 MeV, both very convenient for ra-
diochemical experiments. In this experiment we observe
for 25 GeV C:

R ( Na)o 1.127+0.015
1 017+0 02

R, (24Na) 1.108+0.017

1.4-

1.0-

~ Ro

oR, o

10 20 30 40 50 60

Prod.

The first term on the right-hand side is the attenuation
factor where x is the disk thickness (1 cm) and A, p is the
mean free path for inelastic collisions of the primaries.
The factor fz is the fraction of secondaries of type (c),
above, which fail to reach the detector at distance d for
one of the two reasons: (a) conversion of anomalous par-
ticles to normal particles; and/or (b) emission of energetic
fragments into wide laboratory angles with 0&20. As
we observe Ro=R, O [Eq. (2)] we must conclude that

fz « 1. Consequently, we neither observe to any
significant degree a decay of anomalous particles nor the
emission of energetic fragments into wide laboratory an-

gles with 0)20. This result is in agreement with a simi-
lar experiment using 36 GeV " Ar instead of 25 GeV ' C
[2]. These two experiments are considered as being "nor-
malizing" experiments.

FIG. 2. Ro and R,o as a function of the product mass Ap

R„ is the ratio of the activity for one specific nuclide of the
detector Cu disk to the target Cu disk, and d is the distance be-
tween both disks, as shown in Figs. 1(a) and 1(b). (This experi-
ment was carried out at the BEVALAC, University of Califor-
nia, Berkeley. )

B. Further experiments using two Cu disks

Here we report on a series of exposures, carried out
with a wide variety of projectiles of two Cu disks in con-
tact using the target configuration shown in Fig. 1(a).



ENHANCED PRODUCTION OF Na BY WIDE-ANGLE. . . 1197

The results for Ro( Na) are given in Fig. 3. In Fig. 3(a)
we observe a strong linear increase of Ro in the range
2 & ET & 80 GeV. Additionally, we also show in Fig. 3(b)
some recent results obtained from the S beam at the
Super Proton Synchrotron (SPS) at CERN, Geneva,
which extend our investigation to 6.4 TeV, the highest
energy obtained in any laboratory. However, here a
word of caution is required. The experiments at the SPS
were carried out in a parasitic manner close to the beam
dump and some 50 cm downstream of a 1 cm thick U tar-
get. Therefore, the Cu disks were irradiated with the pri-
mary heavy ions plus a considerable amount of secondary
particles. Nevertheless, it may be that a saturation value
of Ro is reached for Er ) 1 TeV (Er is the total kinetic
energy).

When one moves the two Cu disks apart, the detector
may no longer sample all fast secondary particles gen-
erated in the target. However, we know experimentally
that nearly all relativistic PF (nucleons as well as heavier
ones) are emitted into a narrow forward cone and the
higher the energy and the energy per nucleon of the in-
coming ions is, the more we expect a forward-focused dis-
tribution [2]. Thus we expect in the detector Cu-4, as
shown in Fig. 1(b) nearly all the activity for Na which
we observe at d =0 cm in Cu-2. As Fig. 4 shows this ex-
pectation is satisfied up to about ET =30 GeV. However,
for higher energies, we are losing increasing amounts of

Na at distances of 10—20 cm. The detector disks cover
angles 8&20': For Ar we are losing (16+2)% at 72
GeV and only (3+2)% at 36 GeV [2]. A similar behavior
is found for ' C: We are losing (5+1)% at 44 GeV and
(2+2)% at 25 GeV. The exact distances between the
front and end disks are given in the caption of Fig. 4. At
present, we can only repeat the two different explanations
for this puzzle: It could be caused either by the decay of
anomalously excited fragments to their ground state over
a tlight path of 10—38 cm and/or by the wide-angle emis-
sion of "energetic" particles, having the ability to pro-
duce appreciable amounts of Na in copper, even if they
are emiii .' into large laboratory angles 0~20'. We de-
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scribe in Sec. III some experiments attempting to eluci-
date this problem.

C. Experiments with a very thick stack
of up to 16 Cu disks

In Fig. 1(c), we show a very thick stack of 16 Cu disks
as a kind of calorimeter. In this paper, we describe some
experiments with this setup and give some experimental
results. The results are needed for empirical corrections,
as described in the next section. We refrain in this article
from a detailed analysis of this experiment. The stack, as
shown in Fig. 1 (c), has been irradiated twice with 44
GeV ' C. The results for Na production in this very
thick Cu stack are shown in Fig. 5, together with the re-
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FIG. 4. The ratio R z(' Na) of separated Cu disks within cer-
tain angular ranges, e.g., 0'& 8& 10' or 0' & 0&20' [4], as com-

pared with Ro( Na), as a function of the energy of the incom-

ing heavy ion. Rz gives the activity ratios mostly at 20 cm dis-
tance. Re for 25 GeV ' C and 24 GeV p is given for d = 10 cm,
Rz for 44 GeV ' C is given for d =38 cm. Solid symbols indi-
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FIG. 3. The ratio R()( Na) of the detector yield to the target
yield with the disks in contact (d =0) as a function of the total
kinetic energy ET of the incoming heavy ion. (a) For
1&ET&100 GeV. (b) For ET&300 GeV. A preliminary ac-
count has been published [4,8,15].

FIG. 5. The ratio R; for Na observed in downstream Cu
disks to that in the first disk in a very compact stack of Cu disks
as shown in Fig. 1(c) for four irradiations. The index (i) in R; is
given as (x/cm) on the abscissa. The cross at (R; = 1; x /crn= 1)
is the normalization point for all distributions.
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suits of similar irradiations with 4 GeV He and 2.6 GeV
p. These results are taken from [5,13], they are shown for
illustration purposes and shall be compared with results,
shown later in Sec. V.

III. EXPERIMENTS WITH 44 GeV ' C,
USING THE 2m RING TARGET

The results of detailed experiments with copper targets
irradiated with 72 GeV Ar have been published [1—11].
This reaction channel will be studied further [50]. Conse-
quently, it seemed interesting to supplement such work
with similar investigations using the 44 GeV ' C beam
from the SYNCHROPHASOTRON, i.e., at lower total
energy but at higher energy per nucleon. This should tell
us whether unconventional effects are a general feature in
high-energy heavy-ion interactions at ET &40 GeV, or
whether they are specific to Ar ions. Crucial is the

question of the production of Na from energetic secon-
dary fragments in copper at wide angles, say, 8 & 10'. For
this reason, we irradiated, with relativistic heavy ions, a
ring-target arrangement covering to a first approximation
a solid angle 2~. It will be referred to hereafter as the
"2n ring target" (Fig. 6). It covers ideally a 2n solid an-
gle for a pointlike beam and consists of two 1 cm thick
Cu disks (k =1, front disk; k =9, back disk, covering
0 &8 6', separated by a distance d =38 cm) and of
seven Cu rings of different shapes in between, cut out of 1

cm thick Cu cylinders with an outer diameter of 8 cm
and an inner opening of 4 cm. For an idealized pointlike
beam, the seven Cu rings cover the following angular
ranges: (k =2), 90'—70', (k =3), 70' —52'; (k =4),
52'-43'; (k =5), 43'-31', (k =6), 31'-19', (k =7),
19'—10', and (k =8), 10'—6'. This type of target was ir-
radiated three times with 44 GeV ' C: (1) at first for a
period of 19 h with a total of 2. 5 X 10' ions, (2) second
for a period of 17 h with a total of l.7X 10' ions, and (3)
at last for a period of 12 h with a total of 9X10" ions.
During the last irradiation, the inner front disk (r & 2 cm)
had a thickness of only 0.5 cm, i.e., one-half of that used
in the first two experiments. The beam was well focused,
and its beam focus was determined in experiment (1) via
the Na activity induced by the beam in the front disk
(k =1). In experiment (2), using a ring-segmented front
target, we determined the beam focus via Na activity.
Its beam spot density could be approximated by a Gauss-
ian with a variance cr =5.5 mm during experiment (2).
Details are given in the Appendix. The gamma activity

120- Ni (1377,6 keV)

100- Na (1368,5 keV)

in Cu was measured in the standard way. It should be
pointed out, however, that the total activity in the Cu
rings was not very large; this, in turn, lead to relatively
larger statistical errors than in the Ro measurements.
Figure 7 shows a typical gamma spectrum in one of those
rings. The experimental results for Re( Na) in the three
exposures with 44 GeV ' C are given in Table I. In Table
III, we give the results for a control experiment. We used
a slightly modified target system, with a smaller number
of Cu rings, described in the caption to Table III. It was
irradiated using an independent experiment with about
the same total ion Aux as the first experiment. The agree-
ment of the Rs( Na) values within Tables I and III
shows that the production of Na within one specific
ring is not influenced significantly by the rings close by.
As one can see from Fig. 6, primary particles from the
beam halo entering the outer area of the 2m ring target
(2 & r & 4 cm) propagate through a thick Cu target, such
as shown in Fig. 1(c). In order to know the true wide-
angle emission of energetic particles emitted from the
center of the first Cu disk in Fig. 6 (r & 2 cm), one has to
correct for this beam halo thick-target effect. For this,
we use the results from Fig. 5 for 44 GeV ' C. %e
correct the experimental Re( Na) in Table I for beam
halo effects as follows: (1) We assume that we observe in
the ring (k =2; 90'—70') only the beam halo. (2) The
upper limit for the beam halo correction in every ring is
proportional to its weight (in g Cu) and proportional to
the R; value of Fig. 5. As we do not have a perfect "very
compact stack" of copper, such as shown in Fig. 1(c),
some energetic secondary fragments leave the copper ma-
terial if they are emitted into large laboratory angles
They do not contribute to the beam halo activity. Thus,
a 20%%uo reduction of the upper limit beam halo correction
is considered as the lower limit beam halo correction, as
approximately 20% of all energetic secondaries are emit-
ted with 8) 6' (Tables I and II) for 44 GeV ' C. For the 4
GeV He irradiation, only an upper limit beam halo
correction has been considered. (3) The correction for
beam halo in Table II is taken as the mean value between
the upper and lower limit beam correction, with an un-

~ ~ ~ 0

t
lcm

~ ~ ~ ~ ~

52 43 31 19

~ ~ ~ ~ ~ ~ ~ ~
1

~ ~ ~ ~ 0 ~ 0

9

8cm

WOO ~ 0~ 0

O
~ 80-
(3

60-

O
40-

cm
38cm 20

FIG. 6. The 2m ring target which was exposed to 44 GeV ' C
at the Dubna SYNCHROPHASOTRON. The Cu disks (1 and
9) have a diameter of 8 cm, and they are 1 cm thick. The Cu
rings (2 to 8) have a shape as indicated, and their thickness is 1
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2720 2740 2760 2780

Channel number

FIG. '7. A typical y spectrum in one copper ring, as mea-

sured with a Ge(Li) detector.
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TABLE I. Directly observed values Rz( Na), using the 2m ring target for 44 GeV ' C. The ob-
served experimental results for three experiments are given. Rz( Na) is the ratio of the Na activity
within a certain angular interval 8 as compared to the first copper disk, in percent (see Fig. 6).

Angular interval
8

90 -70
70 -52
52'-43'
43'-31'
31'-19'
19'-10'
10'-6'
6'-0'

Thickness of (1)
copper disk (r &2 cm)

Experiment (1)

1.5+0.3
1.2+0.3
1.0+0.2
2.7+0.3
5.3+0.6
7.4+0.6
7.7+0.6

107.0+2.0

1.0 cm

Experiment (2)

0.6+0.2
0.4+0.2
0.5+0.2
1.3+0.2
4.8+0.2
6.8+0.2
7.4+0.3

105.0+3.0

1.0 cm

Experiment (3)

1.9+0.2
1.2+0.1

1.6+0.2
2.5+0.3
4.5+0.4
5.9+0.5
7.0+0.7

179.0+15.0

0.5 cm'

'In experiment (3), the distance between the front plate (0.5 cm) and the end plate (1 cm) was only 20.2
cm. For calculating the given ratios, the activity of the first copper disk was doubled.

TABLE II. R z( Na), as observed in the 2m ring target for 44
GeV ' C and corrected for beam-halo effects (see text). Only the
second experiment was considered.

Angular interval
0

R (24Na)

44GeV 'C
90'-70'
70'-52'
52 -43
43 -31
31 -19
19 -10
10 —6
60 00

0.0+0.3
0.0+0.3
0.1+0.2
0.8+0.3
4. 1+0.3'
6.0+0.3
6.5+0.3

106.0+3.0

'This value has been confirmed twice experimentally with
segment-1, 2 targets, as shown in Figs. 13 and 15.

certainty spanning the entire uncertainty range. Such an
uncertainty is a rather conservative estimate, but due to
the limited statistical accuracy in our experiment, we
consider this to be appropriate. The final results for the
angular distribution R s( Na), as corrected for beam
halo effects, are given in Table II.

A similar experiment has been carried out with 4 GeV
He (Table IV). It has been mentioned already that there

is no reason to expect any SMFP effects here. The target
was slightly modified: the distance between the first and
last Cu disk was only 20 cm and six rings were placed in
between them.

From this, we can conclude the following experimental
facts.

(1) The 2m ring target shows an appreciable amount of
Na produced by secondary fragments emitted into large

laboratory angles (6'& 8 &43') from a 1 cm thick Cu disk
irradiated with 44 GeV ' C. Actually, (5+1)%%uo of the

Na activity is observed at 0) 19'. This is more than the
(2+2)% loss of activity observed for 25 GeV ' C on
copper for 8) 20', as shown in Sec. IIA. A similar
wide-angle emission is not observed for the 4 GeV He
beam.

90'

b,R ( Na)=R ( Na) —y R ( Na) .
6)=0'

(4)

The results are given in Table V. No statistically
significant deviation of b,R&( Na) from zero can be ob-
served in either experiment. However, due to the experi-
mental uncertainties in ERs( Na), we cannot exclude a
contribution of decaying anomalous secondary fragments

TABLE III. Rz( Na), as observed in a control experiment
with 44 GeV ' C. A modified 2~ ring target consisted of the
front disk, only two rings (k =5 and k =7, see Fig. 6) covering
the angles 43 &0& 31 and 19'& 0& 10', and the end disk in a
distance of 20 cm, covering the angle 0'&0&10. The results
have not been corrected for a finite beam size. The beam size
was similar to experiment (1) as shown in Table I.

Angular interval
0

R (24Na)

44 GeV 'C
43 -31
19'-10
10 —0

3.2+0.3
7.6+0.6

115.0+2.0

(2) Comparing the results of the 2ngeom. etry using 0.5
cm thick and 1.0 cm thick copper disks as targets for 44
GeV ' C, we observe (Table I) the same amount of large
angle activities of Na independent of the thickness of
the Cu front disk. This shows that the effect is due to pri-
mary interactions of ' C.

(3) Our experiments can answer to some extent the
question of whether any secondaries exhibiting the SMFP
effect can be observed within our arrangement. Such an
effect would show up as a significant decrease of the Na
activity in the downstream Cu configuration, when it is
removed from the upstream Cu disk. When there is no
such decay of secondary fragments along the flight paths
shown in Fig. 6, then all the activity in the downstream
Cu disk of the contact configuration [Fig. 1(a)j should be
found again in the rings and in the back disk of the 2m

ring target. Any loss of activity, b,Rs( Na), would be
observed as follows:
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TABLE IV. Rz( Na}, as observed in the 2m ring target for 4
GeV He. R z( Na) has been defined in Table I.

Angular interval
6I

R~("») «r 4 «V 'He
Experimental Corrected for
observation beam halo

90 -70
70'-52'
52'-43'
43 -31'
31'-19'
19'-10'
10'—0'

0.2+0.1

0. 1+0.1
0.2+0.1

0.3+0.1

0.5+0.1

0.8+0.1

90.0+1.0

0.0+0.2
0.0+0.2
0.0+0.2
0. 1+0.2
0.3+0.2
0.6+0.2

90.0+1.0

within the experimental uncertainties of 4% in
ARe( Na) for 44 GeV ' C and 1.5% for 4 GeV He.

It should be recalled that the results from this experi-
ment, where partial cross sections are measured, are not
directly comparable to those in visual (i.e., emulsion and
bubble chamber) experiments, where total cross sections
determined the observed mean free paths. In the next
section, we address the problem: Can the abundant pro-
duction of Na at large laboratory angles 0& 10' be un-
derstood within the framework of widely accepted
theoretical models?

IV. CALCULATIONS USING THEORETICAL MODELS

A. Calculation for the entire angular distribution
Re('4Na) (0 &8&90')

TABLE V. On the possible decay of "anomalously" large
secondary fragments. The values R,(' Na) and QRs(' Na) are

the results from measurements in the compact form [Fig. l(a)j
and in the 2m ring target (Fig. 6), respecitvely, ARO( Na) is the
difference between them. R q( Na) has been corrected for
beam-halo effects (Table II}.

R { Na)
90

g R~( Na)
0=0

hR( Na)

d'

44GeV 'C

1.24+0.02

1.23+0.03

0.01+0.04

38 cm

4 GeV He

0.922+0.010

0.920+0.009

0.002+0.014

20 cm

'Flight path between front disk and back disk of 2~ ring target.

Obviously a complete set of multiplicities, fragmenta-
tion parameters, angular, and energy distributions of a11

the secondaries is needed in order to examine whether
our experiments observe anything beyond conventional
physics. The choice of the proper theoretical models
used for the interpretation of experimental results is al-
ways a problem since no theoretical model known to the
authors is suitable for the description of all the aspects of
relativistic heavy-ion interactions. However, it is well
known that the Dubna cascade model (DCM) is a very
advanced theoretical concept [51,52], with quite a num-
ber of successful applications [53]. This model is based
on the historic two-step Serber model of complex high-
energy interactions: At first, we calculate a fast intranu-

clear cascade as a succession of nucleonic interactions.
This is followed by the slow evaporation of light particles
from an excited nuclear state, which is left as a residue
after the fast cascading interactions. This Serber model
has been refined considerably by Gudima and Toneev
[51],and brought into line with many aspects of present-
day high-energy phenomena, including contributions due
to coalescence and precompound phenomena. Addition-
ally, a more phenomenological model (PM) for intranu-
clear interactions in high-energy reactions [54] has also
been used in our calculations. This model describes the
interaction of a high-energy heavy ion A, (0.5 & Ez & 5
GeV/nucleon) with a target nucleus Az. The model can
be applied to target and projectile ions within the mass
range 4( A (240 and is concerned with the production
of relativistic secondary fragments h;, such as pions,
kaons, nucleons, and hyperons. This interaction

A, +A2~ gh, +X (5)

(X is the target fragment) uses conventional nuclear
geometry concepts in a conventional manner. The radii
of both nuclei are calculated and the impact parameter b
is randomly determined for each interaction by a Monte
Carlo procedure. This yields the natural mixture of cen-
tral and peripheral interactions. The limits between these
two types of interactions are determined through an aver-
age scattering angle, which depends on A and Ez/u. For
central collisions, the nuclei are subdivided row on row
into cylinders, where two-body nucleon-nucleon interac-
tions occur. For peripheral interactions, only simple
nucleon-nucleon interactions are taken into account. No
hydrodynamic aspects of the interactions are considered.
Assuming a uniform density distribution within the in-
teracting nuclei, the number of nucleons is calculated in
both regions considered. The Fermi momentum of the
constituents can be calculated by using the following
phase-space distribution:

871 3p

dp pF&

n being the number of nucleons within the nucleus, and
the momentum p is chosen randomly [0& ~p~ &PF~
=0.4(n/A)' GeV/c] PF~ is th. e Fermi momentum.
The calculation ends, when the number of target or pro-
jectile nucleons is exhausted and a further emission of nu-
cleons is prohibited due to energy or momentum conser-
vation. Further details are described in the original
literature [54].

In our calculations using both models, we were only
concerned with the emission of relativistic secondary par-
ticles (p, n, 7r+, vr, d, t, He, and He), during the fast cas-
cade step. The energies and the emission angles of these
particles were recorded and used for further analysis. As
an example, the energy distribution and number-of-
secondary particles distributions are shown in Tables VI
and VII, respectively. Essentially only neutrons and pro-
tons are energetic enough to produce Na from Cu
( & 80%), as they are also quite abundant at all angles.
We did not study the role of third generation particles.
These fast cascade calculations gave currents X;Jk per
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TABLE VI. Mean energy (GeV) of secondary particles as a function of their emission angle 8. The
results are obtained with the Dubna cascade model [51,52]. The model was used in a form including
coalascence and precompound phenomena [14].

0'—10'
41 GeV ' C+ Cu (2400 events)

10 -20 20'-30' 30'-40 40'-50' 50 -60'

n

d

'He
4He

0.90
2.38
2.40
2.17
0.45
1.03
0.08

0.71
0.96
0.99
0.57
0.25
0.30
0.08

0.50
0.49
0.53
0.33
0.19
0.20
0.10

0.38
0.28
0.31
0.20
0.16
0.18
0.10

0.30
0.17
0.18
0.15
0.13
0.15
0.07

0.24
0.11
0.12
0.11
0.10
0.12
0.05

unit time for the light relativistic particle (i) of energy Ej
within a certain laboratory angular interval (k); i.e.,
within the acceptance of the kth ring of the 2m ring tar-
get. Then we calculated the activity A; k of Na accord-
ing to the standard equation

ijk ij ijk cuk (7)

where A; k is the activity of Na in ring (k) due to parti-
cle (i) of energy Ej, 0; the cross section Cu —+24Na for
particle (i) with an energy Ej, N~ k the current for parti-
cle (i) of an energy Ej within the angular interval of the
ring (k), and jVc„k number of Cu atoms (cm ) in the
ring (k). We neglect terms associated with the irradia-
tion, as they cancel in our ratio calculations. The crucial
value in Eq. (7) is the cross section cr; The m. ost detailed
description on how this cross section influences the inter-
pretation of this type of Cu-block experiments has been
given in [2]. The energy dependence of cr;. (the excitation
function) is known in detail only for protons and pions.
The knowledge of other cross sections o; for the yield of
"Na in copper induced by other light particles, including

' C is very limited. Consequently, we acted in a twofold
manner.

(1) We determined three additional experimental cross
sections for the reactions Cu(p/d/' C+) Na with the
following projectile energies: 8.14 GeV p, 7.3 GeV d, and
44 GeV ' C, respectively. We used conventional ra-
diochemical techniques [48,49). The monitor cross sec-
tion was Al(p/d/' C,X) Na, and the integral particle
flux could be determined with 10% accuracy. The results
are given in Table VIII.

and

Aik +Cu, k X ijk+ij
j

Ak=g A;k .

(8)

(9)

The activity Ak in the kth ring or disk is the final value

needed for calculation. In order to simplify the further
calculation, we compare the activity for Na in the kth
ring to the activity in the last two Cu pieces, i.e, Cu ring
(k =8) plus the Cu back disk (k =9, Fig. 6). This activi-

ty is produced in the angular interval 0'&8& 10' and is
normalized to 1.13, as observed experimentally (Table II).

The results of the calculations for R & are shown in Fig.
9 and compared with the experimental results, as given in
Table II. The experimental angular distribution de-
creases much less steeply than the calculated one. Obvi-
ous is the agreement for R(8) in the angular interval
19'(0&31' for two independent experimental setups:
the 2ntarget and . the segment targets (to be explained in
the next section). Furthermore, there is fine agreement

(2) In agreement with the concepts of limiting fragmen-
tation and factorization in high-energy nuclear interac-
tions, we always used in our calculations cr;.
=oz(Ej)(A t~ +A2 ) and o; =const for Er) 3 GeV
[2], where A, stands for the projectile and Az for the tar-
get. The resulting excitation functions are shown in Fig.
8.

The results were obtained by the DCM in the form of
tabulated N, kv lacus "(see also Table VII). The calcula-
tion proceeded from Eq. (7) as follows:

TABLE VII. Number of secondary particles (dN/dQ), in relative units as a function of their emis-
sion angle 8. Obtained with the Dubna cascade model [51,52].

0'—10'
41 GeV ' C+ Cu (2400 events)

10 -20' 20 -30 30 -40' 40' —50' 50'-60

d

He
4He

987
1050
6835
6606
437
29
24
18

446
472

1593
1535
199
22
20
10

246
268
910
813
141
18
16
16

156
178
620
544
116
18
14
12

104
125
455
386
90
15
10
13

78
89

378
302
70
16
10
11
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TABLE VIII. Some cross sections for the reaction
Cn(p/d/' C+) Na, as determined in this work and recently

by Cho et al.'

Projectile

P
d

12C

12C

Energy (GeV)

8.15
7.3

44.0
0.5

o.( Na) (mb)

3.4+0.5
5.4+0.9

12.3+1.8
1.43+0.17'

'S.Y. Cho et al. , Phys. Rev. C 36, 2349 (1987).

between the two independent theoretical models. The
calculations are based on the assumption of a pointlike
beam for primary ions. Indeed, we were. able to observe a
rather narrow beam distribution with a variance of
cr =5.5 mm for an assumed Gaussian type of beam width.
Such a beam distribution infiuences the calculated distri-
butions by (10—40)%%uo, depending on the angle 8, as
shown in the Appendix and Ref. [12]. The discrepancy
between experiment and theory amounts now to a factor
of 2.4+0.2 for the angular interval 10'(8& 19', and to a
factor of 7.6+0.6 for the angular bin 19'&8(31'. Such
large discrepancies are quite remarkable. In our calcula-
tions, we ignore the inhuence of gamma rays due to mo

decay on Na production: the mean energy and abun-
dance of mo is similar to m+ and m . Each ~0 decays into
2 gamma rays. It is well known that the electromagnetic
interaction is much weaker than the strong interaction of
hadrons. Charged pions, however, contribute only a
small fraction ( —5%) to the observed Na activity in Cu
at all angles [12—15].

Obviously, further experimental and theoretical work
is needed in order to better understand this puzzle: the
abundant production of Na at wide angles by secondary
fragments produced with heauy ions at high energies

(ET)40 GeV). But the quality of our models, in particu-
lar the PM, is quite suScient to interpret the 2m experi-
ment with 4 GeV He, such as shown in Fig. 10. This is
in agreement with the remarks made earlier, that for
ET &40 GeV we observe no significant emission of ener-
getic secondaries into wide angles, such as for 25 GeV
' C and 36 GeV Ar.

B. Calculations within a limited angular interval ( 10 & 0 & 31 )

We now restrict our concern to a limited angular inter-
val (10' & 8 & 31') and assume that we can completely un-
derstand R& for 10'(8& 19'. Then we calculate the fol-
lowing ratio:

R (19'&8&31')
R(10'&8&19') (10)

RL"=0.68+0.03 .

In order to calculate the ratio RL" theoretically we only
need to consider the effect of high-energy pions, protons
(to some extent deuterons), and neutrons, such as shown

X

~( + " '( ll —+~'~N/

R8 ( Na) rclativc to front Pl ltc

~ I',x}).('2~ target)

This ratio RL can be determined much more accurately
than Re of the preceding section (IV A), both experimen-
tally and theoretically: The experimentally observed and
halo-corrected ratio RL" can be determined as the ratio of
24Na activities in two Cu rings (k =6 and k =7 in Fig. 6)
from Table II as follows:

100 .

10 =

I I I t I II ~ 1
I I ~ I ~ ~ Il ~ I I ~ 0 ~ ~ ~

I
~

t, He-3
—He-L ~

0.1-
a I.;x}&.(Scgr»c»t, s 1,2)

~ I'~&-(., ;t] . ( = O

o I)('M-C tlc. (o = 0 c»l)

1)(., M-(.';t}c. (rJ = 0.,".)'") ct»)

JD
E 1.-

0,01—

0.1 .—

0.01
0.1

0 protons (pions)

d

12C

a a ~ ~ as ~ Il I ~ I I ~ I ~ II

10 100

0.001—

I I I I I I I

10 20' 30 40' 50 60 t0 80

O{dcgrcc)

I

90

E; (Gev)

FIG. 8. Excitation function for the reaction Cu(X, Y) Na.
The experimental points are given with error bars; the four
curves (for p, d, t/'He, He) are used in the calculations as de-
scribed in the text.

FIG. 9. Comparison between calculated and experimental
distributions Rz( Na) in the reaction (44 GeV ' C+""Cu) real-

ized at the SYNCHROPHASOTRON, Dubna. All distribu-
tions are normalized to the observed Na activity within the
angular interval 0 & 0( 10'. PM, phenomenological model;
DCM, Dubna cascade model; for details see text and Table II.



45 ENHANCED PRODUCTION OF 24Na BY WIDE-ANGLE. . . 1203

4 nat 24
4 QeV He+ Cu Na 10 & 8&20

0.1-
O

0.01-
lZ

~ experiment (corrected)

PNt —calc.

(phenomenological model)

0 1
— x

x

0.05—

x E () 0.3GeV) =1.39GeV

~ E~ (&0.3GeV) =1.31 GeV

x f d(E) dE=1 fo ( .~ )
~ ~

x
~0 X

~00

~00 xx
~ ~ x x~ x

~ ~ x~ ~ ~ x
I ~000 p x
I I

0.001-

E

I I I I I

10' 20' 30' 40' 50' 60 70'

20 &8&30

01 — x

44 GeV C+ C proton
x experiment (Kanarek)

41 GeV C+ Cu proton
~ theory (DCM)

8 (degree)

FIG. 10. Comparison between calculated and experimental
distribution Rz( Na) in the reaction (4 GeV He+""Cu) real-

ized at the SATURNE, Saclay. All distributions are normalized
to the ' Na activity within the angular interval 0' & 8 & 10' [14].

(12)

This ratio has to be corrected for the realistic RL", con-
sidering the true experimentally observed angles
19 & 0 & 31' versus 10' & 0 & 19:

in Tables VI and VII for the DCM. Additionally, there
exists direct experimental evidence for the energy spectra
in the angular interval 10'&0&20' and 20'&0&30', as
observed for secondary pions and protons produced in
the interaction of 44 GeV ' C with C targets and ob-
served by Kanarek et al. [55] in a bubble chamber at
Dubna. In a similar work of Agakishev et al. [56], it was
shown that the shape of energy spectra for negative pions
does not change, when one uses 3.65 GeV/nucleon p, d, a,
and C beams on C targets. Consequently, it is a good ap-
proximation to assume, that the energy spectrum of
secondary particles does not change on the high-energy
side, when one goes from C to Cu targets. The results of
the comparison of energy spectra, as calculated by the
DCM and observed experimentally are shown in Fig. 11,
further details are summarized in Table IX. The agree-
ment is fairly good.

Now, it is straightforward to calculate RL" for a given
interval 20 & 0 & 30' versus 10' & 0 & 20', using the excita-
tion function shown in Fig. 8:

R,„20'&0 & 30'
10'& 0&20'

0.05 - ~

x Ep (& 0.3 GeV) = 0.88 GeV

~ Ep (+0 3 Ge'V) 0.88 GeV

I d(E) dE =0.59 for (x)
S d(E) dE =0.40 for( ~ )~0 x

x
~0000 X

00
00 ~ " x

I laaa aKa x l~

1 2 3

E (proton)/GeV

FIG. 11. Energy spectra for secondary protons emitted into
certain angles 8. For the angular interval 10'&8&20' the spec-
tra are normalized, for the angular interval 20'&6) &30' their
decrease is given. Experimental [55] and calculated [14,51,52]
energy spectra are shown. (When comparing this figure with
Tables VI and VII, please note, that in this figure we show only
energies with E )0.3 GeV and not E & 0 GeV, as in Tables VI
and VII.)

b, (RL ) =0.38+0.03 . (15)

This result is shown in Fig. 12. We obviously have in-
creasing difficulties in understanding the observed activi-
ties of Na in Cu, when we place the Cu rings into larger
laboratory angles, say, 19' & 0 & 31', as compared to
10'&0&19'. Due to the fact that at even larger angles
(8)31') we observe very little Na with rather large un-
certainties, we stopped this analysis at the given angles
(8=31').

Moreover, minitnum ionizing particles (MIP, P) 0.7)
are observed in nuclear emulsions under large laboratory
angles. They can be either protons (E)370 MeV) or
points (E) 56 MeV) [2]. In Ref. [12],Table 3.5, the total

,}, 19 &0&31
10'&0& 19' o=0 mm

=0.26 . (13)

RL a=5 5 mm (14)

This calculated ratio holds for an idealized pencil beam
(o =0 mm). According to a procedure shown in the Ap-
pendix (and also Ref. [12]), we now calculate for the ob-
served beam spread o =5.5 mm (theory: DCM):

10 &8&20
E~ (GeV) E (GeV)

20 &0&30
E~ (GeV) E (GeV)

TABLE IX. Comparison of mean kinetic energies E for pro-
tons and pions, of energies above the thresholds (E~ ) 300 MeV
and E )50 MeV). The calculation is based on the DCM
[51,52] for the reaction 41 GeV ' C+Cu, the experiment on re-
sults of Kanarek et al. [55] for the reaction 44 GeV '~C+ C.

This can be compared to the experimental value RL", the
difference between experiment and theory is

Calc.
Exp.

1.39
1.31

0.66
0.71

0.88
0.88

0.53
0.62
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44 GeV C + Cu —Na

Oi

0.5-

R, (e) =

Rio' is'

, 0.68+ 0.03 (exp)

5 = 0.38+ 0.03—
' 0.30 DCM -calc.

0.28 PM-calc.

10 -19 19 -31

number of MIP in the interesting angular ranges
10' & 0 ( 19' and 19' & 0 (31' are given. This ratio
114/149=0.77+0. 16 is nearly the same as the one given
above, Rz"=0.68+0.03. Assuming that only MIP cause
the production of Na out of Cu, this coincidence sup-
ports the idea that the energy has to be the same in both
of these angular ranges. But this contradicts all empirical
results (Fig. 11,Table IX, and Fig. 8).

As a result, we state: one observes too high a "Na activi-

ty at large laboratory angles. We are unable to account
for this discrepancy. The reason could be any of the fol-
lowing (among others).

(1) The phenomenological model (PM) and the Dubna
cascade model (DCM) take too low transverse momenta
into account, but only when compared to our 44 GeV ex-
periment. (But one should remember the agreement be-
tween the experimental and calculated energy spectra for
secondary hadrons produced with 44 GeV ' C as shown
in Fig. 11 and Table IX.)

(2) We assumed a predominant emission of relativistic
Z =1 hadrons (also neutrons) into wide angles. This is

given by the cascading models used, and it is observed ex-
perimentally in nuclear emulsions [2,16].

(3) The emission of energetic heavy fragments (A )4)
into large laboratory angles has been completely neglect-
ed. That this procedure is justi6ed, is shown by the ob-
servation in CR-39 solid-state nuclear track detectors.
There it was observed [8,9,57], that after the bombard-
ment of a 1 cm thick Cu target with 44 GeV ' C only a
tiny fraction of such energetic fragments (Z =6) oc-
curred ( & 10 4 as compared to primary ions). This is ob-
viously too small a fraction to cause the effect reported
on in this paper.

(4) We did not consider the anomalous hypothesis,
such as formulated in Ref. [16]: here we conjectured that
light hadrons (protons, neutrons, and, less likely, also
pions) may have a considerable enhanced cross section,
either total and/or partial, at the moment of their
creation as secondary particles in high-energy heavy ion
reactions above a certain threshold, which may be
Ez ~ 40 CxeV (see Fig. 4).

Angular distribution of RL (8 j

FIG. 12. Comparison between the theoretical models (DCM
and PM) and the experimental angular distribution RL in the
reaction (44 GeV ' C+""Cu). The ratio RL is normalized to
the ' Na activity within the angular interval 10'(8(19' and

compared to 19'(8& 31'. Details are given in the text.

V. FURTHER CONTROL EXPERIMENTS

The enhanced production of Na by wide angle secon-
daries produced in copper by 44 GeV ' C has been the
essential observation reported in this paper. It is desir-
able to have further experimental confirmations for this
experimental fact. Consequently, we carried out the fol-
lowing control experiments.

(1) We exposed the target system segment-1 [shown
schematically in Figs. 13(a) and 13(b)] over a period of 23
h to 2. 5 X 10' ions (44 GeV ' C). This new setup consist-
ed of a small Cu target T (2 cm diameter, 1 cm thick) and
Cu segments, exposed to secondary fragments emitted
from the center of the Cu target into polar angles
20 (8(30'. These three Cu segments (A, B,C) always
covered an azimuthal angle (y=38'), so as not to inter-
fere with each other. They were placed at increasing dis-
tances from the target T. Each segment consisted of
three 1 cm thick subsegments ( A, &,8 t ~, C, ~ ). We
determined in the usual way the Na activity in all the
copper pieces and carried out the proper geometrical
corrections as described in detail in Refs. [8,13]. Then we
normaIized the activity from y=38' to the full azimuth
of 360'. The results are given in Fig. 13(c). We observe
"Na activity Rtt( Na) in all segments and subsegments

C1-3

38

T
beam

(c)

1,0

30
0 C)

38 r
d (CfTl)

81-3 rBS r
e

r 3r
c=

i 6.91
e 4 73 6.19

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ A ~
I

~ ~ ~ ~
I I I I I

I I I I I I

) —
Itt 2 tL Target (see Table IIt

I t

8 12

d tern)

I I

16 20

FIG. 13. The target setup segment-1 consists of Cu target T
and Cu segments, A l up to Cz-. (a) shown from head-on view

and (b) shown in a simplified cutview (c) the results for Na in

Cu after an irradiation with 44 GeV ' C at Dubna. Rq( Na) is

the ratio of activity in a certain segment, say, A, up to C&, nor-
malized to 2~ in azimuth to that in the target T. Further details
are given in the text.
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(b)
44 GeV C

(7 ~ 10 )

(a)

1cm Cu
1

d
CR -39

A,

to an extent of (4.0+0.5)%. This is in agreement with

the R&( Na) measurement of (4. 1+0.3)% as found in

the 2n. ring target for the angular range 19' & 8(31 (ring
k =6, as shown in Fig. 6). From Fig. 13(c), one can con-
clude that (i) the amount of Na found within the angu-

lar range 20'(8& 30' does not depend on the details of
the two quite different constructions of Cu-target sys-

tems, shown in Figs. 13(a}and 13(b},Fig. 6, and Tables I
and II; (ii) comparing the Na activity in subsegments
A &, B„and C&, we always observe the same activity,
showing no dependence on the distances d, from 7 up to
20 cm, from the Cu-target T; (iii) within the limits of ex-
perimental uncertainties, the Na activities agree within
all subsegments A

& 3, B, 3, and C, 3. A similar behav-
ior has already been shown for 2.6-GeV protons, as
shown in Fig. 5. This result will be addressed in more
quantitative terms in a future publication [58j.

(2) We can exclude the production of Na in segments
A &, A2, and A3 as being due only to an extended beam
halo as follows: As shown in Fig. 14(a) we exposed a
CR-39 SSNTD (solid-state nuclear track detector) in
front of the Cu disk to 7 X 107 ions (44 GeV ' C). The de-
crease of the track intensity perpendicular to the beam
direction and in front of subsegment A, is shown in Fig.
14(b). We estimate that (2% of the primary ' C beam
has hit this subsegment 3„as compared to 4% of the
observed Na activity. This shows additionally that the

Na activity in this segment is produced by energetic
secondary fragments emitted from the target T into large
angular ranges 20'(8&30'. But this experiment is not
yet conclusive. We compare here only the beam profile
for one burst of 7 X 10 ions to the beam profile of an ex-
tended 23 h irradiation with 2.5X1012 ions 44 GeV 12C.

Consequently, we have to carry out further control exper-
iments.

(3) We irradiate a further target system. This system is
called segment-2 and is shown in Fig 15. It is similar to
the one shown in Fig. 13: again one has a target T (2 cm
diameter, 1 cm thick) and a series of segments A, B, C, D;

(aj t-3

58

C, 3

38' 28

78'

A)

shadows to measure
the beam halo

o
3 & 30

A -20
6 ~

IIC
I1

A 'C

4.OO 9
O~~ ~ &.B2

C /10 ~ ~ 4oo
&.09

9.10

7
B3 -20

d(cm)
20

8.01

0 .0, 30'

the segments cover here an azimuthal angle between 28'
and 78' and again a polar angle 20'&8&30. However,
we have also installed shadow copper targets; their thick-
ness is only 0.5 cm, but their area is just the projection of
the first subsegment A, , B„C„and D, into the plane
normal to the beam. These shadow targets determine
completely the beam halo as seen by their first subseg-
ments A &, B„C&,and D„respectively. In the context
of this work, only one result of a 44 GeV ' C irradiation
with 3.5X10' ions is important. We measured the Na
activity in the shadow B and in the secondary target B,
and observed the following ratios:

FIG. 15. The target setup segment-2 consists of a target T
and Cu segments A& through D3. (a) head-on view and (b)
shown in a simplified cutview. Some results from this experi-
ment are shown in the text. They concern the effect of the beam
halo, as measured with the shadow to the segments A &, B&, CI,
and D, . Other results will be published later [58].

1.4
f

1.8

~ ~ ~ ~
I

2.2 2.6 3.0

B Bi
P, = =0.09+0.02, R, = =(4.4+0.4)% .

Bi ' ' T

d (cm)

FIG. 14. (a) The experimental setup to measure the beam
profile with one CR-39 plastic solid-state track detector,
irradiated with one burst of a 44 GeV ' C beam of the
SYNCHROPHASOTRON at Dubna. (b) The decreases of the
track intensity in CR-39 (identical with the decrease of the
beam intensity) outside the "beam halo, "as measured from the
center of the target along the vector given by the segments A I,
A z, and A3, shown in Fig. 13.

The ratio P, (0.5 cm shadow B, as compared to 1 cm
thick secondary copper B&} is significantly smaller than
unity, showing conclusively, that the Na activity found
in B& cannot be produced by the beam halo only, but it
must be produced predominantly by secondary fragments
emitted from the target T. The ratio R, confirms the re-

sults, obtained with the 2m. and segment-1 target, already
discussed. A more complete account of this experiment
will be published later [58].
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VI. CONCLUSION

A variety of experimental results using several Cu-
target arrangements were shown and described. We find
an unexpectedly large production of Na in "secondary"
copper detectors. These "secondary" copper detectors
are typically 1 cm thick and are exposed to secondary
particles, emitted from the interaction of 44 GeV ' C
within a 1 cm thick copper target. "Secondary" copper
is exposed to large laboratory angles (6'&8&43'). We
reported for two theoretical models a discrepancy of a
factor 7.6+0.6 between experiment and theory for the
production of Na from Cu at large laboratory angles
(19' & 8 & 31').

We found no large production of Na at wide angles in
the interaction of 25 GeV ' C with Cu. This situation
resembles the results from similar experiments at 36 GeV

Ar: we observe practically no significant wide-angle
production of Na [2].

The present situation is unclear, since some aspects of
our work constantly defy any attempt to be interpreted
on the basis of widely accepted theoretical models. These
discrepancies may reAect imperfections of the models
used to describe the overall reaction mechanism in

copper for primaries and secondaries alike, or they may
prove that the experimental information needed to pro-
vide reliable calculations of our complex effects are sim-

ply incomplete. Consequently, we are continuing our
efforts to improve the models used. We also continue our
experiments.
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spallation product ( Na, T&&z =2.6 yr) in Cu. We deter-
mined the Na activity in the Cu-front disk (k =1 in
Fig. 6) with the help of a Ge(Li)-gamma detector. At first
we measured the full disk (8 cm inner diameter), then we
reduced mechanically the diameter of the disk to smaller
sizes and measured again, until a central disk with 1 cm
diameter remained. As one can see in Table X, practical-
ly all the Na activity is concentrated in the central 2 cm
inner diameter disk. Such a distribution can be approxi-
mated with a Gaussian shape, having o =5.5 mm. In the
second experiment using 44 GeV ' C onto a 2~ ring tar-
get we measured the Na activity in a ring-segmented
front target. In this way, the beam profile, and in particu-
lar the tail of the beam, could be measured considerably
more accurately. The results are given in Table XI.
Again, the beam profile could be approximated with a
Gaussian 0.=5.5 mm. For this very well focused beam
we consider the correction factors.

We calculate the correction for the geometrical accep-
tance of the 2m target for an extended beam size. The an-
gular acceptance for an ideal beam (0 =0 mm) has al-
ready been given in Fig. 6. The model for this calculation
together with the parameter used are shown in Fig. 16:
R, the inner radius of the copper ring ( ~ 2 cm), R2 the
outer radius of the copper ring ( &4 cm), R the vector
from the center of the front disk C to the point of interac-
tion L within the front disk (R & 4 cm) (the points C and
L are assumed to be in the median plane of the front
disk), Ro the vector in the Cu ring, starting at L' and
directed to the point of secondary interaction I, R the
vector in the Cu ring, starting from C' and ending at I
(R and Ro are coplanar), R, the vector connecting the
points L and I, Z the vector between L and L' (this vec-

view onto the

2Tt target

APPENDIX: ESTIMATION OF A CORRECTION
FOR CALCULATED ANGULAR DISTRIBUTIONS

TAKING INTO ACCOUNT THE EXTENDED BEAM
SIZE OF THE 44 GeV ' C BEAM front Cu plate Cu ring

cut through 2Tt target

The calculations presented in this paper are based on
an assumption of a pointlike beam hitting the front disk

of the 2~ ring-target system right in the center, as shown

in Fig. 6. It is well known that the 44 GeV ' C beam of
the SYNCHROPHASOTRON, JINR, Dubna, is very

well focused and unusually stable, even for extended irra-
diation periods of several days.

Nevertheless, we had to consider the small effects of an

extended beam size. In the first experiment we studied
for this the activity distribution of a long-lived deep-

FIG. 16. Schematic drawing in order to define the parame-
ters needed for the calculation of the effects of an extended
beam size.
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TABLE X. Measurement of the beam profile in the Cu front
disk via Na'.

TABLE XI. Measurement of the beam profile in the Cu front
disk via Na'.

Diameter P of
Cu disk (cm)

Normalized activity
of Na (t =0)

Inner and outer diameter
of Cu ring segments {cm)

Normalzied activity
of "Na (t =0)

8.0
4.0
3.5
3.0
2.0
1.0

6844+113
6513+124
6920+117
6971+109
6534+150
4283+104

'During experiment (1) with the 2~ ring target exposed to 44
GeV ' C ions the beam profile was measured via the induced

Na (TI yp =2.6 yr) activity in the Cu front disk. The diameter
of the disk is reduced mechanically step by step. Typically we

measured at least 240 h. During this time we collected for 8 cm
diameter about 5000 counts in the y peak (1274.5 keV). Nearly
all values were measured in duplicate. The beam distribution

could be approximated with a Gaussian having 0 =5.5 mm.

tor is parallel to the center axis), (p the angle between the
two vectors R and Ro (for this operation, the vector Ro
has been moved parallel from L' to L, i.e., from the "Cu-
ring" plane to the median plane in the front disk), and 8
the angle between the vectors Z and R;.

The vector R is Gaussian distributed around the center
axis with a given variance o.. The point L with its Carte-
sian coordinates (XL, YL ) is determined randomly by two
independently chosen values for the Gaussian distribu-
tion along the X and Y axis, respectively. From this we
choose at random an angle qr, as defined in Fig. 16 (top),
with 0&y&2m. Then we select an angle 8, defined in
Fig. 16 (bottom), starting with 8=0' and increasing 8 in
steps of 1' until 8=75'. After having chosen the angles q
and 8, starting from the point L, we have defined in a
unique manner the vector R, . Now we look, whether any
copper ring (i) has been hit by the vector R, . In the actu-
al calculations, each Cu ring has been divided into 10
slices, each being 1 mm thick.

0—1

1 —2
2—3
3—4
4-5
5—6
6-7
7—8

1386+8
979+22
134+6
15+1
4+1
3+1
3+1
3+1

0-4
4—8

2514+30
12+4

'During experiment (2) with the 2~ ring target exposed to 44
GeV ' C ions the beam profile was measured via the induced

Na (Tlap =15 h) activity in the Cu front disk. Here, this front
disk was composed of ring segments as indicated in the table.
The beam distribution could be approximated with a Gaussian
having cr =5.5 mm.
This value was obtained by comparing the Na activity within

the 0-4 cm ring segments with the 4-8 cm ring segments.

The calculation shows, that for an experimentally
determined variance o. =5.5 rnm, one must correct the
calculated angular distributions (based on o =0 mm) by
about 40% within the angular interval 10'& 8 & 30'. The
corrected distribution is also shown in Fig. 9. By corn-
paring the experimental results for the two independent
geometrical configurations (2n. target vs segment-1) for
20'&8&30', we find the same amount of Na in these
two configurations. In addition, the Na activity does
not change with the distance from the Cu target (Fig. 13).
This confirms our claim, that the statistical uncertainties
of our experimental results are larger than the systematic
uncertainty in the correction for an extended beam size in
the 2'-target experiment.
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