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We present a study of multiplicity distributions obtained from Pn interactions based on three bubble chamber

experiments carried out at Argonne (5,55 GeV/c), CERN (9.3 GeV/c), and Brookhaven (14.6 GeV/c). Only

events having a visible track stopping in the chamber were used for the present analysis, thus allowing us to
extract easily the coherent reactions from our data. The topological cross sections as well as various statistical
moments obtained from the charged multiplicities are studied as functions of the incident momentum. Some

comparison between our results and Pp and pp data is made.

I. INTRODUCTION

We present here an analysis of charged multipli-
city distributions at p incident momenta of 5.55,
9.3, and 14.6 GeV/c. The results were obtained
from bubble chamber experiments carried out at
Argonne (5.55 GeV/c), CERN (9.3 GeV/c), and

Brookhaven (14.6 GeV/c). The data presented here
are based on even-pronged events having a visible
positive track stopping in the chamber.

At present little information exists on charged
multiplicity distributions and topological cross
sections for pn interactions. This is due primarily
to the difficulty of extracting these quantities from
the study of pd interactions. First of all, one has
to note that the coherent production phenomena
will complicate the analysis of the data. Indeed in
coherent reactions the outgoing deuteron has a
small laboratory momentum and can generally not
be identified in the chamber unless kinematical
fitting can be achieved. Therefore, we will extract
the coherent reactions from our samples using the
fact that these reactions present typical known

kinematical configurations due to the form factor
of the deuteron. In addition to the above difficulty,
the determination of pn topological cross sections
will be model dependent since we will assume an
impulse approximation scheme for analyzing the

pd interactions. Nevertheless, since the data at
each momentum are treated in the same manner,
they have the same type of systematic errors.
Thus we have the possibility of studying the inci-
dent-momentum dependence of multiplicity distribu-
tions even if some uncertainty remains in the absolute

values of the topological cross sections. In fact,
the statistical moments 'alculated from the charged
multiplicities are relatively independent of the
systematic errors made in the calculations of the
cross sections (see below).

In the next section we describe the experimen-
tal procedure as well as the problems arising
in the cross section determination. Then we will
discuss our data (Sec. III) and compare them with

pp and pp results. The conclusions of the present
work are presented in Sec. IV.

II, EXPERIMENTAL PROCEDURE

The film used for the present work was scanned
for events having a visible positive track stopping
in the bubble chamber. Events with an odd number
of prongs were not taken because it is difficult to
estimate for them the contribution of coherent re-
actions. ' The drawback of this method is that one
has to estimate the number of events having the
momentum of the spectator proton p, below the
threshold detection of the chamber, i.e. , corre-
sponding to a p, laboratory momentum of p(p, )
~ 0.1 GeV/c.

For estimating the number of events, and conse-
quently for calculating cross sections, we used the
impulse approximation model assuming in parti-
cular that the spectator nucleon is not affected by
the interaction. This picture is of course over-
simplified as one neglects, among other things,
screening effects, flux-factor corrections, the
Pauli exclusion principle, and off-mass-shell cor-
rections. These effects, in any case, appear to
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FIG. 2. The laboratory cos&, distributions for the four-pronged events at (a) 5.55, {b) 9.3, and (c) 14.6 GeV/c inci-
dent momenta, 08 being the emission angle of the stopping outgoing track defined with respect to the incoming beam
direction; (d), (e), and (f) show the laboratory momentum distribution of the stopping track for various cos8~ intervals.
The ful, l lines represent the Hulthbn wave function predictions.

late the pn topological cross section 0„.In order
to illustrate in more detail the influence of coher-
ent reactions on the cos8, distribution we show in
Fig. 3 various cos8, distributions obtained from
fitted channels at 5.55 GeV/c where most of the
exclusive reactions have already been studied. "'
Indeed, one observes the expected isotropic be-
havior for the events with p, in the final state
[Fig. 3(a}], whereas the events having a deuteron
are located in the cos8, & 0.35 region. For the
pd -pm-d+channel where d~-png one notices that
the stopping track is emitted over a slightly broad-
er cos8, range.

Thus for each topology and at each of the three
momenta we define a cos8, range in which no co-
herent reactions are produced. The number of
pn events thus lost are obtained by extrapolating
each of the cos8, distributions toward cos8, =1 once
the scanning corrections have been applied to our
samples.

We distinguish essentially three sources of scan-
ning losses which are (1) the losses due to events

having stopping tracks that dip too steeply to be
recorded or measured successfully; (2) the losses
due to the scanning efficiency of the operators;
(3) the losses introduced by the threshold detection
ability of the bubble chamber.

The losses of type (1) were estimated by using
the property of the stopping track to be isotropical-
ly distributed around the incident beam direction.
A correction factor is then introduced to compen-
sate for the observed lack of azimuthal symmetry
due to undetected dipping stopping tracks. A fur-
ther correction factor is calculated which takes
into account the scanning efficiency of the opera-
tors [point (2}]. This latter correction is
obtained from two separate scans of the film. Cor-
recting the data for the various cos8, cuts we
finally estimate the number of events having their
p, too short to be visible in the chamber [point (3)].
As stated above these numbers have been estimated
by extrapolating the p, momentum distribution to-
ward zero with the help of the Hulthen wave func-
tion. We used the parameter values of &=0.046
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GeV/c and P= 0.260 GeV/c in the Hulthen wave
function given in momentum space by:

1 1
@'(P}=@2+,—p2, p2, 't 20—

Pd P PP&~gpptt; K

p, pnm'x—p, npx x
PKKxx

N =2858
5.55 GeV/c

where p denotes here the p, laboratory momentum.
By applying the corrections described above we

obtained the topological cross sections for n ~3
given in Table II. We also give in this table the
one-prong inelastic cross section o, obtained by a
subtraction procedure as will be explained in the
next section. All the cross sections were calcu-
lated by taking into account the reduction of the
incoming path length using the total pd cross sec-
tions [o,(Pd}] given in Table III. No corrections
for screening and double scattering were applied
because of the difficulty of estimating such cor-
rections for inelastic reactions. In any case, if
one assumes that the percentage of screening and
double scattering is independent of n, the esti-
mated correction (8% +3/o} is nearly equal to the
statistical errors on o„.Furthermore, the sta-
tistical moments are not very sensitive to the
systematic errors made on g„(seebelow).
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III. MULTIPLICITY DISTRIBUTIONS

Using our topological cross sections we present
in Fig. 4 a comparison between pp and pn data in
the 3—15 GeV/c incident momentum region. For a
given incident momentum one sees from this plot
that, except for the three- and four-pronged events,
o„decreases with increasing n. Furthermore, one
also notices the broadening of the pp and pn mul-
tiplicity distributions as the incident momentum

p„,increases. For our results this is shown more
clearly in Fig. 5 which presents o„asa function of
n at each of our three momenta. For comparison
we also put on this plot the o„obtained from PP
interactions using the available data at 5.7' and
14.75 GeV/c. ' At 5.7 GeV/c the pp data deviate
rather strongly from the hand-drawn curve con-
necting our pn points. The situation is different
at 14.75 GeV/c where the o„obtained from pp and

0.5 5 0.1
I

0.5

COS es
FIG. 3. The cose~ distribution for exclusive channels

at 5.55 GeV/c for (a) spectator events and (b), (c) for
coherent reactions. Here 8~ is the emission angle of the
stopping track defined with respect to the incident beam
momentum.

pn interactions tend to be distributed on the same
are interleaved.

Similarly to other high-energy reactions the
average pn charged multiplicity (n) increases with

p„,. This is shown in Fig. 6 (see also Table IV}
which compares the distribution of (n) as a func-

TABLE II. Topological pn cross sections (mb) obtained at 5.55, 9.3, and 14.6 GeV/&. The
one-prong events (n= 1) were calculated as described in the text.

Topology 5.55
Incident laboratory momentum (GeV/&)

9.3 14.6

1
3
5
7
9

11
13

13.1 + 4.0
14.05 + 0.77
8.93 + 0.67
2.21 +0.18
0.24 +0.03
0.018+ 0.004

~0.002

12.4 + 2.8
13.69+ 0.95
8.43+ 0.81
4.36+ 0.53
1.04+ 0,19
0.13+0.03

(0.9+0.2) &10 2

9.1 + 1.8
13.8 + 1.1
10.8 + 0.9
5.3 + 0.5
1.7 + 0.2
0.28 + 0.03
0.05 + 0.01
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TABLE III. Quantities (mb) used in calculating the
multiplicity distributions. The total pd cross section
~o q(Pd)l was utilized for calculating the path length
attenuation in the chamber. The pn elastic [o,I (pn)l
and total [o', (pn) j cross sections allowed us to calculate
o;„=a'&{Pn) —o'ei(pn) and hence, o'&=o';„-P„—&o'„. Be-
cause of the lack of pn data tT, ~ and o, at 9.3 and 14.6
GeV/& were taken from pp interactions.

30—

~ pp
o pn THIS EXPERIMENT

44~
0

5~
6

Cross section
(mb)

Incident momentum (GeV/&)
5.55 9.3 14.6 7y A

o, yd)

o~ (pn)

o;„(pn)

109.5+ 1.5 100.6+ 1.8 94.5+ 2.1

55 +3

16.5+ 2.4

38.5+ 3.8

52 9+24 50 7+09
12.8 + 0.6

40.1+ 2.5

9.7+ 0.4

41.0+ 1.0

Interpolation from counter data (see Ref. 8).
Reference 10.
Values interpolated from the available pp data and

taken from Ref. 8.
pp values at 14.75 GeV (Ref. 9).

Z.'
O
I-
UJ
M

100

M
M gPD

8

g f

12

tion of p„,for pp, pn, and pp interactions. One
sees from this figure that our values are between
those obtained from the pp and pp data points. In
fact for a given incident momentum our (n) values
do not deviate very much from the pp results.

To calculate (n) for our results as well as the
other statistical moments deduced from the pn
charged multiplicities (Table IV) we have to know
the one-prong inelastic cross section which cannot

44 o
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„
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FIG. 4. Comparison between pp and pn topological
cross sections in the 3-15 GeV/c incident momentum re-
gion. The dashed lines are drawn to guide the eye.

o pn 5.55 GeV/c

pp 5.7 GeV/c
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FIG. 5. Comparison of the pn topological cross sections plotted versus the number of charged outgoing particles with
the available pp data. Note that the one-pronged pn cross section is calculated from the relation o'& = o, (pn) —o',

&
Qn)

3o„(seetext). The lines are drawn to guide the eye.
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be easily determined from the study of Pd interac-
tions. Among other things this is because of the
presence of the breakup pd-ppe reaction to which
the spectator scheme cannot be applied. " There-
fore we estimate o, from the relation

o; = o,(pn) —o„(pn) —P o„,
ff= 3

where o,(ab) and o„(ab)are the total and elastic
a bcr-oss section, respectively. At 5.55 GeV/c
we use the values given in Ref. 10. At 9.3 and
14.6 GeV/c, for which there is no available pn
data, we simply took o,(pn) = o,(pp) and o„(pn)
= o„(pp)(see Table III) allowing us to obtain esti-
mates of o, . Using these calculated values of

cled

and our topological cross sections we have cal-
culated the average of any given quantity E from
the relation

6.0

5.0

4.0

3.0

n=1 in

the inelastic cross sections cr„being defined as 2.0
1.0

I

2.0
I

5.0
I I

10.0 20.0
I

50.0 )00.0
o„=o,(pn) —o„(pn)

and given in Table III.
The errors on o, as well as those calculated for

the moments given in Table IV were determined by
a Monte Carlo method, We assumed that all the
input quantities used to calculate v, and any mo-
ment are distributed according to Gaussian distri-
butions with widths given by the errors associated
with the input quantities. The same procedure was
applied to determine the errors on the quantities
obtained from pp and pp data in order to carry out
the comparison with our results.

Although the errors are significant (due mainly
to our method of calculating o, ) some conclusions
can be drawn by inspecting Table IV. It should be
noted that the quantities calculated in Table IV are
not too sensitive, to the systematic errors which

INCIDENT MOMENTUM (GeV/c )

FIG. 6. Comparison between the average multiplicity
for pp, pp, and pe interactions as a function of the inci-
dent momentum. The full curves are drawn to guide the
eye.

can be made in calculating the a„.Indeed by chang-
ing all the measured o„by+5/c we still obtain val-
ues (Table V) which are compatible, within errors,
with those given in Table IV. We first notice from
this latter table that D, the dispersion of the
charged multiplicity, and f, = D' —(n) increase with

(n) or equivalently with p„,. Our D values plotted
as a function of (n) are compared with pp data in
Fig. 7. We observe that for a given (n) the dis-
persion of the Pn charged multiplicity is larger

TABLE IV. Statistical moments calculated from the charged multiplicities obtained in pn
interactions at 5.55, 9.3, and 14.6 GeV/c.

5.55 GeV/c 9.3 GeV/c 14.6 GeV/c

c2 ——(s2) /(s) 2

c,= (n3) /(&) 3

c4 ——(n4) /(n) 4

[(n2) (s) 2] 1/2

(n) /D

f2=D —&n)

3.09+ 0.23

1.36 + 0.06

2.23+ 0.25

4.11+0.74

1.84+ 0.05

1.68 + 0,16

0.30 + 0.37

3.43 ~ 0.19

1.41 + 0.05

2.42 + 0.21

4.72 + 0.66

2.18+ 0.05

1.57+ 0.10

1.34 + 0.32

3.92+ 0.10

1.34+ 0.02

2.14+ 0.09

3.88 + 0.25

2.28 + 0.05

1.72 + 0.06

1.30 + 0.25
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TABLE V. Range of the statistical moments calcula-
ted from the charged multiplicities when all the mea-
sured topological cross sections are varied by +5%.
Note that the values found are compatible within errors
with those given in Table IV.

5.55 GeV/c
-5% +5%

9.3 GeV/c
-5% +5%

14.6 Gev/c
-5% +5%

(n)

Cg

C3

2.98-3.19

1.39-1.34

2.35-2.12

4.49-3.79

1.85-1.82

1.61-1.75

0.45-0.14

3.31-3.55

1.44-1.38

2.57-2.30

5.22-4.35

2.19-2.17

1.51-1.64

1.51-1.16

3.77-4.06

1.38-1,31

2.29-2.02

4.31-3.53

2.31-2.24

1.63-1.82

1.57-0.95

than the pp one. In other words it appears that for
a fixed p„,value the disperions D is greater for
pz than for pp in contrast to the average charged
multiplicities. Using Table IV we also see
that the c, = (n')/(n)' (q = 1,4) and (n)/D ratios are
not very dependent on p,„,as expected if the data
were to fulfil the early Koba-Nielson-Olesen (KNO)
scaling. "In fact by plotting our data in the form
of (n)o„/c„versusn/(n) (Fig. 8) it appears that our
points tend to be distributed on a curve which is,
however, different from the one obtained by fitting
either the pp" (full curve) or the pp" (dashed
curve) data. As can be seen from Fig. 8 our points
deviate rather strongly from the fitted pp and pp

curves, especially for high multiplicities.
This discrepancy can be understood if, following

a suggestion made by Berger,"one considers the
apparent KNO scaling as a consequence of the so-
called empirical Wroblewski-Malhotra rule. "'"
This rule relates the dispersion of the charged
multiplicity with its average through the linear ex-
pression

D = c(n) —c'

leading to approximate constancy of D/(n) for high-
I

energy reactions. Here c and c are parameters
which, for PP interactions, are found to be (Ref.
15)

c=c =0.58+0.01.
Thus in the limit where for a given type of inter-

action particle D/(n) is approximately constant
(i.e. , independent of the c.m. energy) one can
understand the apparent scaling behavior shown

by the data. Indeed the distributions (n)a„/c,
„

plotted versus n/(n) are all normalized to nearly
one (this would be strictly true if the probability
a„/o,„would be a continuous function of n) while
the n/(n) variable has an average of one and nearly
the same dispersion D/(n). It may then be con-

10.
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o 44.6 GeV/c
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AVERAGE CHARGED MULTI PL I C I TY & n )

FIG. 7. The dispersion D of the charged multiplicity
versus its average (n) for our results and thepp inter-
actions. By fitting the straight line to the pp data in the
(n) & 3.5 region we only took into account the errors on
the D quantities.

(n)
FIG. 8. The distribution of (n) 0'„/0';„versusn /(n) for

thepn interactions at 5.55, 9.3, and 14.6 GeV/c, The
full and dashed line are obtained by fitting the pp and

pp data (see text).
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ceivable that the distribution of (n)o„/o,„versus
n/(n) present a scaling behavior for a given type
of incoming particle. In fact by fitting the D
= c(n) —c function to the pp data (see Fig. 7) in the
range of (n) &3.5, corresponding to P,„,&6.9 GeV/c,
one obtains:

c = 0.44 + 0.02,

c =-0.54+0.25.

These values are different from those obtained for
pp interactions. For the pn case we do not have
enough data points to carry out a meaningful fit.
In any case in the approach discussed in Ref. 14
the different values of the D/(n) ratio may explain
the difference observed between the pp, pp, and
pn data as shown by Fig. 8.

We also examined the quantity f 2~/(n~)' calculated
for the pn and pp data which is plotted versus
1/(n, ) in Fig. 9. This quantity is calculated from
the number of charged particle pairs n~ produced
in pn [n&= 2(n- 1)] and pp [n&= ~(n —2)] interactions.
In light of the two-component model (pionization
and diffraction dissociation) it was shown" that pp
data obey the relation

fg cx„ IA I

(n,)' n, (n,)
'

Here n~(n„) is the contribution of the pionization
(diffraction dissociation) to the production mech-
anism, whereas ~A

~

is a parameter depending on

Q~ and &„." For the pN interactions the situation
is more complicated because one has to consider
the annihilation process in addition to the pioniza-
tion and diffraction dissociation mechanism. Still
neglecting interference phenomena, the ft mo-
ment can be expressed as

f ', = n, f,+ n, f„+n, f,+ n, n, [(n,) —(n,)]'

+ n, n, [(n,) —( gn]' n+, n„[(ng—(n„)]',

the a, w, and d indices denoting the annihilation,
pionization, and diffraction dissociation contribu-
tions to the production mechanism. If one takes
the last formula seriously and if one assumes that
(n,) -(n,) and that (n, ~,)» (n~) one obtains

(n, )' (n~)
'

8 and A now being parameters depending on G'.
„

~„and ~„.
Clearly the pN data shown in Fig. 9(a) do not

obey such a rule. Let us notice, however, that if
one plots f,/(n )' versus 1/(n ), these quantities
being calculated from the negatively produced par-
ticles, the pN data tend to be distributed on a
straight line [Fig. 9(b)]. In fact by fitting the pp

results in the 0.4&1/(n ) &0.7 range one obtains

f, ( )
(0.82 + 0.02)

(n )' ' '
(n )

Although this result is similar to that found for
pp interactions in which n~=n it is rather difficult
at this stage to interpret the behavior shown in
Fig. 9(b) in terms of production mechanisms.
[In any case the form of the above expression is
also obtained if one assumes that c, =(n')/(n) is
independent of the incident momentum as then

f, /(n )~ = (c, —1) —1/(n ) with c, = 1.25." (Note
that for Pn interactions an additional term
1/(n )' will appear ).

IV. CONCLUSIONS

From the study of pd interactions we have de-
termined the pn topological cross sections at inci-
dent momenta of 5.55, 9.3, and 14.6 GeV/c. De-
spite the uncertainty introduced by analyzing our
data with the impulse approximation model we
were able to study the incident momentum depen-
dence of the multiplicity distributions. We ob-
served both a broadening of the multiplicity distri-
butions and an increase in the averaged charged
multiplicity (n) when the incident momentum in-
creases.

By comparing our data with pp results we ob-
served the rather remarkable feature that at 14.6
GeV/c the pp and pn topological cross sections
tend to be on a smooth curve. This is different at
5.55 GeV/c where the pP and pn data present a
different behavior. We have also shown that for
each of our three incident momenta the dispersion
of the charged multiplicity is greater for pz than

pp interactions in contrast to (n) which is smaller
for pn than for pp. However, the proximity of our
(n) values to those obtained from pp interactions
is not compatible with models describing the
charged particle production in terms of emission
of pairs of oppositely charged particles.

We have also determined that the momenta c,
= (n')/(n)' (q = 2, 3, 4) calculated from our data are,
within the present errors, independent of the in-
cident momentum as expected from the early KNO
scaling. In fact our data seem to verify some
early scaling behavior although it is different from
those presented by pp and pp interactions. This
may arise from the fact that our D/(n) ratio has a
value different from those calculated from pp and

pp interactions. In any case, our number of data
points is too small to see if, similarly to pp and

pp interactions, the dispersion of the pn charged
multiplicity can be related to its average by a
linear relation. Other studies of Pn interactions
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FIG. 9. (a) Theft j(s&) ~ ratio plotted versus 1/(n&) for thePn andpP data. These quantities are ealoulated from the
number of charged particle pairs n& produced inpn [n& 2 (n —l)l and pp [n& 2 (n —2)] interactions. (b) The same distribu
tion calculated this time from the out-going negatively charged particle.
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will certainly be useful in order to make a more
complete comparison with pp and pp interactions.
Such a comparison as well as the analysis of new

data is in any case expected to contribute to a
better knowledge of multiparticle production phe-

nomena. Furthermore a detailed study of screen-
ing and double scattering in the deuteron will cer-
tainly be necessary in order to see how these ef-
fects will influence the statistical moments stud-
&ed zn thxs work.

~In principle, the number of coherent events in the odd-
prong events is smal. l because of kinematical suppres-
sion. Neverthelsss this number cannot be always neg-
lected. Thus at 5.55 and 14.6 GeV/c the number of
events in the pd pdm+x channeL having invisible deu-
teron recoil is about 20% and 38%, respectively.
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