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The invariant cross section for the inclusive production of 2i+, 7I, K, K, p, and p is
presented for proton-nucleon interactions at p»l, = 28.5 GeV//c. Beryllium, titanium, and
tungsten targets were used and the yields were extrapolated to A = 1 using the power law
o -A . The exponent e increases with p &, except for protons. The p & dependence of
the cross sections is compared with a simple fireball model.

It is necessary to study the production of parti-
cles with large transverse momenta in hadron-
hadron collisions in order to understand the nu-
cleon structure at small distances. In this Let-
ter, we present an experiment on hadron (h =p',
K', P,P) production with 28.5-GeV protons from
the Brookhaven alternating gradient synchroton
(AGS) impinging on Be, Ti, or W targets accord-
ing to the reaction

where X is the undetected rest and A = Be, Ti, or
W. The reactions take place at v s -7.43 GeV.
The angle in the center-of-mass system (CMS)
was -90; more precisely, we used only data in
a small interval of the Feynman parameter x
= 2p~*/v s,'where p~* is the longitudinal center-
of-mass momentum) so that -0.02 ~x - 0.02 for
pions, -0.04 x 0 for kaons, -0.08 x - -0.04
for p and p with pr ~ 1.25 GeV!c, and -0, 14
«x ~ -0.10 for p and p with pr &1.25 GeV/c.

The existing data exhibit a gap between the CMS
energies vs =6.8 GeV and v s =23.7 GeV. For
kaons and antiprotons especially, data are scarce
%e extrapolated the nuclear cross sections to the
nucleon value at A. =1, assuming a form o-A".
Cronin et al. ' observed that the exponent a in-
creases with the transverse momentum p~ to val-
ues even exceeding 1.0. It is interesting to see
whether this phenomenon persists at our energies
and in the pr range between 0.75 and 2.25 GeV/c
covered in this experiment.

A beam of 28. 5-GeV/'c protons was generated
by the Brookhaven National Laboratory AGS a,nd

focused to a spot of 3 &3 mm' in size at target
position. The intensity of 10'-10' protons per

pulse was measured by a secondary emission
counter which in turn was calibrated daily through
the reaction "Al(p, 3pn)"Na. The targets were
rectangular plates (25 x80 mm' in size) of metal-
lic Be (0.662 g/cm'), Ti (0.538 g/cm'), and W

(0.418 g/cm') with natural isotopic abundances.
The produced particles were detected in one arm
of a magnetic double-arm spectrometer, ' Each
arm consists of three vertically bending dipole
magnets, four proportional wire chambers of
three planes each with 2-mm spacing for track
reconstruction, two 8 &8 scintillator hodoscopes,
and three Cherenkov counters filled with 1-atm
H» 0.9-1.2-atm isobutane, and 6.1-22.0-atm
ethylene, depending on the momentum setting, in
order to detect electrons, pions, and kaons, re-
spectively. The horizontal angular acceptance is
14.6+ 1' (90+ 5', CMS), the vertical acceptance
+ 2'. The momentum acceptance is 0.6po -p- I.Bp, with p being the central momentum.
The spectrometer has been described in detail
previously. '

The data cover the transverse-momentum
range between 0.75 and 2.25 GeV/c in three over-
lapping momentum sett:ings. In order to reduce
systematic errors, both arms were used and the
magnet polarities were changed in both arms for
all targets and for corresponding measurements
without target. No significant differences be-
tween the right- and left-arm counting rates for
the different particles were found, proving the
consistency of the reconstruction process. The
final data are combined from both arms.

The total number of triggers for each momen-
tum window, polarity and tar get var ied between
3~104 and 12x104. The rates were corrected
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and transformed into invariant cross sections
E d'o/dp' using Monte Carlo accepts. nces of the
spectrometer calculated for each particle and
momentum setting individually. The main cor-
rections applied are the following: (1) Subtrac-
tion of background obtained from measurements
without target: (5-10)%after reconstruction.
(b) Decay correction factors: 1.10 to 1.03 for
pions, and 2.0 to 1.27 for kaons depending on the
momentum. (c) Nuclear absorption: The aver-
aged absorption was determined by varying the
thickness of an aluminum absorber in front of the
third Cherenkov counter. The ratios between dif-
ferent particles were calculated from the known
inelastic cross sections. The resulting correc-
tion was (12-10)% for pions, (7-6)% for K',
(11-9)%for K, (16-13)%for p, and (27—23)%
for P', respectively, for low to high pz. (d) Mul-
tiple scattering in the spectrometer material:
The overall effect is only about 1%; however,
Monte Carlo ca.lculations revealed up to 20/p

changes in individual pr bins. (e) A geometri-
cal inefficiency of the third Cherenkov counter
caused a loss of (7.5-12)% for pions and kaons
and misidentif ied kaons as protons. The corr ec-
tion was (7-1)% for protons, (25-5)% for antipro-
tons, determined in each bin from the kaon spec-
trum. (f) Knock-on electrons and fast particles
produced in the ethylene or the 0.79-cm iron a&all

of the third Cherenkov counter were estimated
from a measurement done with the first Cheren-
kov counter. (2.7-1.7)% of p and P' are lost and
misidentified as kaons. The correction of (25-
15)% for K' and up to 5% for K was determined
in each bin from the proton or antiproton spectra.

All other corrections amounted to ~ 1/o and
were neglected. The total correction factors
range from 1.85 to 1.40 for pions (at pal =0.75
and 2.25 GeV/c), 3.30 to 1.40 for kaons, 1.70 to
1.25 for protons, and 1.90 to 1.35 for antiprotons.
Multiple scattering dominates the momentum
resolution ranging from + 10 to *12 Me V/c.

The cross sections obtained from the Be, Ti,
and W targets were fitted for each particle spe-
cies with a form

o(A, p r) = o(A = 1,p r) A""~'.

As a result, we obtain for every 100-MeV/c pr
bin an exponent n(pz) and a.n extrapolated "nucle-
on" cross section a(A = 1,pr) =E d'a/dp' aver-
a.ged over protons and neutrons. Since n(pz) de-
pends on the relative A dependence of o(A,

jeer),

only the statistical err'ors from "target in, " "tar-
get out, " and an additional 5% error were used,
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FIG. l. Exponent 0. (obtained from the A dependence)
vs p z. Points, this experiment, 28.5 GeV jc; crosses,
Cronin et al. , (Ref. 1) p»b = 300 GeV//'c; solid lines,
estimate from a rough multiple-interaction model (see
text) .

0.8—
I 1 l

2

the latter based on the average reproducibility of
runs. However, in the determination of o(A = 1,
pz) a.iso enter the systematic errors of the ac-
ceptance and the corrections (b)-(f), estimated
to be +20%. The value of n(pz) is plotted versus
p~ in Fig. 1 with standard errors from the fitting
procedure. Pions show a surprising increase of
n(pz) with Pz, in Figs. 1(a) and l(b), which with
lesser significance is observed for kaons in Figs.
1(c) and 1(d) and a.ntiprotons in Fig. 1(f), too.
For protons, however, n(pz) tends to be constant
and unity. Kith the exception of protons these
measurements are compatible with results of
Cronin et al. ' measured at p„b = 300 GeV/c and
shown as crosses in Fig. 1, confirming the in-
crea. se of n(pz).

The curves in Figs. 1(a)-1(f) represent a rough
estimate for the p~ dependence of the exponent o.,
assuming that some of the produced particles
make secondary interactions within the same nu-
cleus. The simple form exp[-5T(pz) J, T = (m
+ —,pr')'"-m;, with m, being the particle mass'
was used for both the first and the second inter-
action. If the transverse momenta are assumed
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FIG. 2. Invariant cross sections for protons (multi-
plied by 10, squares), &+ (points), and E+ (triangles)
vs pz, extrapolated from Be, Ti, and W to 3, =l. Er-
ror bars sholem are standard fit errors. Solid lines:
exponential fits, 0 exp( —b p &); for parameters, see
text. Broken lines: 0 - exp( —5T). For pions, these
lines coincide.

to add linearly, the pz dependence is given by
f(pr) = J"„g(pr')lz(pr-pz, ')dpr', with both g and fz

being expI-5T(pr)]. This is justified for nearly
parallel and antiparallel transverse momenta,
whereas a perpendicular configuration would not
change the original amount of p~. According to
the simple character of our model, the two-di-
mensional problem has thus been reduced to one
dimension with a reduced number of particles
changing the amount of p~ in the second interac-
tion. The ratio of the latter particles to all un-
changed ones was arbitrarily assumed to be 5$
per absorption mean free path. This order of
magnitude may be justified by counting the parti-
cles from the decaying "hard" and "soft" had-
rons' and the observed multiplicity increase' with
A. Other more extensive treatments have been
quoted. ' All curves are normalized to an average
experimental value of 0.85 at 1 GeV/c. We notice
the following qualitative features: (a) the esti-
mates for n increase with p~, even above a value
of 1.0; (b) the curves increase faster and to a
higher level for heavier particles. This agrees
with the observation of Cronin ef al. '
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FIG. 3. Invariant cross section of g (points), K
(triangles), and antiprotons (squares). Solid and bro-
ken lines as in Fig. 2.
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C
mb//(GeV /e }

5
(GeV//c)

117+23
83+17

8.1 +2.8
2.5 +0.7

15.1+2.3
0.7 +0.5

5.97+ 0.15
5.86 + 0.15
5.13 + 0,26
5.32 + 0.23
4.40 + 0.11
5.32 + 0.51

The slopes for &+ and Tt are equal within the er-
rors; the K', K, and P slopes are somewhat
lower. Protons show a distinctively flatter slope
in our momentum region. Also shown in Figs. 2

and 3 are the curves derived from the simple
fireball version, E d'o/dp'-e ', normalized to
the experimental point at 0.95 GeV/c. The data
are very well described except for protons in the
region pr & 1.5 GeV/c. A comparison shows

The extrapolated invariant nucleon cross sec-
tions o.(A = 1,p r) =E d'o/dp' (2 = 1) are shown for
&', K', and protons in Fig. 2, and for r, K,
and antiprotons in Fig. 3. For the sake of sim-
plicity, the cross sections have been fitted with
an exponential form in pr.E d'o/dp' = C exp(-bpr).
The resulting best-fit parameters are given in
the following table:
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agreement with the bubble-chamber data of Blo-
bel e[ al. ' at 12 and 24 Geg/c for v+, v, and p,

Furthermore, our data fit well into the global
plots of Cronin et al. '
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Two samples of Madagascar monazite from the same geological formation as the biotite
studied by Gentry et a/. were examined by using a neutron multiplicity counter capable of
detecting binary or ternary spontaneous fission decay in any element. No events charac-
teristic of spontaneous fission decay of superheavy elements were found. Derived limits
indicate that if superheavy elements were present, then their spontaneous fission half-
lives must be extremely long or their concentrations extremely small.

A recent communication reported' x-ray energy
spectra of monazite inclusions in biotite mica
subjected to low-energy proton bombardment.
Spectral analyses were interpreted as evidence
for at least three superheavy elements with most
probable atomic numbers of 116, 124, and 126.
These results indicate unusua. l stability, because
the existence of primordial superheavy elements
in nature implies half-lives —10' years. Such
long-lived superheavy elements might be expected
to decay by a-par tic le emission or by spontane-
ous fission. ' Since all heavy nuclei are energet-
ically unstable with respect to binary fission, it
is expected that long-lived n-decay chains begin-
ning with a superheavy element would eventually
terminate with a spontaneous-fission step.

The mass of primordial superheavy elements
present in the giant halo inclusions was estimated
to be as high as several hundred picograms. ' If
we assume, conservatively, an average value of

only 100 pg in a 2- p.g inclusion, the ma, ss ratio
of superhea. vy element is 5~10 ', or 50 ppm.
This concentration is so large that, even if bulk
monazite deposits near the sites of the giant halo
monazite inclusions were to contain somewhat
lower concentrations of superheavy elements, it
should be possible to observe spontaneous fission
events from decay of the superheavy elements,
or from daughter nuclei in radioactive equilibri-
um. Neutron-multiplicity counting is capable of
detecting spontaneous-fission decay of any ele-
ment, either in the binary- or ternary-fission
mode, with high sensitivity and low background.

The average total number of neutrons per fis-
sion v is determined primarily by the average
total excitation energy and by the neutron separa-
tion energies of the fission fra, gments. Most cal-
culations predict an increase in v with increasing
Z for binary fission. " For spontaneous binary-
fission decay of superheavy elements, the num-


