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Measurements of the dependence on s =(P~+A, ) of the cross sections for sirgle
charged hadron production in the reactions a +b —c+Rnything over the range 4 GeV/c
-P, "-250 QeV/c are presented, Particle c is detected in a fixed interval of laboratory
momentum and angle in the fragmentation region of the tar get proton. For the energy
range studied there are significant departures from A +Bs energy dependence. Fits
to the 8 dependence of the cross sections are extrapolated to 8 '~~ =0 to make seven in-
dependent tests of Pomeron factorization.

We report measurements of the cross sections
for the single-particle inclusive hadron reactions
a+b —c+ anything where a= m', R', P', b=P, and
p = z', E', P '. The measurements were made in a
small, fixed region of the phase space of particle
c corresponding approximately to I'~= 0.3 GeV!p
and y~ = 0.6, 0.4, and 0.2 for produced p, K, and

p, respectively. ' The incident momenta mere 4,
6„8, 10, 12, 15, 20, 24, 150, and 250 GeV!e.
The data, are interpreted using the Mueller-Regge
phenomenology, "which suggests that the differ-
ential cross sections at high energy should de-

pend on s = (p, +p, )' according to A+Bs '". Fits
to the s dependence of the measured cross sec-
tions are extrapolated to s "'=0 and the ratios
of the resulting "asymptotic" cross sections are
compared mith the appropriate total cross-sec-
tion ratios to test the prediction of Pomeron fac-
to rization:

Fd'o!d'p(ab c) o,„,(ab-)

Ed'old'p(a'b-c) ' c„„(a'b) '

where c „,(ab) is the total cross section for parti-
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cle a scattering on particle b.
Previous studies' ' of proton fragmentation

have utilized bubble chamber data, and have con-
firmed, in general, the Mueller-Regge phenomen-
ology. These studies, however, often integrate
over substantial regions of y~, p phase space
and often have limited statistical and systematic
accuracy. In this Letter, we present results
from a systematic study of the dependence of the
invariant cross section on s, at fixed y~ and p~
using an electronic detector.

The data at p, "b = 150 and 250 GeV/c were taken
at Fermilab and the data from 4 to 24 GeV./g
were obtained at the Brookhaven National Labora-
tory alternating gradient synchrotron. For the
Fermilab data, two differential Cherenkov coun-
ters and one threshold Cherenkov counter provid-
ed beam particle identification with negligible
contamination of the various particle types. Elec-
tron contamination was eliminated by the inser-
tion of 0.4 radiation lengths of lead at the first
focus of the beam. Muon contamination is negli-
gible for the high-energy data presented here.
The rf bunching of the beam at Fermilab requires
that rf buckets populated by more than one parti-
cle be rejected. This was achieved by rejecting
buckets in which three beam-defining scintilla-
tion counters had pulse heights greater than 1.5
times the minimum ionizing pulse height. The
measured cross sections are independent of beam
intensity at a level of 1% sensitivity, and indepen-
dent of missteering the beam at the target by
+0.5 cm in either direction at the level of 3% sen-
s itivity.

The instrumentation of the beam at Brookhaven
National Laboratory is fully documented by Beier
et al. ' and will not be discussed here. The same
spectrometer was used at both laboratories. The
spectrometer is described in detail in Ref. 7, and

only a brief summary of its operation is present-
ed here.

The spectrometer is shown schematically in

Fig. 1. It is comprised of a small g magnet,
eighteen planes of multiwire proportional cham-
bers, three scintillation counters Ti -T3 for trig-
gering and particle identification, and a threshold
Cherenkov counter C1. Produced protons are
separated from faster particles by measuring the
time of flight from the target to counter T2. The
Cherenkov counter C1 is used to measure the ra-
tio of pions to kaons in the remaining sample of
fast particles.

The azimuthal acceptance of the spectrometer,
64 (6, p, z), is a function of the polar production

~/K /p~
BEAM

LH p TARGET

FIG. 1. Plan view of the spectrometer. There are
four planes of multiwire proportional chamber in
PWC& 4 and two planes in PWC5.

angle 0, the momentum p, and the longitudinal
position in the target z, of the produced particle.
The acceptance function integrated over z is used
to weight each event within the fiducial volume of
the spectrometer. This acceptance correction,
as well as energy loss and multiple scattering
corrections, are tested by measuring elastic
cross sections at low energy where the elastic
peak in the distributions of the square of the
missing mass is easily resolved. A full discus-
sion of the elastic calibration of the absolute nor-
malization is given in Ref. 7. A further test of
the normalization is made by integrating a local
fit to the 12 GeV/c pP-~' data of Blobel et al. '
over the spectrometer acceptance. The results
agree with our measurements within 1 standard
deviation (about 3%).

The measured cross sections, integrated over
the kinematic region specified in Ref. 1, and with
empty target backgrounds of typically 3% sub-
tracted, are displayed as a function of s " in
Figs. 2(a)-2(d) for produced z, v', ff', and P,
respectively. The production of K and p in this
kinematic range is approximately at the limit of
sensitivity of the experiment, and no further con-
clusions can be made concerning those cross sec-
tions.

It is seen from Fig. 2 that the cross section for
production of particle & by particle a and its anti-
particle a approach each other as s "'=0, i.n
agreement with the prediction of Pomeron factori-
zation.

The pion production cross sections [ Figs. 2(a)
and 2(b) J are clearly not well described by the pa, —

rametrization A+LI's '" over the large range of s
shown. The solid line in these figures represents
fits to the expressions A+ Bs '"+gs ' for z' and

1121



VOLUME )7, NUMBER 17 PHYSICAL RKVI K%~ LKTTKRS 25 Oc'I'oHF. R 1')7'

beam (

250 20 IO 6 4 250 20 IO 6 4
I' I I I I

0.7— 07 b

~ p p-7T 0.6 —o PP
o ~ p p-7T ~ pp-77

04—
E—0.3— — 0 5 ~

~O

O. I- a~ — 0.1—
C3

I I I

f/) I
' '

I I'+ I+'I ' I I

Oy &Kp 7T Op &Kp
m «Kp ~ K P-7I,"I

~ 01 ~I y)- -. — 01—
I I I I I ICl I' I t'I r I

& 7T p —7T ~ 7T p-7T+
+ 7T+p-7T ~ 7T p-7T

CL 04- 04-
~ 0,3— — 0.3- k

j~w& O.2- 0.2 ~h
O. I ~ —~~~ 0.1—

I I l I I I

0 0.1 0.2 0.3 0 0.1 0.2 0.3
S-I/2 (6 V)-I

Pb (GeVic)

20 Io 6 4 250250

C d
K+

O.OI5-
' PP 0,5

0.010 — II" 02
II

1I~"
0.005 — " ' II " " — 0.1-

lr

20 IO 6 4
I 1 I

I
1 I

~K p-p
oj -KIt

0.005

I I I I I

7T+p~ K+
&7T p

+

I
I

I I
I

I

~ 7T+p-p
~ 7T P-P

0.2—
+k g~pl

O.I—

0 0.1 0.2 03 0 0,1 0.2 0.5
s-I/2 (6 g) —I

FIG. 2. Cross sections integrated over the kinematic region in Ref. 1, for the production of (a) &, (b) n, (c) E+,
and (d) p. The solid lines are fits toA+Bs ' or A. +As ' + Cs ' as described in the text. The tick marks on the
abcissa at the top of each part of the figure correspond to the beam momenta at which the cross sections were
measured, as described in the text.

p p production of pions, and fits to A + Bs "' for
the statistically less significant E' production of
pions. In order to test the hypothesis of Pomeron
factorization, the fits are constrained by the re-
quirement that particle and antiparticle produc-
tion of a given particle be equal at s "'=0.

The production of E' [ Fig. 2(c)] is statistically
less significant than p' production, and has been
fit to A+Bs "'. Proton production [Fig. 2(d)J is
in the resonance region at lom s. A clear signal
from the reaction gp -A,p can be seen at p, ""= 6
GeV/c. Above p, ""= 15 GeV/c, the proton pro-
duction has been parametrized by A+ Bs "'.

Extrapolation of the above fits to s " =0 per-
mits asymptotic tests of Pomeron factorization
which are independent of assumptions about the
low-energy behavior of the cross sections. The
ratio of the total cross sections in the limit spec-
ified in EIl. (1) is obtained from the parametriza-
tion of the diffractive part of the total cross sec-
tion by Hendrick et al. ,

'
D. =C., »I. (p."'+ .)/&, J, (2)

evaluated a.t p, " = 250 QeV/p. The resulting tests
of Pomeron faetorization are presented in Table
I. The data allom seven independent tests of Pom-
eron factorization. Except for K' production,
where the statistics are poor, the results fall
mell mithin the range of the predictions. These
results are in agreement with, and extend the re-
sult of Ref. 4, which compares tmo cross sec-
tions which mere assumed to be independent of s
and mere integrated from the kinematic limit to
X c.n&.

Further tests of the Mueller-Regge phenome-
nology, namely relations among the 8 terms in
the above fits, are not possible with the limited
high-energy data available at present. We con-
clude that single-particle inclusive cross sec-
tions depart significantly from A+ Bs '" energy
dependence below p, ""=12QeV/p at the y and p~
measured in this experiment, and thus the range
of s over which the Mueller-Regge theory ean be
applied is established. When these departures
are taken into account, extrapolation to s '"=0

TABI.K I. Tests of Pomeron factorization.

Cross section
ratio

Asymptotic ratio of measured cross sections
for produced particle type e

C =7l' C =71 c= K+ c=p
Predicted ratio

(B.ef. 9)

(7' c)j@p c)
Qp c)/(pp c)

0.63 + 0.03
0.60+ 0.06

0.62 + 0.03
0,45+ 0.04

0.25+ 0.18 0.62+ 0.03
0.61+ 0.08

0,61+ 0.02
0.53+ 0.02
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yields asymptotic cross sections which satisfy
Pomeron factorization well.
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-:=0.6 GeV/c. Here &P, is the momentum lost by parti-
cle type c in traversing the apparatus; to sufficient ac-
curacy it is given by ~P, = (0.0015 GeV/c)/P, .
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The study of high-spin states in ' ~ ' Au revealed that the hler/& proton-hole rotation-
aligned bands are terminated by isomeric ~ states most probably of (7Th&~/& ),;;., - con-
figuration. The relatively low excitation energies of these isomers can be understood
qualitatively if the concept of blocking as used in the rotation-alignment model is modi-
fied by taking into account a reduction of the proton pairing gap energy in these odd-mass
Au nuclei.

Recent in-beam y-spectroscopy and ra, dioac-
tive decay studies of the odd-mass Au iostopes'" "'Au ' ' r evealed many inter esting featur es.
A rema, rkable result of these studies is the ex-
istence of bands originating from the h»/p proton-
hole state in "'"'~ """"'"Au(Refs. 1-6) as well
as from the h„, proton state in '" "'"'Au (Refs.
2-4). The bands originating from the h»» pro-
ton-hole state in """'"'Au have been interpret-
ed by Tjtjm et al. ' as rotation-aligned bands with-
in the framework of the rotation-alignment (RAL)
model' in which the odd nucleon is coupled to a
symmetric rotating core. Calculations' using an
axially asymmetric rotating core yielded a better
agreement with the experimental results for
these bands. The h]]/g and h„, bands observed in
'"""Au (Refs. 2 and 3) have been similarly inter-
preted. In order to understand the existence of
the h /z and h yy/p rotation-aligned bands in these
Au nuclei, it has been assumed, in the frame-
work of the RAL model, that they have a prolate
shape in the h, /, state and an oblate shape in the

h»/2 state. ' From calculations' in the framework
of the triaxial-rotor-plus-particle model, this
shape coexistence was attributed to different

asymmetry parameters y. In case of '"Au, y
= (37+ 2)' for the h»» band and y = (23+ 2)" for the
h„,, band. ' These values are essentially the asym-
metry parameters of '"Hg and '"Pt which are
considered as the core nuclei of '"Au in the two
respective states. '

Although the low spin states of the h»/2 bands
in "'"'Au can be well understood also in the
framework of the particle-vibration coupling
model, "the RAL model has been applied more
commonly to explain high-spin yrast states.
Therefore, this latter model has been applied
in the present work to interpret the bands ob-
served in

Prior to our study, the h»/, proton-hole rota. —

tion-aligned bands were definitely established up
to —" in '"' '"' "' '"Au (Ref s. 1-3) and up to "
in "'Au (Ref. 1). It was the aim of the present
study to reinvestigate '"' "' '"Au in order to ex-
tend the h»/ bands to higher spin states for the
following reason. In the Hg core nuclei '"''"''"Hg
10' iosmers have been observed" which are con-
sidered to have a (ph»» '),„, two-proton-hole
configuration, The upper portion of the ground-
state bands (gsb) in "'"'Hg (Ref. 11) built on top
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