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al 1-4% of the scattered events. Since the maximum
correction fox' nuclear absorption was 40/o, ignoring
neutrals amounted to, at most, a 2% error.

35The collision length for steel which we used was 9.6
cm. This was obtained from an unpublished experi-
mental report by K. Stanfield, who calculated the
total cross sections by means of an optical model,
using a Woods-Saxon potential for the distribution of
matter in the nucleus. These results were in reason-

able agreement with the data for nuclei of high atomic
number given in Bef. 24.

368. Rossi, High Energy Partic/es (Prentice-Hall, Engle-
wood Cliffs, New Jersey, 1952), p. 81, Eq. (13).

3~Ref. 36, p. 82, Fig. 2.19.1.
38Bef. 36, p. 51, Fig. 2.11.2.
39H. A. Bethe, W, Heitler, Proc. R. Soc. Lond. A146,

63 (1934).
40See Ref. 36, p. 53, Eq. (19), andp. 83. Eq. (16).
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An optical spark chamber and neutron time-of-flight spectrometer experiment studied the
reaction z p —7(+7) n at incident pion momentum of 4.5 GeV/c in the mass region of the f
meson. Analysis of the data shows no evidence for anomalous structure in the f mass spec-
trum. The two-pion differential cross section in the f region is consistent with Wolf' s
one-pion-exchange model for momentum transfers (squared) -t 60.7 (GeV/c)2. The
differential cross section is laxger than that predicted at high momentum transfer, and
may be attributed to natural-parity-exchange contributions as evidenced in the f decay
distribution.

I. INTRODUCTION

There has been considerable controversy and
conflicting experimental data on the existence of
a split structure for the A, meson. Contradictory
reports of possible structure in the f0 mass spec-
trum have also been published. ' The A, and f ' me-
sons belong to the same (4 =2') SU(3) nonet, and

may be expected to exhibit similar characteristics.
Production of f' mesons has been reasonably

well studied at low momentum transfer", however,
the data have be~n statistically limited for momen-
tum transfers squared beyond ~t~ 0.6 (GeV/c)'.
The decay angular distribution is fairly well char-
acterized by one-pion-exchange (OPE) production
with some intex ference from an s-wave dipion
state. The differential cross section do/dt for f'
production has been well described by OPE with
absorption, or by Wolf's one-pion-exchange
model. '

We report here results of a neutron-counter
time-of-flight/optical spark chamber experiment
studying the reaction n p- x'v n at 4.5 GeV/c in-
cident r momentum. Features of the spectrom-
eter include high missing-mass resolution and
uniform acceptance for f ' production over a broad
range of momentum transfer, 0.125& ( f

~

& 1.6

(GeV/c)'.
We find no evidence for splitting of the f ' mass

spectrum. We also find that f' production at high
momentum transfer [~ & ~& 0.7 (GeV/c)'] is more
copious than expected from an OPE model and is
characterized by natural parity exchange.

II. EXPERIMENTAL DETAILS

The experiment was performed in the 17' beam
of the Argonne ZGS. Figure 1 shows the appara-
tus surrounding the 30-cm liquid hydrogen target.
A larger view showing the neutron flight path is
provided in Fig. 2. The apparatus was similar to
that of a previous experiment studying the ~ me-
son. ' However, in order to improve mass reso-
lution several changes were made. The essential
differences were as follows:

1. A fifteen-element scintillation hodoscope (M)
was placed at the first (momentum dispersed)
focus of the beam.

2. The horizontal. displacement and angle of the
incident pion was measured by two multiwire pro-
portional counters (MWPC) placed one meter apart
in front of the hydrogen target. Each consisted of
20 wires spaced 2 mm apart. ' The momentum
hodoseope and MWPC information determined the
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incident beam pion momentum to 5P/P = 0.2$ rms.
3. The 13X4 array of neutron counters was

placed 20 meters from the target. Each counter
consisted of an 11-cm-wide x 25-cm-high x 30-cm-
long block of NE102 scintillator viewed by a 58
AVP photomultiplier. The counters were sepa-
rated (spaced) horizontally by a gap of two counter
widths so that a set of three positions was needed
to cover a range of angles completely. The range
subtended by a set of positions was about half the
total angular range of 34.45' to 57.55'. In addition
to two extreme sets of positions which together
covered the entire range, central angles were
covered by a third set of positions. This overlap
served as a potential check that any fine structure
observed in the mass spectrum in the Jacabian
peak region did not result from counter malfunc-
tion.

4. A twenty-four-element hodoscope (Pi) was
placed downstream of the liquid hydrogen target.
The counters were horizontal strips. The strip at
beam height was divided into two counters, one on
either side of the beam. The central five strips
were 2.54 cm high and the remaining outer strips
were 3.18 cm high. All were 0.64 cm thick and
68.58 cm long.

5. A thin-foil optical spark chamber, construct-
ed of aluminum foil and polyurethane foam, ' was
used. This chamber presented negligible mass to
neutron flight paths. The chamber consisted of
three groups of four gaps, each having an 87-cm-
square active area. This square was displaced

15.9 cm to the beam's right. Along the beam line
the gaps were deadened by Mylar patches. The
chambers were photographed in 90' stereo. The
two mirrors viewing the top of the thin foil cham-
ber were set at a relative stereo angle of 40 mrad
in order to help resolve track pairing ambiguities.

6. All plates in the shower chambers were 0.32-
cm-thick stainless steel, forming a total of seven
radiation lengths. Further details of. the apparatus
can be found in Refs. 4 and 7.

While accumulating data, the number of hits in
the M and Pi hodoscope counters, neutron coun-
ters, and MWPCs were monitored by an on-line
Xerox Data Systems Z-2 computer. In addition,
total singles rates for the M hodoscope, the Pi
hodoscope, and the neutron counters were moni-
tored. The magnetic field of the second bending
magnet was monitored continuously with an NMR
probe. Time-of -flight calibration was monitored
by simultaneous accumulation of prompt (y) and
data events. Neutron counter threshold settings
were checked in separate pulse height runs. A
grid of additional fiducial marks on the optical
spark chambers was illuminated every thousandth
frame.

The electronic signature of an incident beam
particle can be expressed

BEAM=M'B1'B2 HA I'

where M is a logical OR of the momentum hodo-
scope and P is a pileup veto rejecting beam par-
ticle occurring within 20 ns either before or after
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FIG. 1. Target area. The counters B1, B2, and HA served to define the beam electronically. The absence of a
signal in the counter BA.signalled an interaction. Large scintillation counters in a box surrounding the target on five
sides formed the "antishield" (4S) which vetoed interactions resulting in charged particles at large angles. The
presence of two charged particles entering the thin-foil chamber was signalled by the Pi hodoscope. The beam and
the emerging charged tracks are measured by multiwire proportional counters and optical spark chambers, respectively.
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another beam particle. No Cherenkov requirement
was used; previously, a freon gas Cherenkov coun-
ter was employed to measure electron and muon
contamination of the beam (0. and 0.5$, respec-
tively) and was removed thereafter.

The electronic signature of an event was

EVENT =BEAM ' BA ' 2n'AS SCA N,

where 2a represents two and only two counts in the
Pi hodoscope. Counters placed around the target

generated the signal AS when charged particles
were produced at wide angles to the beam. The
anticoincidence counters SCA vetoed events in
which secondary interactions in the downstream
spark chamber could produce a spurious neutron
signal. A neutron-counter signal in an appropri-
ately delayed time interval formed K A separate
neutron signal, set to include the prompt peak,
was used for prompt events. The allowed region
of mass and momentum transfer, determined by
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neutron angles covered and the time-of-flight gate,
is shown in Fig. 3.

An event signal triggered the spark chambers,
camera advance circuit, and fast fiducials. An
event sealer drove two parallel sets of binary
lights recorded in the picture, and the event num-
ber which was recorded on magnetic tape by the
Z-2 computer. Neutron time-of-flight, pulse
height, hodoscope counter and wire hits, run num-
ber (also in lights), and a flag distinguishing data
events and prompts were also recorded on tape.

III. DATA REDUCTION

A separate data run at 2.5 GeV/c, looking at the
& meson, previously reported, ' served to check the
time-of-flight (and mass) resolution, and also pro-
vided a significant new measurement of the ~
width. The time-of-flight resolution was found to
be 0.85+ 0.10 nanoseconds rms.

Separate runs were also taken of elastic scatter-
ing and beam tracks. These runs were useful in
checking optical constants for the spark chambers.
Elastic events also provided an independent mea-
sure of the magnitude of the beam momentum and
its vertical divergence.

The film was measured by the University of
Illinois DOLLY system. ' Optical constants for
particular sets of data were generated from on-
site surveying data and fiducial measurements
using a Nuclear Research Instruments (NRI) film-
plane measuring device. The constants were en-
tered into DOLLY. For each frame DOI.LY
searched for fiducial marks, and a least-squares
fit was made to align the observed fiducials with
the expected positions. To be properly registered,
the rms error of the fit to five fiducials had to be
less than 15 microns in the film coordinates (a
magnification of ~«was used). If, for a set of data,
a significant fraction of events failed to register,
new optical constants were generated for that data.
DOLLY decoded the binary lights and scanned the
calculated positions of the gaps, digitizing spark
positions and widths. DOLLY magnetic tape out-
put was then merged with Z-2 information; a total
of 452000 events, corresponding to 9.52&10' in-
cident beam particles, were successfully merged.

A pattern recognition program then interpreted
the spatially reconstructed sparks. The pattern
program stepped through the gaps, grouping
sparks. A spark either formed a new group or
was added to an existing group if it was in an al-
lowed transverse region within three gaps of
another spark. The first ten gaps of the shower
chambers were scanned first, and any track can-
didates found were projected into the foil chamber
in order to search for associated sparks. The

l.6 —,

8N =55.0
Neut

I

OJ

0
(D

l.2—

I.O—

0.8—
8N )= 57.07

0.6—

0.4—

0.2—

~ I I I I I I I I I I i I

0 000 800 i200
M (MeV)

l600

FIG. 3. Allowed region of meson mass and momentum
transfer. The boundaries of the accepted region are
determined by the angular range covered and the allowed
neutron time-of-flight gate.

program then stepped through the remaining
sparks in the foil chamber. An attempt to link
groups followed. This procedure was carried out
in the side view and then in the top view, using
the small angle top view stereo on the foil chamber
as well as missing sparks and spark intensities to
match the views. Up to four final tracks were al-
lowed. The minimum requirement for a track was
two sparks in the foil chamber. Electromagnetic
shower information was not used in this analysis.
Further details of this program are found in
Ref. 7.

A successfully reconstructed event was required
to have appropriate latched counter information.
Events where information was present but ambigu-
ous were rejected if the ambiguity was in the neu-
tron polar angle 8, the Pi hodoscope, the Momen-
tum hodoscope, or both MWPCs (adjacent wires
were accepted and averaged). Seven percent of
the events failed because of improper latch infor-
mation. Events were further required to yield a
unique pair of tracks, corresponding to the latched
Pi hodoscope elements, which successfully extrap-
olated to an interaction point in the target con-
sistent with MWPC determination of the incident
beam particle. An additional 29$ of the events
were lost by these requirements.

A kinematic fit to the 2-constraint (2C) hypoth-
esis n P- r'w & was attempted for all successfully
reconstructed events. Due to ambiguity in fits in-
volving particles of low momentum, events in the
resulting data sample were required to have pion
momenta greater than 100 MeV/c. The g' distri-
bution for these fits, shown in Fig. 4, is well de-
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scribed by the expected distribution for a bvo-
constraint fit plus a constant background. This g'
distribution corresponds to an overestimation of
errors of about 14%. A total of 8661 events yielded
2C fits.

Events were weighted by the geometric accep-
tance implied by the polar angle of the neutron.
The weight compensates for the variation of azi-
muthal acceptance with polar angle and the multi-
ple coverage of central angles. Small corrections
for the different amounts of beam corresponding
to different neutron counter positions, details of
precise spacing, and edge overlap, taking into
account the angular d'ivergence of the beam and
the length of the target are included in the weight.

The acceptance of the pion arm varies with
mass, momentum transfer, and the decay angles
of the two-pion system. A direct calculation of
acceptance for a two-pion effective mass of 1.27
GeV and momentum transfer squared I

&
I
= 0.3

(GeV!c)', a typical case, is shown in Fig. 5. De-
cay of two-pion systems in the mass and t regions.
of interest is known to be sharply forward peaked
in polar decay angle in the Gottfried-Jackson
frame (coseo, ); acceptance is thus a strong func-
tion of the variation of this distribution with mass
and momentum transfer.

A series of fiducial cuts were places on the data
as follows:

1. Tracks must pass through two distinct hodo-
scope elements.

2. No track passing through the beam anti-coun-
ter was allowed.

3. Tracks must be separated in a direction per-
pendicular to the optic axis of the horizontal view
by at least 2.5 cm at the center of the foil chamber.

4. The interaction vertex must be located in-
side the liquid hydrogen target.

5. Both tracks must pass through the active

area of at least six gaps of the foil chambers.

A total of 11.1$ of the data was lost by these cuts
The efficiency was then determined by subjecting
Monte Carlo generated events to these cuts. Al-
though the spot size and divergence of the beam,
the length of the target, the range of allowed neu-
tron laboratory angles, as we11 as a finite range
of mass and momentum transfer tend to blur the
boundaries of Fig. 5, regions of zero acceptance
remain. The Monte Carlo events were generated
isotropically in decay, and flat in ~ and mass. A
preliminary description of the decay distribution
of the form

W(X) =A+ax 2+Cx4,

where &=cos8G„was determined for different re-
gions of mass and &. The Monte Carlo events were
then weighted according to this distribution to de-
termine efficiency as a function of t. This effi-
ciency varied from 48$ at lowest momentum trans-
fer to about 68$ for I & I above 0.8. This weight
multiplied by an exponentially falling t weight was
used to determine the efficiency in decay angles.
The resulting (iterated) efficiency for cos&o,
changed only slightly from the original, near
cos&G, =1. Details of these procedures can be
found in Ref. 10.

To obtain a reasonably pure sampl. e of events,
the g' values of the 2C kinematic fits-were re-
quired to be less than 3.5. In determining produc-
tion and decay angular distributions, a region of
higher y' (4.5 to 8) was subtracted in order to com-
pensate for background. The efficiency of this
procedure was studied as a function of t by ran-
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FLG. 4. Distribution in g for two-constraint kinematic
fits. The form shown corresponds to a 14% overestima-
tion of errors and a constant background.
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FEG. 5. Directly calculated acceptance of (m+n. ) decay
angles. A mass of 1.27 GeV, -t of 0.3 (GeV/c)~, an
interaction in the center of the target, and a neutron
recoiling in the horizontal plane are assumed. This is a
fairly typical case. The region about cos8 = 1 is lost by
the beam veto and the region about P =- m is lost by wide-
angle tracks missing the spark chambers.
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domizing fitted two pion events according to the
known measurement errors and kinematically
fitting the resulting "measurements. " The g' dis-
tribution of the resulting fits shows that the effi-
ciency of the subtraction (for good events) varies
from 86@ at the lowest l

t I to 82% at the highest
accepted l

t l. ln the differential cross sections
quoted this efficiency has been taken into account.
The differential cross sections have also been
corrected for neutron scattering losses and neu-
tron counter efficiency ( 28'%%up), as determined by
the Kurz program. " Neutron counter efficiencies
vary by only 6.7/p over the range of neutron ki-
netic energies covered (67-900 MeV).

IV. RESULTS AND CONCLUSIONS

Events passing the two-constraint hypothesis of
the n'n' fits in the momentum transfer interval
0.15&

I t l& 0.5 (GeV/0)' are shown in Fig. 6.
Events have been weighted only for neutron ac-
ceptance. The data were binned in 10-MeV inter-
vals outside the fp peak region (1185-1355 MeV)
and in 5-MeV bins in the peak region. The mass

420-
300—

180—

resolution, also shown, was obtained by adding
the Gaussian resolution functions for each event
in the sample, and has a value of 8 MeV FWHM.
The figure shows the best Breit-Wigner and di-
pole fits obtained by folding in the mass resolu-
tion and employing a linear background. The
narrow available mass range and the inadequacy
of a linear background preclude a determination
of the f' mass and width. The widths of the curves
were constrained in the fitting by adding a contri-
bution to )f' of the form [(1'5, —I' „,)/tLI' „,]',
where 1.~„, is inserted as 156+ 25 and 60 + 40 MeV
for the Breit-Wigner and dipole, respectively. "
The g"s of the Breit-Wigner and dipole fits are
39.9 and 71.5, respectively, for 54 degrees of
freedom, corresponding to confidence levels of-

92.1$ and 5.4/p.

A quantity that has been used" as a measure of
possible structure in the A, mass spectrum is the
duplicity parameter 5, the mass spectrum being
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fitted to the combination

E(M}= 5 &&dipole+ (1 —5) XBreit-Wigner

+background .
In fits with a combination of dipole and Breit-
Wigner terms, it is necessary to constrain the
dipole width; if unconstrained, a too narrow width
allows for accommodation of bin-to-bin fluctu-
ations. Therefore, we used a width I'=38+4 MeV,
the value obtained in the best dipole fit. The Breit-
Wigner width was constrained as noted earlier.
We obtained a duplicity parameter

gyp = -0.04 + 0.08,

a result clearly consistent with zero.
Figure 6(b) shows the same distribution for 0.8

~
I

&
I
~ 1.4 (GeV/c}', with a strong f ' signal still

present.
The distributions in cos8G, of two-pion events in

the f ' region (1170-1370MeV) are shown for dif-
ferent regions of momentum transfer in Fig. 7.
These and succeeding distributions have been fully
compensated for acceptances. Since our apparatus
is not sensitive to the sign of the charge of the out-
going pions, we only define cos61G, between 0 and 1,
and the azimuthal decay angle Qo, between 0 and w.

The sharp forward peak expected for f"s is seen
to diminish for higher momentum transfer. We
parametrize the decay angular distribution as the
spin-density matrix elements for spin-2 decay,

fitting the distributions to

W(8) = —",lp„(3 cos'8 —1)'+4p„cos'8 sin'8+ p„sin48],

W(Q) =—{1—2[p, , +(—', }"'Rep„]cos2$

+2p, , cos4$}.

The resulting density-matrix elements are
shown in Fig. 8. The values in the helicity frame
as well as the Gottfried-Jackson frame, are listed
in Table I. They agree well with the previous re-
sults for low momentum transfer. The large value
of poo (Gottfried-Jackson) is characteristic of sim-
ple OPE. The negative value of p» can be attrib-
uted to interference with a spin-zero dipion state,
possibly resonant. '4 The primary effect of such a

=0' two-pion state is an interference term in
the decay distribution proportional to P, (cos8o, ).
If such a term is large enough to decrease the
value of p» by 0.2, it would raise the value of ppp

by about 0.03; the unnatural-parity fraction would

be overestimated by about 0.02.
The rapid falloff of ppp and the increasing im-

portance' of off-diagonal elements at high momen-
tum transfer is apparent. It is illuminating to
compute the total unnatural-parity-exchange frac-
tion, which is given in the Regge limit by"
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Our apparatus is not sensitive to odd terms. We
find Rep, , very small (approximately 0.04) and not

varying with t, and we therefore feel justified in

taking p, , =p, , +(3}"'Rep„. The result is shown

in Fig. 9.
Unnatural parity exchange (presumably pion ex-

change) is no longer dominant for ! t! above 0.7

(GeV/c)', and, at high momentum transfer, natu-
ral parity exchange dominates the cross section.
A similar crossover was recently observed in p-
meson production in the analysis of Grayer et al."
The crossover observed in their 17-GeV/c data is
at ! & I 0.3 (GeV/c}'.

The differential cross section is shown in Fig.
10. Also shown are cross sections for low (1050-
1170 MeV) and high (1370-1490 MeV) mass re-
gions, and for the p region (700-860 MeV) which
is accepted at high momentum transfer. The vari-
ous cross sections are normalized relative to each
other. We observe that the shape of the differen-
tial cross section is not perceptibly a function of
(v'a ) mass in the accepted region (1050-1490
MeV). The gradual falloff for the p region at large
momentum transfer suggests a similar shape.

The drawn curve corresponds to a calculation
from Wolf's one-pion-exchange model, using pa-
rameters from Wolf's fit' normalized to our data
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FIG. 9. Unnatural-parity-exchange fraction for the f
region.
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TABLE II. Differential cross section der/dt for 71 p m'x n, 1170&M(~+w ) & 1370 GeV,
normalized at lowest 1t1 to a Wolf-model fo cross section of 400 pb.

-t [(Gev/c)'] da/dt [pb/(GeV/c) ~] -t f (GeV/c)~] do/dt [p,b/(GeV/c) ~]

0.125—
0.15—

0.175—
0.2—

0.25—
0.3—

0.35—
0.4—

0.15
0.175
0.2
0.25
0.3
0.35
0.4
0.5

1150+89
891+ 72
767+ 65
528+ 39
353+ 31
267+ 25
193+22

138.7 + 12.7

0,5 —0.6
0.6 —0.7
0.7 —0.85

0.85 —1.0
1.0 —1.2
1.2 —1.4
1.4 —1.6

81.9+ 9.3
66.5 + 8.3
59.6+ 5.4
41.3+4.7

46.0 + 4.6
26.2 + 4.1
16.5 + 4.0

at lower 1t1. The Wolf model curve agrees well
with the observed cross section for momentum
transfers less than 1t 1=0.7 (GeV/c)'. The cross
section for large momentum transfer is greater
than predicted by the model. Values of the f'-
region differential cross section are listed in
Table Q.

In summary, we find no evidence for fine struc-
ture in the dipion mass spectrum in the region of
the f '. We find an unexpectedly high differential

cross section at large momentum transfer, dom-
inated by natural parity:exchange.
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