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associated with phase diffusion brought about
by a random noise perturbation due to thermal
fluctuations. In the quantum theory, the pro-

cess of contraction of the density matrix after
the decay of each injected atom would convert
even a pure case into a mixture, so that Egs. (2)
really describe an ensemble of lasers for which
phase information is gradually lost. The den-
sity matrix does not describe the laser but
rather our state of knowledge of the ensemble
of lasers under consideration. If we knew in-
itially that a single laser had a nonvanishing
electric field, a density matrix with nonzero
off-diagonal elements would be required for

the initial description, and the average elec-
tric field would only decay with the very long
mean life of 1/D.

*Research supported in part by the National Aeronau-
tics and Space Administration and by the U. S. Air
Force Office of Scientific Research.
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EXPERIMENTAL STUDY OF p +p —p +N* AT INCIDENT ENERGIES OF 6-30 BeV*
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This Letter reports preliminary results of
a study of inelastic proton-proton scattering
at incident momenta of 6, 10, 15, 20, and 30
BeV/c and squared four-momentum transfers
|£] of 0.04 to 5 (BeV/c)?. The experiment was
carried out at the Brookhaven alternating-grad-
ient synchrotron (AGS). Similar studies have
have been made at incident momenta up to 3.7
BeV/c at the Cosmotron,® up to 7 BeV/c at the
Bevatron,? and up to 26 BeV/c at CERN.® This
experiment extends these studies over a very
wide range of incident momenta and momentum

transfers in order to obtain both detailed infor-
mation and a qualitative understanding of the
behavior of inelastic channels at high energy.
Differential cross sections were obtained for
the following processes

P+P~D +Ngyp, 52%(1.238),
- +N?, ?*(1.4),
=P +Nyp, 3,,%(1.52),
.y +N1,2’5/2*(1.69),
~p+Ny 5, 9%(2.19),
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FIG. 1. Experimental layout. XY, are wire chambers to measure horizontal and vertical coordinates along the
scattered proton trajectory, C is a Cherenkov counter, the S; are trigger counters such that a scattered proton
event is registered as 513253845, and M; M, form a beam monitor telescope; these items are not drawn to scale.
IC is an ion chamber used to monitor the incident beam. The scattering angle 6 was adjustable from 0° to 15°, and

the deflection angle 6 was varied from 2° to 12°.

where the mass, in BeV, is given in parenthe-
ses and the first and second subscripts are the
isospin and the spin, respectively.*

A magnetic spectrometer,® recently developed
at Brookhaven, was used to analyze prdtons
scattered by a hydrogen target. The spectrom-
eter made use of wire spark chambers with
magnetic-core readout to locate and digitize
a number of points along the trajectory of the
scattered proton. A plan of the layout is given
in Fig. 1. The information from the chambers
was coded and sent to a computer (Digital Equip-
ment Corporation PDP-6) which calculated,
“on-line,” the scattering angle and momentum
for each event. At the end of each run a sum-
mary was printed out which included histograms
of differential cross sections, beam character-
istics, and information on the performance of
the wire chambers. Data rates ranged from
one to 150 events per AGS pulse, depending
on the cross section under study. Target-emp-
ty rates were typically <59% of target-full rates.

The incident beam was obtained from the
AGS circulating beam by diffraction scattering
at 1° from an internal beryllium target during
a “front porch” which preceded the main flat
top of the AGS magnet cycle. The momentum
spread in the beam was +0.25%, the angular
divergence was less than 1 mrad, and the in-
tensity could be varied from 10° to 10® protons
per pulse for a circulating intensity of 5x 10
protons per pulse. The beam intensity was
measured with an ionization chamber and with
a counter telescope at 22° looking at the hydro-
gen target. The over-all momentum resolution
for the system, including the beam contribution,
was +0.45% at 6 BeV/c and +0.3% at 30 BeV/c.
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The over-all angular resolution was limited
by the beam divergence to +0.4 mrad.

For each event the missing mass was calcu-
lated from the momentum and scattering an-
gle of the detected proton. The missing-mass
resolution in the 1- to 2-BeV region varied
from +20 MeV at 6 BeV/c to +60 MeV at 30
BeV/c. A number of representative missing-
mass histograms are shown in Figs. 2(a)-2(e).
The peaks in Fig. 2 correspond to the elastic
peak and to the well-known isobars with masses
1.238, 1.52, and 1.68 BeV, as well as the more
recently discovered isobar at 2.19 BeV® and
the phenomenon at 1.4 BeV.”

The qualitative features of the data can be
summarized as follows. The N*(1.238) can
be seen at as high an energy as 15 BeV. The
phenomenon at 1.4 BeV dominates the inelas-
tic spectrum at high energy and low momen-
tum transfer [1£1<0.1 (BeV/c)?]. The N*(1.52)
is seen consistently for |£1>0.3 (BeV/c)? but
is hard to resolve for |#/<0.3 (BeV/c)? where
the N*(1.4) is present. In fact, the N*(1.4) and
N*(1.52) seem to produce a compound peak
which shifts in mass from 1.4 to 1.52 BeV as
the momentum transfer increases. The N*(1.69)
is present at all energies and momentum trans-
fers. At 20 and 30 BeV/c, where the higher
mass range was surveyed, the N*(2.19) is pres-
ent. There is no clear evidence for excitation
of the isospin-3 states at 1.92 and at 2.36 BeV.®
Finally, the dependence of the differential cross
sections on incident energy is much less marked
than the dependence on momentum transfer.

In order to obtain quantitative measurements
of the differential cross sections for the vari-
ous processes, it is necessary to integrate
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the areas under the corresponding peaks and
above the background. This procedure has been
carried out in two ways: (1) by hand, using

a “reasonable” hand-drawn background, and

(2) by computer, fitting a sum of Breit-Wigner
resonance shapes and a polynomial background

function to the data by the method of least squares.

It has been assumed that there is no coherent
interference among the resonances or with the
background. The two procedures give reason-
able agreement. There are two types of errors
inherent in either fitting procedure. Uncertain-
ties associated with the assumed shapes and
widths of the resonance peaks lead to an error
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of +50% in the over-all normalization for each
isobar. It is expected that these errors will
be decreased by more thorough analysis. Sec-
ondly, there are statistical errors and uncer-
tainties in the background shape which lead to
relative (point-to-point) errors. For most of
the data these are smaller than +25%. For the
N*(1.24) at 15 BeV/c and the N*(2.19) at both
20 and 30 BeV/c, relative errors of +50% are
quoted because their small amplitudes make
the cross sections unusually sensitive to the
choice of background. For the N*(1.52) and
N*(1.69) at |£]1>1.5 (BeV/c)?, the errors reflect
the large statistical uncertainties.

Our values for do/dt are given in Figs. 3(a)-
3(f) for each channel at the various energies
and ¢ values. For comparison, the differential
elastic cross sections are also shown.?

Since the differential cross sections in Fig. 3
show an exponential dependence on ¢ for 1£1<1.0
(BeV/c)?, an expression of the form do/dt
=Ae~DItl has been fitted to the data. The re-
sults are given in Table I, along with the range
of t fitted, and are plotted in Fig. 3. Total cross
sections, approximated by 24/b (the factor 2
takes account of the backward hemisphere in
the center-of-mass system), are also given
in Table I and are plotted in Fig. 4 as a func-
tion of incident momentum. The errors quoted
on A and b arise from the relative errors in
the differential cross sections. Errors in the
over-all normalization of a particular isobar
will affect the values of A but will not affect
the momentum-transfer dependence (the slope
b) or the energy dependence of A and b for that
isobar.

On the basis of the results so far, the follow-
ing tentative conclusions may be drawn.

FIG. 2. Typical plots of the doubly differential cross
section, d%c/(dlt|dW), versus W, where l¢| is the
squared four-momentum transfer and W is the invar-
iant missing mass. The arrows indicate the W values
for the isobars of mass 1.238, 1.40, 1.52, 1.69, and
1.92 BeV. (a) and (b) Variation of the cross section as
I#] varies from 0.024 to 2.06 (BeV/c)? and the incident
proton momentum is fixed at 15.1 BeV/c. (c) Variation
of the cross section as the incident proton momentum
changes from 6.1 BeV/c to 20.0 BeV/c and |¢| is fixed
at 0.042 (BeV/c)?. (d) Variation of the cross section as
the incident proton momentum changes from 9.9 to 29.7
BeV/c and l¢| is fixed at 0.82 (BeV/c)?. (e) Example
of the production of N* (2.19) at an incident proton mo-
mentum of 30 BeV/c and l¢] =0.19 (BeV/c)?. In this
case only the quantity plotted is d%0/dWd<Q.
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(1) At high energy and very small momentum

transfer, the most striking feature is the N*(1.4).

In those cases where it is dominant, its mass
is 1.405+ 0.015 BeV and its width is 180+ 50
MeV. Recent phase-shift analyses of m-p scat-
tering® indicate a possible P;, resonance in the
mass region of 1.4 to 1.5 BeV, but the evidence
is not yet conclusive. If the N*(1.4) as seen

in this experiment is to be identified with any-
thing in 7p total cross sections, as are other
isobars, its excitation mechanism must be re-
markably more efficient than that for the other
isobars. Possibly, the Drell-Hiida mechanism
plays a role here.!® Alternatively, it may be
that the N*(1.4) is a highly inelastic resonance
and is therefore suppressed in 7p total cross
sections.

have a slope of about 5 (BeV/c)~?, which is
half the slope of the elastic cross section.
The isospin-3 isobar with mass 1.24 BeV and
the phenomenon at 1.40 BeV have a slope of
about 15-20 (BeV/c)~2, or twice the slope of
the elastic cross section. This variety in the
slopes seems inconsistent with the “coherent
droplet” model.!s12

(3) Table I and Fig. 3(e) indicate that the fit-
ted slope for the 1.69 isobar is about 5 (BeV/c)~2
over the entire energy range. However, the
increase in this slope as the energy increases
suggests a possible “shrinkage” effect. For
It1>1.0 (BeV/c)? the differential cross sections
for both the N*(1.52) and N*(1.69) show a dis-
tinct energy dependence. As can be seen in
Figs. 3(d) and 3(e), there is a resemblance

(2) For [£1<1.0 (BeV/c)? the slopes of the
five differential cross sections under study
divide into two sets. The three isospin-3 iso-
bars with masses 1.52, 1.69, and 2.19 BeV,

to the behavior of the elastic differential cross
section in this region, consistent with a specu-
lation of Wu and Yang.'® The slopes for 1t{>1

(BeV/c)? average about 1.5 (BeV/c¢)™2.
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FIG. 3. Comparison of the behavior as a function of |#| of the differential cross sections for the production of
the five isobars and for elastic scattering in the region l#| <1 (BeV/c)?. For each process, do/dft=A exp(—blti)
is plotted versus || using the values of A and b from Table I. Relative errors are shown. (a) Average values.
(b)-(f) Differential cross sections for the production of the five isobars of mass 1.24, 1.40, 1.52, 1.69, and 2.19
BeV as a function of |#| over a range of incident proton momentum from 6 to 30 BeV/c. The curves are the fits
to the data and are given by the parameters in Table I.
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Table I. Results of fitting an expression Ae~b It] to the measured cross sections. For each inelastic channel at

each energy we give the range of { used in the fitting, the results A and b, and the total cross section, approxi-

mated by 24/b.

Pine t range A b o
(BeV/c) (BeV/c)? [mb (BeV/c)—2] (BeV/c)—2 (mb)
p+p—p+N*(1.238)

6 0.01-0.11 2.96+0.56 15.8+2.9 0.376+0.076
10 0.01-0.13 1.60+0.50 17.3+2.0 0.184+0.050
15 0.02-0.13 1.50+1.00 21.1+4.4 0.142+0.100

p+p—p+N*(1.40)
10 0.01-0.11 6.06=1.00 22.3+3.4 0.544+0.090
15 0.02-0.14 4.80=0.90 15.9+2.3 0.602+0.106
20 0.02-0.14 4.75+1.20 14.4+2.5 0.660+0.150
30 0.07-0.13 8.82+4.20 23.5£5.1 0.744 £0.350
p+p—p+N*(1.52)
10 0.3-0.8 0.39+0.12 3.95%£0.51 0.196£0.056
15 0.2-0.9 0.31+0.07 3.88+0.45 0.160+0.032
20 0.2-0.9 0.33+0.07 3.83+£0.37 0.170x0.030
30 0.2-0.9 0.36+£0.10 4.30+£0.50 0.166 =0.042
p+p—p+N*(1.69)
10 0.01-0.8 1.28+0.10 4.50+0.50 0.562+0.058
15 0.02-0.6 1.61+0.17 5.05+0.38 0.638+0.068
20 0.04~0.8 1.47+0.20 5.25+0.48 0.560+0.070
30 0.07-0.9 1.79+£0.29 6.19+0.50 0.576+0.084
p+p—p+N*(2.19)
20 0.07-0.8 0.328+0.072 5.14+0.56 0.128x0.024
30 0.08-0.6 0.274+0.100 5.07+0.90 0.108+0.036
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FIG. 4. Total cross sections for the processes p+p
—p+N* as a function of the incident proton momentum
where N* is one of the five nucleon isobars of mass
1.24, 1.40, 1.52, 1.69, or 2.19 BeV.

(4) There is essentially no energy dependence
in the differential cross sections for |fl<1
(BeV/c)?. [It is interesting that the real part
of the elastic differential p-p cross section,
measured near |¢|~0.002 (BeV/c)?, also has
no significant energy dependence.'*] As a re-
sult, the total cross sections, which depend
almost entirely on the small angle scattering,
are also substantially energy-independent,
as can be seen in Fig. 4. The sole exception
is the total cross section for N*(1.24) produc-
tion, which decreases by approximately a fac-
tor of 3 in going from 6 to 15 BeV/c. The gen
eral lack of energy dependence is inconsistent
with statistical arguments which suggest that
since the number of channels increases rapid-
ly with energy, the cross section allotted to
any particular channel must decrease with in-
creasing energy. These results indicate, rath-
er, that the channels that are significant at
low energies retain their share of the total
cross section as the energy increases.

(5) The sum of the total cross sections for
the five channels studied amounts to ~1.7 mb,
or 6% of the total inelastic p-p cross section
(30 mb). Since these channels are only a small

859



VOLUME 16, NUMBER 19

PHYSICAL REVIEW LETTERS

9 MaAy 1966

fraction of the possible two-body final states
available (e.g., double isobars) this suggests
that even at 30 BeV, an appreciable fraction
of the total p-p inelastic cross section proceeds
via two-body final states.
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of this experiment and the assistance of S. Hel-
ler in the programming, of W. Higinbotham,
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and of E. Bihn and R. Rothe who helped in many
aspects of the preparation and running of the
experiment. The cooperation of G. K. Green,
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ANGULAR DISTRIBUTION OF THE 7° IN THE REACTION 7t +p~n%+p +7° UP TO 1070 MeV
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(Received 1 March 1966)

The differential cross section for the emis-
sion of y rays in 7tp scattering has been mea-
sured at five angles and for incident-pion ki-
netic energies ranging from 500 to 1400 MeV.
In a previous paper we have reported the re-
sults concerning the total cross section of the
process 1t +p—at+p+70.}

Let us describe the experimental arrangement
and the principle of the analysis of the experi-
mental results. The counter assembly consist-
ed of three distinct groups (Fig. 1): the incident
telescope 7, the counters surrounding the tar-
get C, and the photon telescopes y, (4S);. Two
groups of five telescopes for photon detection
were placed symmetrically on either side of
the target, in the horizontal plane. Each of
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FIG. 1. Arrangement of the counters. T{T T3T T sF:
incident telescope; C: 4w scintillators surrounding the
target; (4S);: photon telescope.



