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logical fit for the R2 term were used so that an analytic
off-shell deuteron photoamplitude was readily available
for the calculation of the triangular diagram [Eq. (4) j .
This with the addition of isotropic terms reproduces
the physical amplitude used in Eq. (1). Isotropic terms
do not contribute directly to the asymmetry coefficient.
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Cross sections for charged-pi-meson production by 7.28-6eV nitrogen ions on elemen-
tal targets were measured at a laboratory angle of 15 at the Princeton Particle Acceler-
ator. At pion energies of 260 and 415 MeV, the data show the A. '~3 dependence pre-
dicted by an "effective number of nucleons" model. For ~" energies above 415 MeV,
the measured cross sections exceed those calculated from nucleon-nucleus data, even
after the inclusion of Fermi-motion effects,

Double-differential cross sections for n pro-
duction by 7.28-GeV ' N nuclei (520 MeV/amu)
were measured at a laboratory angle of 15' as a
function of m energy. The dependence of these
cross sections on target atomic weight & was
measured at m energies of 257 and 415 MeV, for
both n and n', on eight elemental targets. Poly-
ethylene and Teflon targets were also used to ob-
tain the H and F cross sections by subtraction.

The N beam was extracted from the Prince-
ton Particle Accelerator. ' The experimental ar-
rangement is shown in Fig. 1. A magnet (M2)
was used to provide momentum analysis and the
pion time of flight (TOF) was measured down-
stream with a counter telescope. ' A pion event
was defined by signals from three scintillators
and a Cherenkov counter. The data were normal-
ized by using two argon-filled ionization cham-
bers in the primary ' N beam. '

For each run, the normalized "target-out" TQF
spectrum was subtracted from that for "target
in. " The former generally was less than 20% of
pion events. The data then were corrected for

the efficiency of the Cherenkov counter and the
number of detected pions was obtained by inte-
grating the events under the remaining pion TOF
peak.

The TOI" spectra were only used to eliminate
background due to slow particles, and not to de-
termine the pion velocity. The electron contam-
ination was not measured directly, but is esti-
mated to be less than 5%, based on target char-
acteristics and published measurements of rela-
tive electron fluxes.

The nitrogen beam intensity was -5x10'/sec
during this experiment, and typically five pion
events per second were observed. The experi-
mental errors associated with data points are be-
tween 6 and 10%. These include the effect of the
background subtraction, Cherenkov-counter effi-
ciency, and the TOF cuts used to define the pion
peak.

The following possible sources of systematic
errors were considered: (1) monitor normaliza-
tion, (2) acceptance calculation, and (3) mean
pion energy and energy spread.
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FIG. l. Experimental layout. ~&, S2, and 83. scintillation counters; C: Plexiglas Cherenkov counter. Two di-
pole magnets were used: M1 to deflect the primary nitrogen ion beam, and M2 to define the momentum of the pion
beams. Overall normalization for the experiment was provided by the ionization chambers in the primary beam.
A relative-beam-intensity monitor was provided by the N monitor, "which detected neutral particles produced in
the polyethylene sheet.

The monitor-normalization uncertainty of 7.1/o
stems from the uncertainty in the accuracy of
the ionization-chamber calibrations' (6.7'%%uo) and
the precision of their output (2.5%). The normal-
ization of the data taken during the early runs
has a further systematic uncertainty. This was
associated with a beam misalignment detected
after about 40% of the data had been collected and
a failure of the electronic gating circuits due to
overheating. The net effect was a systematic
shift in the observed detection efficiency of a fac-
tor of 1.90+0.08 as obtained from a direct com-
parison of runs before and after the discontinuity.
The "early" data and their errors have been
scaled by the above factor and its estimated un-
certainty. Residual systematic effects are be-
lieved to be negligible because of the following:
(1) The ionization chambers were calibrated near
the end of the experiment, by using a carbon ac-
tivation measurement of the absolute beam inten-
sity. This calibration agreed with their calculat-
ed response, and with a prior x-ray calibration.
(2) A preliminary test of this experiment was
made by using entirely different apparatus. ' The
errors associated with the preliminary data are
larger (-20%). However, a g' test indicates that
the data belong to the same set with a 60'%%uo prob-
ability. (3) No systematic discrepancy between
"early" and "late" data is found, either as a func-
tion of pion energy or target atomic weight.

The detector position and magnet setting de-

fined an acceptance function (the fraction of v's
produced that are detected) which covered a band
of pion energies, occasionally as la.rge as + 30'%%uo

from the mean energy. Corrections to the calcu-
lated acceptance included (1) w decay, (2) detec-
tion of p's, (3) Coulomb scattering, and (4) nucle-
ar scattering. ' All of these corrections are en-
ergy dependent, and the latter two are dependent
on the production target material. The accep-
tance uncertainty (7.6/0) has three dominant con-
tributions: (1) The solid-angle calculation has an
uncertainty of 5. 4'%%uo which includes the uncertain-
ty inherent in the vertical-focus correction and
the error due to the precision of the method of
calculation. (2) The uncertainty in the magnetic
field was 5'%%up. (3) The uncertainty in the correc
tions was less than 2%.

Figure 2 shows the measured differential cross
sections for w pions of 257 and 415 MeV, and
for m' at 411 MeV taken at 15', as a function of
the target atomic weight. The cross sections are
seen to agree well with an 4"' dependence, as
would be expected for an interaction localized on
the nuclear surface. '

It is necessary to account for the effects of
Fermi motion in the interacting nuclei to com-
pare the cross section as a function of energy
with nucleon-nucleon data. Insofar as the target
is concerned, we have assumed that these effects
are included in measurements of nucleon-nucleus
cross sections. The following momentum distri-

1171



VQLUME 33, NUMBER 19 PHYSI t" A I. R K V I E W I.K IT E R 8 4 NovEMBER 1974

I I I I I I III I I I

100

200—
Vl

C7

100—

Cy
50—

UJ

b
C4

U

20

pi~
~k 10

CV

b
. 0

Be C Al S FeCu Ag P6

10 I I I

5 10
I I I I I I I II

20 50 100
Target atomic weight

I

200 500-

40
I

80 120
Current (amperesj

I

160 200

butions were postulated for the nucleons in the
projectile nucleus:

f, (p)d'p ~ f[1+expg;(p)] j 'd'p, (1)

where p is the momentum in the projectile frame
of reference, i =1 or 2, andg, (P) = (P -Po)/A. ,

g.(p) = (p' p.')/&. -
A distribution of the form of Eq. (1), withg, (p),

was used successfully by Piroue and co-workers'
to fit measurements of antiproton production be-
low the nominal nucleon-nucleus threshold. The
parameter po was obtained from the average nu-
cleon energy due to Fermi motion. The width
used was A. =0.05 GeV/c.

A second distribution, reported to give accept-
able fits in some cases,"was also tried:

f, (P) &p ((p'+ ~')(P'+ li') j 'd'P, (2)

where n = 0.047 GeV/c and P =7o as used in Ref.
6.

These distributions were integrated over mo-
menta perpendicular to the direction of motion
and transformed into the laboratory frame of ref-
erence. The relative width of the distribution
(A, /P) was kept constant under the transformation.

The v production cross section for a given w

energy and incident nucleon momentum was com-
puted by interpolation of p-nucleus data'' (n-nu-

FIG. 2. Measured double-differential 7r production
cross sections as a function of target atomic weight
for 7.28-6eV incident 4N ions giving 247- and 415-MeV

and 411-MeV 7r+ at a 15' laboratory angle. Squares:
T~-=257 MeV; triangles: T„-=415MeV; circles: T +

=411 MeV. The open symbols are "early" data, scaled
as described in the text; the filled symbols are un-

scaled data. The lines have a slope of A and weref.g3

hand-fitted to the data.

FIG. 3. Differential cross section for 7r production
as a function of the current in the momentum-analyzing
magnet (I). The open circles are "early" data, scaled
as described in the text; the filled circles are unscaled
data. The curves are calculated by using the functional
forms indicated for the projectile momentum distribu-
tion. The Qp) curve was calculated by using g&(p) in
Eq. (1). H(p) corresponds to the projectile momentum
distribution of Eq. (2), and Q(p) is based on a simple
Gaussian distribution, calculated by using g~(p) in Eq.
(1).

cleus data are only available at one neutron en-
ergy in our range'). The neutron and proton con-
tributions to m production were added by using
the w'/w ratios given by the isobar model. ''
These "nucleon-nucleus" double-differential
cross sections were then scaled by the "effective
number of nucleons" contributing to the interac-
tion. '' ' Finally, the cross sections were fold-
ed with one of the laboratory momentum distribu-
tions to give a "Fermi-smeared" nucleus-nucle-
us differential cross section, OF.

The measured 7T cross sections for aluminum
are presented in Fig. 3 directly as a function of
spectrometer-magnet (M2) current. To eliminate
the uncertainty involved in unfolding the accept-
ance from the measured pion spectrum, OF was
folded with the known aeceptanee. The mea-
sured m production cross sections at M2 cur-
rents above -90 A can be seen to be significantly
larger than the calculation based on nucleon-nu-
cleus data predicts. This corresponds to ~ en-
ergies above -415 MeV. Similar results were
obtained for a lead target, where data were col-
lected up to 160 A (nominally -600 MeV). Data
for other targets were only obtained at lower pi-
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on energies. The resolution of our apparatus
was so broad that it was not possible to investi-
gate the mechanism for this effect.

It would have been desirable to measure the
cross sections as a function of A. at the higher
pion energies to ascertain whether deviations
from the A' dependence exist. Such deviations
might point toward the existence of "coherent"
effects" " (volume effects, which also would
produce deviations from this dependence, ' are
not likely to affect the high-energy pion tail).
Alternatively, the observed discrepancy may in-
dicate the emission of pions from nuclear excit-
ed states of the incident projectile (or from a
residual fragment). A similar effect has been
observed"" for proton-induced w production on
D, He, C, and N targets. The interpretation in
terms of residual excited states in this case is
also supported by theory. "
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