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ABSTRACT

Preliminary da/dt distributions are presenrted for the pion charge exchange
reaction 1 p = 1°n {0 € -t < 1.4 (GeV/c)?). Tucident v~ momenta were
20.7, 40.6, 66 and 101 GeV/c, obtained at the NAL Meson Laboratory. The
effective Regge p trajectory for these data is discussed. The relationehip
berween the new forward differential cross sections and existing data on n‘p

+ N -
and 7 p total cross sections is examined.
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L. Introduction

An experiment fs in progress at NAL to measure various neutral final

state reactions of 1 mesons on protons. Preliminary results for the reactionm:
2 p - tn (1)

in the momentum interval 20 GeV/c to lL00 GeY/c are reported here. In an

accompanying paper [1] we give results for the reaction n p - nn, and we

report some evidence for production of other neutral final states, including

a"n and w’n.

Pion nucleon charge exchange is considered to be one of the simplest
examples of the Regge mechanism because this reaction is dominated by the
exchange of a single Regge trajecrory, namely the p. However, polarization
measurements [2] show that the interaction 1s more complicated tham the exchange
of a single trajectory. In order to investigate the Regge character of this
reaction it is important to obtaio measurements at high energy over as large am
energy and momentum transfer range as possible. We have therefore measured
the differential cross section do/dt cthroughout the momentum transfer range from
-t=0 to ~t I 1.4 (GeV/c)2 at momenta from 20 to 100 GeV/c and have determined
an effective p trajectory from these data in conjunccion with published data
from 5.9 to 18.2 GeV/c. [3]

Isospin invarience and the optical theorem imply e well-kpown reletion between
forvard charge exchange scattering and the difference, Ac, between the tocal

. - - + - -
cross sections for v p and 7 p scattering, as given by the following expression:

— CEX =L (1 +8) Ua fox @n? =255 @+ rd el @

2
e=0 P1ab

where R is the ratic of real to imaginary parts of che forward charge exchange
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scattering amplitude, Plab is the laboratory beanm comentun in units of
ub

. Z
(CeV/c)
4 result froo field theory tc estikate R froz our measured @ trojectory.

GeV/e, do/dr is in and Ae i{s In mb. Iz Sectfon IV wr sake use of
On the basis of this information ve usc equation (2) to predict - as a
funtion of Plap” These predicrions are chen cozpared with existing data on

aT("P).

{1. Description of Experiment

Identifying the fndividual reactions under study and distinguishing thea
froo background are of crucial ioportance. The charge wchange cross sccticon
ar 101 GeV/c is approximatcly 10-4 tioes the =-p total cross section and about
1/'0 the cross section for producing fisal states consisting solely of neutral
particles. The serivus background comes from rcactions such as 8 p » I°H..
wherve the Y is indistinguishable from a valid charge exchange »’. Betection
of Jow energy photuns fron the H. decay (N. . nu:) Ident{fies chis reaction

"y

as background.

The experimental arrangement is shown schesatically In Figs. 1 and 2.
The apparatus [s deslgned tou measure those neutral Tiaal state reactioms In
which all photons are within the acceptance of the y-ray detector. The
reaction klnematics are then deteroined solely {roo the photon mcasurezents.

An incident =  f{n the beam is tagged by a Cthreshold Cerenkov counter,
and the pion position and angle are neasured by counter hodoscopes Hl and HZ.
The bean gecmetry Is defined by counters M), M2, M) and AD, where halo
particles are rejected by A, Thedouble cell liquid hydrogen target is b0 co
lung Jdnd is surrvunded by scincillation counters Al, A2 and Al which are

used to inhibit an vvent crlgger whenever charged particles are produced in

the final state. In addition there are shower veto counters which do no:
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participate Ln the trigger logic but rather tag the presence of flnal state
photons cutside the acceptance of the 7-ray detector. The shower veto counters
upstrean and downstrean of the target ore oulti-layer lead scintillator shower
detectars, having five lead plates totaling either 5 or 10 radiation lemgths.
The shower veto counters closely surrounding the hydrogen target (the “veto
housce™) are of slafies construction, except that they connist of plastic
Cefenkov detcetor instead of scintillator in order to olninize their sensitivity
to recoil ncutrons [roa charge exchange eveats. There are eight lead plates
in every veto housc counter; four plates are each one-quarcter of a radiation
length in thickness and four are one radiation length each. This arrvangeneat
wvith two thicknesses of lead plates ensures a high detection elflciency Iur
low coergy photons, cven for thuse incident at highly oblique angles. The
photon veto systinm covers the entire 43 solid angle except for the detector
svlid angle and the 5 co x 5 co bean entrance hole.

The " detector 1s a hudoscope detector which seasures the x and y
(transverse coordinates) distributlons of the energy deposited in one or
toge photoa showers, integrated over the axial (*iciden: bean direction)
coordinate z. The detector is shown schematicaily in Fig. 3. It is con-
structed of 19 lead plates, cach 6.4 = thick and 75 co square. The plates
are stacked norosl to the direction of fancident particles (z) with gaps
between then of approximately 7 c=. These gaps are filled with long narrow
scintillation fingers, 1.05 cu wide, which are close-packed and run the full
width of the detector. Vertical aod horizontal fingers are im successive
gaps. The eight {lngers having the same x coordimate or the same y coordlnate

are connected optically by curved light pipes at ome end, acd each set of

at fingers su connected constitutes one counter. There are 70 x-counters

and 70 y-counters. Each finger has been separately wrapped with foil of
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graded reflectiviry, and a light trap caprures those rays transmitted at
large angles to the finger axis. Because of this special treatment, each
counter yields pulses of uniform height (vithin 22) over the entire counter
length.

By sizultaneously peasuring all pulse heighes, hxl and h (1 15 70),

yi
in the detector counters lt is possible to fiuad the energy E, mass M, and
production angle of a particle decaying 2t the target iuto the photons observed

by the detector. The [irst three spatial moments of the pulse height .istri-

bution are given by

Ex = f hxt : Ey = ; hyl
1
=_1 =_1
x=<5 Zxh ;s ¥y== Zy.h
E, o Lxd Eyilyl

Uxi

E and H2 are then evaluarted from the spatial oouents using the following

expressions:
E=-1-(E + E )
2 x y
2 f—= 2 — 2
(;-) =4 [(xz-x yr Gt -y -2t
= L

where L is ithe distance from the targetr to the detector and 62 is a constant

which is an approxinate measure cf the inheremt width of a single shower of
half the total cnergy. The coordinates (x, y) are a goed estimator of the
point of intersection between the detector and the extrapolated trajectory

of the decaying particle. The productioa angle is then computed froo (x, ;)
and che 7 bean hodoscope information. These relations are based on the small

angle approximation and hold for particles decaying in any decay orientetion
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and into any mumber of photons es long es ell of the photous enter the detec-or.

The trigger lugic requlres the following:

1. The incident pion oust be within the acceptence of the beam-defining counters.

2. There must be no incident charged parcicle accompanying the trigger pion
within a time interval of ¢ 50 ns, including the halo region.

3. The incident n must interact in the target and there wust be no charged
particles in the [inal state.

4. Within the critical parts of the anticoincidence system there must be
complete recovery from any large pulses arising from = previous inter-
action.

5. The on-line computer must be ready to accept a new event.

Whem a successful crigger occurs, a complete set of data on that event

is read Into the cumputer and written on magnetic tape for subsequent analysis.

A sample of ths events Is analyzed on-line in order to display plots of .urrent

operating conditions and wp-to-date results. Tag bits are recorded for the

hodoscope counters, the Cerenkov counter anu all of the photon snower anti-
coincidence counters. Pulse heights are recorded for the 140 photom detector
counters, for tne Cerenkov counter, for the charged particle veto systen

(AZ and A]) and for each vf the shower anticounters. The pulse height analyzer

system contains 160 channels of 2200 bins each. Input pulse heights are

digitlzed in paral'el within 100 mlcroseconds. The output Iinfarmation is read
serially at a rate linited by the coaputer, taking up to 2 ms for the complete
readout of an event. These kinds of data, with our loose trigger conditions,
pernit a [lexible off-l.ne treatment of each event and allow subsequent

analysis of the effects of each cut parameter.



111. Selection of Events

The trigger condition assured that a final state was completely neutral.

The cut structure listed in the following table comprises the aff-line

selection criterfa used in selecting the sample of charge exchange events.

1.

The CLEAN requirezent., There oust be no pulse in any photon veto counter,

thereby eliminacing cvents with photons outside the solid angle of the
detector.
Cerenkov Tag. A pulse 1n che threskold Cerenkov counter is required,
thereby eliminaring kacns and antiprotons from the beam flux.

Energy in the 2° detector. The ed epergy was required to be within

the full energy peak corresponding to che incident " bexm energy.
Number of photgns. It was required that two individual showers be
resolved by the detector for the charge cxchange reaction.

Cos® cut. In the decay w® - YY, the emission angle B of the photons
in the o° rest frape with respect to the #° line~of-flight cas be
calenlated from the data. Those events having eniszion angles with

| s 8 [ > 0.7 ate eliminared becanse one photon has very small labora-
tory enevgy near cos8 = 1.0. Tbils arbirrary cur is well outside the
region where the detection efficiency falls below 100Z.

Mass cut. The value of the mass M measured by the detector 1s required
to be withia the n° mass peak.

The distribucion in Hz for events satisfying criteria 1-5 (mass cut not

imposed) is shown 1n Fig. 4. Tne level of the beckground outside the ao

masg peek 1s very low, perrdtting cleen identification of o events.

Moreover, the mess spactra for the one photea and three photon events

(oot shown) exhibit no peex in the x° region, indiceting very little
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loss of events from the two photon category.

Iu calculating cross sections it is necessary to correct for the loss
of genuine reaction (1) evenrs which are eliminated from our data sample by
various cuts, and to correct for the inclusion of background events in the
data sample. These corrections are listed in Table I. Most of the corrections
wure measured directly from the data or from several special runs inter-
spersed with the data collection. Several of these corrections are for well-
defined physical processes for which a reliable calculation can also be made;
wherever possible the empirically determined correctiens were verified by
caleculacion.

The fraction of recoil neutrons detecred by the veto house was empirically
measured hy examining the pulse height distribution as a function of the
azimuthal amgle of the 1° and thus, of the recoil neutron. A pimilar amalysis
was carried out for the charged veto counters on a sample of data collected
for this purpose. The efficiencies of the veto house counters as a function
of energy for hoth photons and neutrons were also measured using a tagged
phioton beam at the Stanford Mark iii aceelerstor and 2 ragged neutron bean
ar the LBL 184" cyclotron.

As an additional check on our overall normalization we measured the N_p
rotal cross section et 40 GeV/c using the same beam logic and liquid hydrogen
target. Our result of o =(24 % 2) rb is in good agreement with the 50 GeV/c

result of 24.1 mb reported by Baker et al. [11]

I¥. Results:
The preliminary distributions of do/dt for reaction (1) atr 20.7, 40.6,
66 and 101 GeV/c are given in Fig. 5. At 20.7 GeV/c che region of good

9 :
acceptance for 2 's was confined to a limited range of momentum tramsfer,
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and thus we present data for chis energy only between ~t =0 and 0.5 (Gevlc)z.
Fur the three higher energies the data {s presented over the range 0 < -t < 1.4
(chlu)z. In Fig. 6 we shou the smzll t region, with horizontal error bars
at the bottom of this figure indicating typical values of the experimental t
tesolution (At) at 101 GeV/c. 7The total number of events at each energy tor
reaction (1) is listed in Table I1. The data show a characteristic forward
peak with a small dip at t=0 and a break around -t = 0.6 (CeV)c)Z. These
features are similar to those observed at lower emergies {3, 4, 5, 6, 77,
although the dip at t=0 is more pronounced in our data than in the highest
energy data (48 GeV/c) of Bolotav et al. [4], where Lt is essentially absent.
The presence of a forward dip in the data from 20 to 100 GeV/c suggests that
the strong spin—[iip contribution which is evident at energies below 20 GeV/c
petsists at high ener.gies. The position of the break near -t=0.6 (Ge\-!/l:)2
shows no obvious systematic variation with energy over the range from 40
GeV/c to 100 GeV/c and appears to be consistent with the position of the dip
observed in data for reaction (1) down to an incident momentum of 3 GeV/c [3].

A value for (dr!/dl:)FD at eacn energy has been extrapolated by fitting
the data In the region -t < .04 ((:e\'/c)z to a second - order pclynominpal.

‘The results are shown in Table 11.7 Alsa in Table 1l are listed values for

= jde 3)
3 = |dc dt

at each encergy. These values are plotted in Fig. 7 as a function of imcident

beam mumentum, along with integrated cross sections from uvther experiments B-71.

*The s explitude mn=lys’s et 5 CeV/c [15] indicetes a very steep t
zependence for the non-flip amplitude of regction (1) mear t = 0. In this

vur pelynezizl extrapose = 0 cowld ba systematically low
by roughly 10%4. A4 detailed sty & 2ffeect is in progress.
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The data points from the present experiment appear to be systematlcally below
those of Bolotov, et al-14). We have fitted the measured values of Scex O

a funcrien of the form
-H

v = APy

CEX

using the data of this ewperfment alov} with the data of Ref. [3]. spaming
a range from 5.9 to 10D GeV/c ircident momentun. The result of this fit is
shuwn by the dashed curve in Fig. 7, with A = (679 T 47)pb and N = L.15 ¥ oo
Bolutov et al. (4] report values of A = (680 T 50y woand H = 1.12 * 0.03 vsing

their data and that of Ref. {3].

A study has been made of the effective Regge p trajectory by fitting

data frow reacticn (1) to the functional form

de _ B 2a
& T 2°% (4)
sq

where ¢ and B are parameters to be determined as a2 function of t, and q is
the momentum of each particle in the CM system. An overall fit (Fit 1) from
6 to 100 GeV/c hzs been carrled out ar a number of t values, using the data
of Ref. [3] and of the preseut experiment. The vesults of this fit are
summarized in Table III, and plots of do/dt versus P1eb are given in Fig. B
for several representative values of f. The curves in Fig. 8 show the best
fir to (4) act each of these t valuas. The fitted values of a are displayed
in Fig. 9(2). By way of comparison, we zlso show in Fig. 9(a) the values of
a obtaiped by fitting the data of Refs. {3] and [4] from 6 to 50 GeV/c (Fit 2),
as reported ie Ref. [4]. Wz have not attempted a fit including both our data
and the data of Ref. [4] because of the inconsistency between their resulta

and vur preliminary resules,



- 10 -

There is reasonable agreement betveen these two sets of a's in the range
0.05 < -t < 0.6 (GeV/c)Z. However, at small t the values of a from Fit 1
appear to flatten out and approach an intercept value @(0)  0.50, whereas
the values of a from Fit 2 are more linear in the small t region and approach
an fntercept vzlue a{0) = 0.58. For -t > 0.6 (GeV/c)Z, there is an indication
that the effective trajectory from Fit 1 li.s somewhat above the trajectory
obtained in Fig. 2,

To investigate further thne behavior of Fit 1 in the small t region, we
have f£it separately the data of Ref. [3] from (-18 GeV/c (Fit 3) and the data
of the present cxperiment from 20-100 GeV/c (Fit 4). (In Fit 4 we have deter-—
mined values of a only for -t < 0.5 (C—ev/c),z since the 20.7 GaV/c date is
restricted to this t-region. Without the 20.7 GeV/c data, the s-interval of
the remaining data is too small to obtaln a meaningful fit.) The results of
Fits 3 and 4 are listed in Table IIl and are plotted in Fig. %(b).

For -t < 0.2 (GeV/c)2 Fit 3 lies systemacically above Fit. 4. The
nun-linearity of Fir 1 at small t is not ohvious in either Fit 3 or Fit &
and may be an artifact of combining two sets of data with different energy
dependence into the same fit. A possible interpreration of the systematic
difference between Fit 3 and Fit 4 is that equation (4) does not adequately
describe the energy dependence of reaction (1) over the entire range from
6 to 100 GeV/c. This point may be clarified when new data at energies above
100 GeV/c become availahle from the present experiment.

Invoking the general principles of axicmatie field theory and assuming
a power law dependence on s for the forward charge exchange amplitude, onme

can obrain [10] the ratio R of the real to the imeginary pert of the forward



cherge exchange amnlitude:
R = tan “—:‘,E.E)- )

This ratio it independent of 5, given the validity of the power lew assumption
of equation (4).

Over the range fram 20 to 100 GeV/c we edopt & value of ao) = 0.50
tased on Fit 4, end from expression (5) we would then obtein R = 1.00.
However, if the power lev esswmption is not rigorously correct, es is
possibly suggested by the effective trajectory anslysis, then R would differ
from this velue end would very as a function of 5. In the present case, we
estirate from e dispersion calculeticn thet R would be grester them 1 (typieally
1.08) between 20 and 100 GeV/e, teling the difference betwsen Fit 3 and Fit ¢
et Tece velue.

We heve computed two predictions for fo = T(:t’],:o) - cr.l.(ﬂ+p) from 20 to
100 GeV/c, using expression (2) with R = 1.08, One prediction, shown by the
solid curve in Tig. 10, uses the velues of (da/dt)ho given in Teble IT.

As discussed ebove, the polynomiel extrapolation to t = 0 mey leed to e velue
which 1s systemeticelly low by ebout 10%. Therefore, we heve camputed e
second prediction, in which the velues of (dl:!/ﬂ('.)t=D in Table IT have been
increesed by 10%. This second calculation is shown by the dashed curve in
Fig, 10,

Heither curve 1s entirely in egreement with the trend of existing data
from x p end n'D total cross section meesurements [11-14]. The solid eurve
is low throughout the entire energy range. Although the deshed curve is
consistent witn the NAL dete of Ref. [11] at 50 and 100 GeV,’c, it epparently

would be too low if extended to 150 end 200 GeV/c. Both predictions fall



systematically below the Serpuxhov totel cross section dete of Ref, [12].
At 20 GeV/c the deshed curve is in good sgreement with the HAL dste of Ref.

[13], it the predicted energy dependence is too steep to describe total
cross section deta below 20 GeV/c.
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Cross Section Corrections for ﬂ_p + 1%

Length of LH, target

2

Spurious charged veto
y-rays from n~
Conversion of Y-rayg
#ecoll nuetron veto
Accidentals

Spurious shower veto
Recoil neutrom veto®
Accidentals

»” detection efficiency
Geontrical acceptance'
N =2 cut
Cdsine @ cur

2 - ¥ e+e. Decay
Background

Target empty
N* contamination

»
Averaged over t.

15~

Table I

20.7
GeV/c
CeV/c

-5Z
-1Z

-0.22
-0.52
-292

-1z

+32
+32

40.6
GeV/e
40.1 en

~52
-52
-27
-2Z

-52
-1z

-0.52
~292

-12

B3
+3Z

+32

101
GeV/c
60.4 co

-7z
-62
-22
-62

=52
-3z

-0.52
-29%

+32
+32
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Table I1

Prelininary Results for n“p +n%n

*
da
of Events T4 ©cex
20.7 Gev/e 3557 96 T 10)ub/ (Gevse)? (215 £ 1.3)wb
40.6 28804 wrt o3 (9.4 %0.8)
66 11528 @ 2 (5.5% 0.3
101 26995 ast 2 (3.3%0.3)

#*Cbtained from polynomiel extrapolation to t = 0. See footnote,
pege 8 for discussion of possible systemstie error in extrapolation.
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Teble ITI

Effective Regge Trajectory Values

for n-p-oyr ]

Fit 1 Fit 3 Fit 4
Range of Plb 6-100 GeV/e 6-18 GeV/c 20-100 GeV/c
Data Used Ref. 3 a - Ref. 3 Present Expt.
Present Expt. (Prelim, Results)

{Prelim. Results)

values of Q:

-t = 0.0 {cev/e)? 0.593 £ 0.013 0.62 * 0.05 0.L8 + 0.03
PRS- G.bok + 0,014 0.56 % 0.35 0.48 + 0.02
Q.09 0.499 = 0.01k 0.60 * 0.05 0.k6 + 0.02
0.07 0.478 = 0.014 0,52 + 0.05 . 0.45 2 0,02
0.09 0,461 * 0.015 0.51 * 0.06 0.45 + 0.0%
0.12 0.5440 = 0,014 0.47 £ 0.05 0.39 * 0.04
0.16 0.412 + 0.015 0.%0 * 0.05 0.36 = 0.04
0.21 0.371 £ 0.015 0.40 * 0.05 0.35 + 0,04
0.28 0.316 * 0.015 0.36 £ 0.06  0.34 * 0.04
0.36 0.27 * 0.02 0.28 + 0.06 Q.23 + 0.05
2.45 0,15 * 0.05 ) 0.17 + 0.08 0.1B = 0.07
0.55 0.00 = 0.05 -0.06 = 0.14
0.65 -0.0k * 0.05 -0.11 * 0.1%

2.80 -0.18 * 0.ck -0.18 = 0.14
1.00 -0,31 = 0.0L -0.14 *+ 0,13

1.20 -0.k9 + 0,07 -0.56 * 0.18



Figure Captions

Fig. 1 Schematic drawving of the experimental layout. Toe eppearatus
1s designed to meesure those neutral finel state reactions in
which all photons are within the acceptance of the 7-ray detector.
V-1, V-2, V-3, V-4 and the Vetc House comprise the shower veto
system. A-2 and A-i ere partv of the cherged perticle veto
systen.

Flg, 2 Deteiled drawing of the experixentel epperatus surrounding the
liquid hydrogen target. B‘l and H2 are counter hodoscopes which
reesure the incident x  position end engle. A threshold Cerenkov
counter (not shown) between H) and A tegs pions ir the beem.

The beem geometry is definsd by Ao' Ml, Hz, end Ms. Ay Az,
andA3mpmofthech.ar5edpu'tideveto systen. Vland
the Veto House belong to the shower veto systen.

Fige 3 Schematic drewing of the photon detector. Geps between the leed
plates are filled with scintilletor rods, with horizontel and
verticel ruds in successive gaps. EBight rods having the sexe
X cr y ccordinate are connected optically to form one counter.
There are 70 x- counters end 70 y- counters. These counters
ceesure the x and y (tmnsverae) projections of one or rcore
pioton showers in the detector.

2
Plea ¢ Spectre af 17 2t 101 GeV/e for events setisfying cuts 1-5.

(n-d): Distributions of do/dt for reaction (1) et 2.7, 0.6,

6% end 101 GeV/c. The errors shown are statistical only.
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Fig.
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DMistributions of do/dt in the emell t region for reaction (1)

at 20,7, 40.6, 66 end 101 GeV/c. Tae errors shown are statistical
only. Horizontel error bers indicate velues of At, the experimen-
tal t resolution, &t 101 GeV/ec.

A plot of the imtegrated eross section o es a function of

CEX
B+ The solid curve 1s e fit to the deta of Ref. [3] and

of the present experiment.

Plots of do/dt for reection (1} versus Pygp for 8 mmber of
different t values. The salid curves give the results of a f£it
to expression (4), wsing the data of Ref. [3] and of the present
experiment,

Effective trajectory values for reaction (1).

The difference 45 of the x p and x'D total cross sections,
plottedasafunctionofplab. The s0lid and dashed curves ere
predictions for &0 from the deta of the present experiment, as

deseribed in the text.
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