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Interference Measurements of the Real Part
of the »7p Forward Elastic Scattering
Amplitude at 2.44 and 1.91 GeV/c

_ The results of méasurements of the real part of the
n p forward elastic scattering hadron amplitude at 2.44
and 1.91 GeV/c are presented. The measurements have. been
made by detecting the scattered particle u51ng wire spark
chambers in the range 0.5-103<t < 5° -10-3 . The.

present data,that. areinsignificantly dlfferent fromthepre- .

liminary ones reported. earlier, are compared with theo-

retlca} predictions. The exnerlmental procedure and the

analysis of the experimentaludata are described in detail.
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1. Introduction

This paper as well as a number of other papers/l—:s/ is

~ devoted to an investigation of 7~p elastic scattering m the
Coulomb interference region (0.5-10~ %t < 5-10GeV 2/¢?y

at energies of several GeV. Asisknown, an analysis of the
interference picture. in the dlfferentxalcross section makes
it possible to determine the value and sign of the ratio

-a(E,t) = Rc A, /ImA, between the real and imaginary

-0
parts of the hadron amplitude..
A measurement of the real part of the np forward
elastic scattering amphtude at 3-6 GeV (Dubna)/ 4 .and
8-26 GeV (Brookhaven)/ / proves the validity of the dis-

N persion relations at-energies of the order of several GeV.

The results’ ‘of our measurements at 1.91 and 2.44 GeV
are 1nterest1ng Dbecause at energies of 1-3 GeV the beha-
viour of the total cross. section o, (E) is determined

. to a large extent by ! resonances in the np system ‘Incon-

sistency of the experimental data ‘on ‘ReA, with the
dispersion-relation calculations 7/ could indicate the
existence of unknown resonances in this energy range -
since the structure of the dispersion 1ntegral is such that
the value of ReA; (EO) is' sensitive to the behavxour of
ImA,(E)=ko, (E)/4 7 . in the whole region of E values
close to E, . For example ‘paper 8/indicates that new
resonances ‘may exist at energies of 1-3 GeV.The results
of our measurements contradict these assumptions. :
“In this paper much attention is focused on the methods
of experimental ‘data analysis because it is necessary to
throw light on a number of specific problems (for example,
maddmvuy of measurements in target-full and target- r



empty runs) arising when the measured angles ‘are not -
sufficiently large in comparison with the average angle,

of multiple scattering.

"The experimental setup descr1bed ‘in this paper is
somewhat different from that used earlier. in experiments
at E> 3 GeV/l/, The. necessity to increase the aperture

of the device with decreasing the primary beam energy
causes main mod1f1cat1ons (base decrease and trigger ’

change).

2. Apparatus

“ The expenmental ‘setup used on-line w1th the BESM 4

' computer consists of a beam transport system, l1qu1d B

hydrogen target, magnet1c spark chamber spectrometer,

system .of scintillation  counters and fast electromcs’

.operating as a monitor and trigger. The exper1mental
layout is shown in fig. 1.

The monitor § ,S,S, was used for determ1n1ng a flux
of pions at the target Scatter1ng events were ‘selected
by the trigger S;S2S3 S5 The size of the counter S and
the. hole diameter 1n its centre were’ chosen SO that the

~spark - ‘chambers m1ght be tr1ggered at scattermg angles
~ of 10-35 mrad. At P = 2-2.5 GeV/c thls corresponded to
’the range —t > p262-0.5-5- 10"%GeV/c)% At these ener-
gies such a simple select1on system was ‘rather effective,

the trigger suppress1on factor of the unscattered beam

was equal to ~10.
_.The magnetic. ‘spectrometer involves spark chambers
with magnetostr1ct1ve readout and an analyzing magnet.

The spark chambers SCl1-SC7 (200 x 200 mm 2) were.

-.used. for determining the scattering angle of . part1cles
The information from the c¢hambers SC4-SC9 was used

for a momentum analysis. The chambers_SC8, SCQ'

(480 x 480 mm ) were located behind the analyzing magnet
The" deta11ed characteristics of the spark chambers and
data link are presented in ref /1/ In order "to reduce
mulhple scattermg, the space between the chambers was

filled with gasiform helium The scattering angle was -
determined with -an accuracy of §0=0.6 mrad for.
2.44 GeV/c and 5 ¢ =0.8 mrad for 1.91 GeV/c the momen-
tum width with a relative accuracy of & p/p = 0.35%.
The 50 cm hydrogen target used in the experiment is -
described in detail in ref. 79/ The isolation of the target
walls from the surroundings by the. vacuum sleeves
(L = 60 cm) enabled us to identify scattering events on
hydrogen and background ones by the z —coordinate of the
interaction point (see fig. 2). - :
The average momentum Po and the beam compos1tionf
were determined in special runs. The value.of Pg was
measured with an accuracy of better than 0.5%. Figure 3
shows the identification of different particles by means
of a threshold 6herenkov spectrometer. The contamination -
of muons and electrons ‘in the beams fraction satisfying

" the condition |p =po!/Pg £ 0.025 was equal to 9% at

2.44 GeV/c and 10% : at 1.91 GeV/c (see fig 4).

3. 'Exposure

-“All the operation time was divided into sequential runs.. '
One tape of the computer corresponded to each of them.
Apart from the procedure of data taking, each run in-
cluded 'all additional measurements necessary for ‘data
processing.-As a result of this/ each. tape was.an inde-:
pendent source of information for determining the differen--
‘tial cross sections. Experimenial conditions and apparatus

operation were continuously controlled by means of the

computer. The measurements were carried outas follows
1. Target- -empty exposure ,
‘a) without selective trigger (trigger of the spark
. chambers from the monitor);

b) in the operating mode - (trigger of the spark
‘chambers from S; S, S3S5" coincidences). '
2.- Exposure of.a 3 cm thick lead plate located near
“the target (trigger of the spark chambers from the
monitor, the transferred event is marked if

-~ 8§,S4S3S;5  coincidence takes place).



‘3. Target-full exposure E S
a) without selective trlgger C
b) in the operating mode.’ :
The information obtained in exposures l1la and 3a was used

to determine the angular resolution of the spectrometer -
and. the average deviation angle of unscattered pions in
the analyzing magnet. The data from- exposure 2 together

with those from exposures 1a and 3a were used to define

the geometrical efficiency of the device. In exposure 1b-

the events were accumulated to measure the background,
the main source of Whichwere the target walls.
4. Data Processing

The data analysis has been carried out in three steps.
Using the program of the first stage the geometrical

reconstruction of the events was performed. Atthesecond '

stage the np elastic scattering distribution was obtained
as a function of the square of the four-momentum trans-

fer. The real part of the nuclear forward elastic scatter-

ing amplitude was determined at the third stage.

4.1. .The program of the first stage contains the
following selection criteria.

a) A set of effectlvely operatlng chambers makes it
possible - to determme -the ' trajectories of the partlcle

before ‘and after the target and to measure its deflection

angle in the magnet. The chamber is considered to be
_ effective if there is oneandonly one spark in the chamber.
b) The particle trajectories before and after the target

are matched, i.e., the distance between the corresponding

straight hnes in space is less than the partlcular value
(0.5 cm).

c) The y -coordmates -of the sparks 1n the chambers )

SC4-SC9 lie well on the straight line.

The data on the events satisfying the above selectlon S

criteria (scattering and deviation angles in the magnet,
coordinates of the . 1nteract10n pomt) were put on the
secondary tape.

4.2. At the second stage the events were 1dent1f1ed

accordlng to the z -coordinate crlterlon of the interaction :
point ]z—=zg| < 55 ecm (z¢ 'is the target centre) and
the "’elasticity”’ criterion |p-p, l/p < .0.025. Thelimiting
constants were based on the d1str1but10ns presented in-
figs. 2 and 5. The 1dent1f1ed events were grouped accord- -
ing to t;_ l<[t| <ty ‘intervals. The  t-distribution of
scattering events in the target- empty exposure was modi-
fied by imitating the 1nfluenc,e‘ of the multlple scattering
on hydrogen since this effect takes place in the target-full
exposure. In the region of minimal |¢] . the- modlfied
distribution exceeded the real one by = 129%. : . ,
- The elastic cross section for each t,; ;. <t<t; in- .
terval has been determmed from the formula ' ;

R w0 o

:1|’—‘

Here N;; ,N_, are the numbers of elastic scatteringevents.
in the t; | <t<t, i -interval for the full and empty targets, .
respectively, n is the number of nuclei per cm2 in the
target; M ;M. .are the effective monitor numbers for the-
full and empty targets determlned as ’

M= m-e-n-p.‘ SEREE LU S S (2)

Here m 1s the monltor number ¢ is the detection effici-
ency of the elastic scattering events, n 1is the coefficient
of the beam attenuation in the target matter being equal
to exp(-o,, +n) where o, "is the =~ p total cross
section (for the empty target n=1 ). The coefficient
p -was.introduced to ‘take into account the losses of
events due to pion decays and interactions along the
particle tra]ectory inside the installation and also the
losses due to the application of the *’elasticity’’ criterion.
Its value was measured with an error of less than 1%
usmg the experimental data (exposure 1a).

The efficiency e —nl/n2 was calculated on the set of

test.events corresponding to the propagation of a single

parjicle ‘through all the chambers of the _spectrometer;"



n,; is.the number of events satisfying the: criterla of the
first stage program;ny is the total number of test events. .
The test events were selected by S, S S, S, coinciden-
ces with sufficient confidence (the coun2terS4 was located

behind the magnet, its size insignificantly exceeded the
hole diameter in the counter Sg ).- Under .all operat10n~
conditions the events transferred to the computer were
marked if S S coincidencetook place. Alarge fraction

of these even%s in the accepted information (~ 259 - ope-

rating mode and ~ 90% - trigger from the monitor) made
it possible to calculate the ¢ value ( ~65%) with a good.
statistical accuracy ( Ae/€ = 0.5%).Simultaneous sto-

rage of the operatmg and control data .enabled us to avoid

the shift in the estimated value of 7; that could appear

due to efficiency drift in the exposure.

The geometrical efficiency of the device was dependent
on the dimensions of the spark chambers and counter
SS * . The efficiency as a function of the scattering
angle of the partlcle and its deviation angle in the magnet
was calculated by the Monte-Carlo method. The input data
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counter S; in the system of spark chambers) were ob-

tained in exposures la, 2; 3a. The inverse geometrical

efficiency determined the welght of the events when plotting
the t -distribution. The averaged value of the geometrical
_ efficiency for each t, ,<t<t . interval are presented in

Table 1. : St : T
] The statistical errors Ao; in o; were determined
mainly by the statistics collected‘. in the operating mode
of the exposure. The statistical error of the background
made practically no contribution to the total error since
~its value in comparison with the measured effect did not

*The homogeneity of ‘the spark chamber efficiency -
was ‘measured with an error of 19, /1/ The efficiency
of the counter S; . = was also homogeneous and equal to
99.79,. , : ' , : -
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exceed 5 % (see fig. 5). The background was strongly ‘ ',
“depressed ‘due to a . good selection - of. interactions on: . .
hydrogen by the z-coordinate of the interactlon pointand

a good momentum resolution of the device permitting the

'separatlon of the elastic scattering effect from that of -
Com— g decays (see the enhancement in the momentum
d1str1but1on on the left of the elastic peak in fig. 5a). As -
".is seen from fig. 5b which presents the momentum distri-
.~ bution for one of the scattering angle intervals larger than

the limiting one in the »-p decay, inelastic processes
did not contribute to the elastic peak. A small asymmetry
of the. elastic peak is related to- the asymmetry of the
beam momentum distribution (see fig.- 4).

4.3 When determining the real part of the = p elast1c
scattering amplitude the differential cross section in the
region. of smallt was descr1bed by the Bethe formu-
la /10 11 12/ ‘ _

f(t a) ( ) [A (t)exp(18)+A (t a) ] - (3)
where ‘
A (t,a)=&;'17_—(a+.i)\/? RN C))
is:the strong interaction amplitude,
27 - / . -
A =t F - , 5
()= VE | ®)
is the Coulomb interaction ampl1tude
~ and
8= —L—[en-O--os77 1 . L)

1377 ]t
is the phase shlft between the amplitudes ‘A and A, .

. The form ‘factor was taken in the form

—exp(Bt) ;' ' - (D

The spin-flip ampll ade in eq. (4) was neglected because

‘it was- very small 3/ . The fitted parameter was a=

10

= ReA; /ImA}l .The value ot .ty (0.11 GeV2/c2) was ‘taken -
from ref. ; the values'of o,, (34.1 mb atz 44GeV/c
and 35.9 mb at 1. 91 GeV/c) from ref. 14/ ; the slope

parameter B (8 GeV~2 .- ¢2) from ref. /15/ :

The t -distributions of the scattering events obtained
from the experlment are not quite adequate the differen-
tial cross section. 'In the region of the least transfers
they are determined to a great extent by the multiple
'scattering effects on hydrogen and. apparatus ‘errors in
measuring the scattering angle (the error in-determining -

" the. momentum was negligible so its influence can be

neglected). In view of this, to approximate the experimental
data, instead of function (3) we used the function

g(t, a) = J' f(t)a) W(ty)de " . S "
" ter - : (8)
describing the interaction taking into account the ahove-

mentioned effects. The kernel of transformation (8) takes
the form ; DR

Wie 1 |
W(t ,t)--2 22 — expl- (—-—-——\/t \/tz )]exp( \/tt )l ( \/tt ), (9) v
| 2P0y 2P o, o"f ff e

where Iy is the Bessel function of the imaginary argu-
ment, pg - is the beam momentum “The value of o¢ in
eq.. -(9): was determined ‘as a parameter of the Releigh ‘
distribution - . : e B ;

V(B 0‘ )=Lex — N = L
f p( af )” S I (10)
approximating the experimental angular distribution near

zero_scattering angle obtained in the target -full exposure
(see figs 6 '7) x At the lower boundary of the region :

* Simultaneous treatment of the multiple scattering -

"and apparatus resolution by means.of eq. (8) is correc

if ‘the' lower. limit of the .region of the studied angles is

large enough in comparison with the value of.o¢.In our
case this condition was fulfilled - the scattering angles-"

6 > 8 o  were considered.

i



© 0.0006<t< 0.005 (GeV/c)? - the function g(t;a) exceeds _ -
the function f(t, a) by ~15%. At the upper boundary

they practically coincide.. These functions are shown' in
fig. 8 at the same values of the parametera Taking into

“.account . the mult1ple scattering effects and apparatus

error in the. angle measurements it is. possible to avoid
a 51gn1ﬁcant shift in estimatmg ‘the parameter a (in our
case this difference was Aa = 0.06).

The parameter a . was_estimated from the minimum .
of the functional =~ :

M(a)= 2 [_Ei_(_a_)__]? | ’ Q-
do, R
where- .
6,(a)= ; gt a)dt - amy
1—1

and o, Aa ,t,  was determined in §4.2 .

Y

5. Results and Discussion

Table I presents the results of measurements of the
elastic cross sections o, for t_; <[t[ <t; intervals
at 2.44 and 1.91 GeV/c. Corrections for multiple scatter-
ing and apparatus resolution are absent in the value of

o ; because when calculating the value of @ it was more

" correct to modify the theoretical | curve approximatmg the\ '

experimental data (see % 4.3).
Figures 8 and 9 show the differential cross sections
do/ dt=o; /(s =t i l) and the theoretical curves (8)

~ with the parameters a found by- the least-square fit.

The influence of different experimental errors on the
eror in a is: -shown in Table II. A possible inaccuracy
ing related ‘to -the calculation uncertainty of. the. pha/se
shift 5 from eq.-(3) is estimated as JAa 1<0.015:

-To measure differential cross sections, a narrow -t -in~
“terval close to 0 is chosen, therefore the estimate ¢ is

12
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Table II

Influence of various errors on the error m a-

ok ) 'Error source [T s (Ad)k". o
"Statistical erx:or SR . 0,023
2 Normalization error Aq/q 5‘ - 1% 0.01%
3 Uncertainty in the beem: s

compos:ltion n(e+ fa.)/n(i'+e+ /u.)u—‘l%i 0.005
4  Error in determining the average -

momentum of the beam Apo/poﬁi 0.5% 0,005 S

5 VCOrrection inaccuwacy for multiple
scattering =~ . 0,003
6 Error in the total cross ‘section
a6, =s05m | 0.012
7 - -Error in the -slope paramet:er , ‘
Bxtagv2.® . o.002°

—T—k
'.ASummary error ad = /Z( ) 0.03"

) weakly sensitive to assumptions about the t -dependence ‘

of ‘A, ineq. (4)/!%/ and to the form factor in A,
"The values of a obtained at 2:6 GeV/c in th1s paper’
and. in ‘refs. /1=%16/ are presented in Table III and

fig. 10 wh1ch also . present the  results obtamed at -

8-26 GeV/c in, Brookhaven 76/, . The solid curve in fig. 10
has been calculated by Hohler and Strauss using dispersmn
relations /7. The Se}'pukhov data on the total cross sec-
tions used in ref. do not change practically the pre-
dictions for ReA,,(E) 1n our energy range obtamed 1n the

13



previous calculation /!7/ ' despite the fact that they (the
- Serpukhov data) have changed earlier assumptions about
the asymptotic behaviour of the total cross sections. This
fact points out that at energies of several GeV ReA (E) is
weakly sensitive to the total cross.section behaviour at
energies. higher 30 GeV. The dashed lin/g /in. fig. 10 has
- been calculated by Minami and Sasaki’®’/. To describe
7 p interactions, in this calculation the modified interfe-
rence model was used successfully ‘explaining the peak

structure in the energy dependence of the » p backward -

elastic scattering differential cross sections and the
behaviour of =»*p  total cross section. For satisfactory

description of ‘the -data on the » p total cross sections

the authors assumed that there existed a new parity
doublet of isobars ( M= 2.3 GeV, I'= 0.2 GeV, T=1/2 )-
As is seen from fig. 10, thepredictions for ReA, (E) re-
sulting from here contradict the data of our experiment.
These data are in good agreement with the dispersion-

relation calculation /7/. This makes it possible to conclu-- -

de that .in" the region of the 7 p resonance behaviour

the set of total cross section data is suffici/ea?l}t in order

that the interpolation procedure used in ref. may be
correct to describe the energy dependence 010t (E).

In conclusion the authors would' like to express their
gratitude to the operational divisions and to the synchro-
phasotron division of the Laboratory of High Energies of

JINR for good operation of the accelerator and electro- -

. physical equipment. We thank V.A.Voblikov, S.A:Dolgij,

A.V.Karpunin, Yu.V.Kulikov, A.G.Muryzin, Yu.I.Saloma-

tin for their help in p__re;“)axji‘ng,the measuring equipment
and. also to: L.N. Barabash, R.N.Kaplina, Z.P. Motina,
L.A.Rachkova for their - technical assistance in data

-processing.

- We express our acknowledgement to A.M.Baldin, Cor-
responding Member of the Academy of Sciences of USSR -

and to the Directorate of the Laboratory of High Energies

for their support of this experiment.

14

The values of a=ReAn/ImA,

* Table III

‘for the 7 p elastic

scattering .amplitude obtained_fin 'th?s,,f'—‘d prgyipus_

papers of ou_r"{gr}q_up;‘ S

Number -~
of expe= popa.

p (GGV[O) o‘tdd f ' pimental’
. - - dots

1,91 -0,07%0,03 5,5

3,06 0,17

3,48 -0,I7%0,07 2,6

4,17 -0,I5%0,05 1,1

4,56 -0,16%0,04 7,6

4,95  0;I4%0,04 45
5,65  0,12t0,04 7,1

613 0,280,035

0,05 4,8

. 9 this Apap'qr_
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1 Experlmental layout in the 7 -meson beam at

ters; SC1-SC9. wire spark chambers; Ha.liquid hydrogen .
targ et with vacuum  sleeves; M'analyzmg magnet; He .
1ongu1de filled with helium. S T
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Fig. 2. z - coordinate distribution of elastic scattering - Fig. 3. Identification of_electrons, muons and pions by
events for two intervals of the momentum transfer squa- means of the threshold Cherenkov counter (counting-rate -
red. The vertical arrows show the limits within which the ) dependence on the propane pressure).” .

events were considered as scattered on hydrogen. S . e ‘
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Fig. 2. z - coordinate -distribution of elastic scattering
events for two 1ntervals of the momentum transfer squa-
red. The vertical arrows show the limits within which the
events were considered as scattered on hydrogen. ‘
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Fig. 3. Identification of electrons, 4le1'ons and pioris:by'
means of the threshold C‘herenkov counter'(counting»rate :

dependence on the propane pressure).”
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Fig. 4. Momentum dlstrlbutlon of pions, muons and elect—
rons in the unscattered beam.
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Fig. 5. Momentum dlstrlbuhon of the scatterlng events
satisfying the  z-criterion for two intervals-of the mo-
mentum transfer squared. Solid line - full target, dashed
line - reduced background of the empty target. The verti-

‘cal arrows: indicate the limits-within which. the events

were considered to be- elastic. ‘The kinematic region of -
the 7 p ‘inelastic interaction -is on the left of the vertical
dash-dotted curve.- The" enhancement on the left of the
elastic peak is due. to T-p decays
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Figs. 6,7. Angular distribution obtained in exposures la
and 3a (without selective trigger) from which the para-
meters oce ando; were determined characterizing the

angular resolution of the apparatus and multiple scatter-
ing in the target.
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Fig. 8,9. Differential “cross sections do/dt(g ) -at
2.44 and 1.91 GeV/c; do/dt=o; /(t;~t; 1)» ty= SLiti=l

The solid curves are (tirawn'thi'ough the points
- o oy 7 .
g—f—-ﬂ(t{):“__]"-—‘—,— [ glt,a)de,
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b'wh'elh"ewgv(t,'a) is the transformed Bethe -function. In

fig.. 8 the dashed line is the Bethe curve without unfolding

“the multiple scattering and final apparatus rersollxti’on;

effects.
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dots A  data
6

ref

24

p‘f at 0. Experlﬂl/ental

A data of ref

; o data of ‘this paper;: ta of

*}
cal c1rves
%

—_— from ref



