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1. Introduction.

Experimental study of the elastic scattering of high-eneray 2lectrons

on protons 1s a direct source of Infomation on

of the praton,
(i]
As i35 known

slectronagnetic structure

, in the one-photon evchange approximaticn the electron-

proton elsstic scattering cross section is given by Rosenbluth formula

d6 ? "faa) o 1
d..9 6;\‘5[\6'- TG )/t' ) 2% G‘ fca, )-!

where

o ® {
Ons® e - CoA (@ 2 ‘“W“---—J-
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2
q, - four-momentum transfer defined as

2 LE, pir®(8/2) X
T= 1+(2E./m)2in%(6/2 ) =emt

E,, 8 - incident energy and scattering angle of electrons,

M, T ~ the mass and kinetic energy of the recoi?l proton,

(1)

(2}
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o - fine-structure constant,
(5513»C}MF‘- electric and magnetic form factors of the proton.
As can be seen from Eq.(1), the experiment performed at Yow momentum
transfers {at small scattering anales of electrons @ ) permits to obtain
the electric form factor GEP . Since the electric form factor Gsp at

small qz can be presented in the form
. { 2
G’sp(ora)a GEP(O)(1-€92<REP>) (3)

then in this region of momentum transfers the data on differential cross
sect’” s permit to obtain the electric radius of the proton < FZZEF>;>fﬁ3
in model-independent way. |

A substantial part of e - p experiment results published up to date,
belongs to a region of comparatively large Cya , and the authors of
Ref.?2 'indicate relatively non-high acauracy of data in region qf< '“:‘z
The interest for obtaining more accurate data in the region of low momentum
transfers is also caused bf a possibility to investigate the non-linear

3]
effe~ts of electrodynamics .

The results obtained at the first stage of experimental study of small
ancle e - p scattering performed on the internal beam of the Yerevan syn-
chrotron were published in Refs.[4,5]. Experimental arrangement used at the
second stage of these measurements included some modifications which allowed
to increase a2 stabiiity of the results of measurements and extend the in-
vestigation to the regisn of small momentum transfers O.IZFFiquﬁ O.SF:.2
which could not be achieved before.

In the present paper we report the resuits cbtained after joint data
processing from two mentioﬁed stages of these measurements. The data pro-

cessing has been carried out by using more strict algorithm, taking into

S ]




account the contribution of the radiative corrections to the messured snec-

trum of the elastic scattering recoil protons.

2. The Expverimental Setun,

The experiment was performed on the 4.5 GeV internal beam of the
‘Yerevan electron synchrotron. The technique of the experiment was similar
to the one previously used for investigation of elastic small angle proton-
proton and proton-nuclei scattering processes (see [6] and [7.8]). The
main features of our method can be summ rized as follows:

1. Semiconductor detectors are used to determine the kineti:c eneray

of the recoil protons outgoirg from the internal target within the angular

o o
range from 84 to 88 .

2. The thicknzss of the target and the geometry of arrangerent are
chosen so that the multiple Coulomb scattering and ionizatien tosses un-
essentially change the scattering angles and energy ¢f detected particles.

3. Counting rate increases due to the multiple traversals c¢f the ac-
celerated electrons through the target.

Fig.1 shows the simplified scheme o7 the erperimente? setup mounted
on the vacuuﬁ chamber of the straight section betwcen the magnets of the
accelerator. Polyethylene and carbon targets are set on the rod o7 the
target compartment which is attached to the mentioned vacuum chambar.Du-
ring the measurenents the rod can be displarad so that the sdge of the
target is located at 40 mm from the equilibrium orbit of the accelerated
electrons.

CHo- target 1s a thin film circle with 140 mm diameter and zhout
2 u thickness. The film is fastened to a spaciel vacuum motor rotating

at a speed of 3000 turns per minute. During the rotation in vacuum the




film is smoothed out to a piane sloped to the electron bean direction at 45ﬁ

C-target used for background measurements corsists of a wetal hoider
having the form of a *fork”, and a carbon film fastened to it., The size of
the carbon film was 40 x 25 um arnd its radictive thickness was approximately
equal to one of the CH, -film.

Durina the background measuremants the motor of C?#a-film is switched
of f and the holder with the carten film is fixed in the position at which
the piane of the carbon fila coincides with the irradiated part of the ;0-
tating C?4a-f11m. During CJ*a-measurements the holder is displaced
to the upward-right positien and the notor or the CH,-target is switched
on. In this positicn the holder doesn't prevent from the circulation of the
electron heam ang detecting of the recoil particles emitted from CH,-film.

Sucnh ¢ construction of the targets permitting to perform their automatic
replacemen®, during the cperation ¢f the accelerator was favourable for back-
qround condition checking and essentially facilitated the selection of a re-
guired irradiation mode.

Bean of 4.5 GeV electrons wifh about 1 mA intensity is directed by
means of a special system of local pertubation of the equilibrium orbit
("bean-bump” system) onto a target at the proper moment of the acceleration
circle corresponding to the maximum of the magnetic field intensity. Adjust
ment of the system is performed so that during irradiation (~~ 1 msec) the
beam is displaced from the edge of the tarnet to its center at 18-20 mm
distance. This corresponds to about thousand traversals of the accelerated
alectrons through the target.

The unit with four semiconductor surface-barrier detectors fs attached
tc the cover of the scattering chamber which is mounted on the mentioned

racuuim chamber of the straight section. By means of a special mechanism

watawn




this unit can be remotely displaced to the 10 predetermined positions. The
distance between the detectors and target is 1.5 m.

Detectors, having sensitive surface 40 x 10 mu were made ¢f n-type
silicon with resistivity _P = 6KSl-cm, The sensitive t™ickness and energy
resolution at applying 350 V to tne detectors weve 0.3 mm and 60-70 KeV,
respectiveiy. The detectors were mounted 0.. the 5 mm bronze
collinator, and intended for the separation the strict rectangular
30 x 10 mm working surface of each detector. Thi piate was placed so that
the largest side of ithe ?ectatglg collimator hole was paral le! te the di-
vection of the electron bzam. Special o -source (used for energy calio-
ration) containing F{iaés . 5311239 and Cﬁﬂejg { 5.156 MeV, 5,499 May
and 5.805 MeV approxiwate’y equal intensity lipes) was attached to the plate.

Electronics af a spectrometric track of a detector consists of pre-
anplifier PA, Yincar amplifier LA and Vinear discriminaior LB, Pulses From
tae detector fed to the preampliifier lecated near if and through ~ 100 m
cadle were transmitied to the measurement room, where after the amplification
by LA they were suppiied to the L5. via mixer grouping analvzer channels in
4 by 1000 channels in each,the puises ontered. thenitne input of pulse heiqht
analyzer DIDAC-4000. The analyzer 1s controlied by gate forner f trigger-
ed at arriving a synchropulse from the accelerator.

F1g.2 shows the typical spectra observad on the analyzer display.

Other electronic units are intended for the following purposes:

YOU ~ controls the detector voltage offset;

DCU , TCU - are control units for remote displacement of the detectors
and remote displacement and replacement of the targets, respectively;

SCU - performs remote setting of the ol -source in front of the de-
tectors.

Data on calibration measurements carried out by meaas of charae gene-




rator ChG and information on & -peak positions allow to perform enerqgy

calibration of the spectrometric track.

" The kinetic energy corresponding to n-th channel of k-th detector is

given as follows:

Tn = Ax * Br o 1 (4)

where /\h end DK ar2 extracted from calibration measurements by means

of the least square method.

3. Ditferential cross-sections exiraction procedure.

As can be seen from Fig.2, spectrum JVKn_obtained from k~th detectoy
represents the elastic scatiering recoil orotons peak iocated at some back-
ground level.

Such character of erxperimental information defines thke probiem of
differential cross-section extraction as follows:

1. The spectrum is described by the analytical sxpression of "effect
plus background” type:

Jyn-&hcaoc(T) = /Y’?WP (-'r) + Nkec (r) 5

the parameters of which are defined by minimization of the Tunctional

x % Z {[J\/Kn‘-f\(xtheot (TKTL)J&//C\ Nkan.} (5}

LA
wiere i, » ANk, @d Tki correspond to a number of counts, error

and kinetic energy {given by Eq.(4)) for the n-th channel'of the k-th detecto: .
2. The 1nformation on the peak of elastic scaitering racoj] protons

is obtained sfter subtraction of the background curve Nkec { Tkn ) from the

experimental spectrum ,kﬁﬁt (the curve parameters were determined from the

sarlier described mirnimization prrocedure). The relative differential cCross -

section data are extracted from the elastic pea. after introducinwa the cetec-



tors efficiency and radiative corrections,.

Now we derive expression .)(;cthcoz(‘r )describing the form of observed

energy spectra of the recoil particles.
Background is caused by detection of particles arising from interaction

of the elc.trons with carbon nuclei of the target and to a less extent from

interactions of lost during the acceleration electrohs with matter of the

accelerator constructions.

The analysis of the background measurements has shown that background

energy spectrum is well described by two exponents
/(xec(T)= Axexp(-BcT) +Cxexp(-DxT)

There are, however, discrepances in relative behaviour of background

(6)

curves for different exposures which exceed those permissible by counting
statistics. We attribute these discrepances to instability o’ that part of
the background which is due to fnteraction of the lost electrons with the

material of accelerator constructions.

The number of events detected in the elastic peak is represented by

the expression

j{KeP (T)=Mx-de/dT (T) [1+ 6« (T)]* Fe (T)
where d & /dT (T)- elastic scattering differential cross section,
§(T) - radiative corrections, Fi(T)- recoil protons detection effici-

ency, My - normalization factor permitting to represent the cross sec-

(7)

tion in absolute units.
In one-photon approximation the differential cross section for elastic

e-p scattering as a function of the recoil proton kinetic energy T can

be defined by the following expression:



EN M 2 5 2 . )
dé/df(T}:Jr{'(%}e%{%—: Ge Iin 8 +[(1+cos’Gp)(14 ).
(8)
My T 2
() 5516 )

CosOp= (1+M/e )T/ Vamr+T?

During the data processing it is assumed, that the electric and maanetic form

factors are connected with the scaling law Gg = GM//; and are verined via
2

Ep
Mo E and € are the mass, total manetic moment of the proton,

electric radius of the proton <R >l/a according to Eq.(3). Here M ,
incident energy and charge of the electron, respectively.

The calculation procedure and the prorerties of F(T)funct'ion describing
detection efficiency of the elastic scattered proton have been discussed in
detail in Ref.[9]. At calculation of F(T) the geometric factors and angula
change of the outgoing proton caused by the multiple Coulomb scattering in
the target have been takan into account.

As can be seen from Fig.3, the efficiency curve has the form close tothe
smoothed tf‘apezium, the shape and position of the lateral sides of which be-
ing defined by such parameters of the setup as the thickness of target t, the
dispersion of the beam vertical density distribution & and the detector
angular coordinate QK . The sensitivity of the efficiency function
F(t,é,@“ T) to errors of the parameters t and © 1s illustrated
by the lower curves of Fig.3.

Two-photon diagrans contribution,as weH’ as brewsstrahlung depending
on the geonietr’y of the experiment are taken into acéount by the radiative
corrections.

According to Ref. [10} » the expression for the radiative corrections

can be represented as follows:



e P

- —— e )
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dsla) [ 7 S -2 i
_&_;_={-7;f.(1+a)-a, ]+2(4+0.} +~3é—(f+q_) 3,
- -1 . - 2z
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Here A = fO*l' is the angular equivalent of the energy resolution; M,)

T and @P " are the mass, kinetic energy and the angle of the out-
40ing proton, respectively; E , me are the incident energy and the mass
of electron; ol is the fine-structure constant.

To obtain e satisfactory description of the spectra, the following
varied parameters have been used in the minimized functional:
<R§p> - the mean square electric radius of the proton;
M - the normalized factor taking into account a relative nature
of the measuremnents;
AK , E‘x . Cx and ZDK ~ coefficients of background exponents, taking in-
to account background instability;
t s 6 s 6« - the setup parameters determination whose accuracy is
insufficient for the good description.
it should be noted, that the data on dif ferential cross sections ex-

11
tracted fram the experiment per formed with detection of the recoil pro-

tons 1n the region of mamentum transfers 1 F- to 1.2 F°

were used for the
determination of the paraneters MK . To reduce the time needed fur data
processing, the efficiency and radiative corrections values have been ex-

tracted from previously tabul ated functions by means of guadratic interpo-

11



Tation. The tables were calculated for t , & , O, and T intervals
obviously exceeding those expected for thase arguments. The table step was
given toc provide interpolation error lower *han 0.2%. Minimization of the
functional (5) was .carr‘led out by the method of 1inearization according to
the program proposed in Ref.[12].

The considered method permits to get agood description of all measure-
ment shifis, For typical shift presented in Fig.2, for example, the spectra
have been described by XE- 378 at ia- 359. The solid curves of Fig.2
represent the energy dependence of the fitted functions J(Ktheot.(T). The
data on relative differentfal cross sections ( %%_)upand corresponding ra-
diative corrections & obtained after the processing of this measurement
shift are presented in Tabl.e 1. The errors presented in the table are sta-
tistic. The lsystemat'lc errars (+0.4%) are due to the 1naccuracy in de-
termination of calibratfon curve (4) parameters and the pulse-height ana-

lyzer differential nonlinearity.

4. Results.

The total set of the data on elastic scattering dif férential cross
sections (1350 experimental points obtained in 14 measurement shifts) has
been processed in order to get anelectricradius of the proton < R:P>‘la_
The points of each measurement shift were provided by the normalization fac-
tor which took into account the relative nature of the measurements. Within
the errors . the obtained values for the normalized factors do not differ
fran one. The obtained radius value (Rep)va=(0.83-’-0.03)Fis in a good agree-
ment with the results of other experiments, particularly, with the value
(RQP)',°’=(0.&'-I’£0.02.)E obtained for small q:‘ (0anF 3¢ ‘f‘& O.QF—Q)
by group- from Mainz ' . It 1s interesting to note that our result agrees with

12
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2
<REP> e . {0.817 + 0.009) F from Ref. [14] , in which the experimental re-

sylts on form factors for qzs 30 F_Zare analyzed by the cptimal conformal

transformation method,
The averaged differential cross-sections data for 49 values of momen-
tum transfers covering €.12 -F"as. qa < 0.50 F“Z interval measursed in the

experiment have been presented in Table 2. For this purpose the measured

2
Q{_ interval was divided into equally spaced 50 groups.

For points belonging to a particular group, the cross section q'_é/d]' ,

erron\(dé } and momentum tr msfers '(f averaged values have been defined

at
as fcllows:
dé r— ., ,dé ‘
e LE W (F)] s wi, (10}

~
™
Bl "
10
-

i
where (dé/dT); . A(dé/di);‘ (f are cross section, error and

momentum transfer, respectively, for the i-th point of gioup.
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Table 1I.

do d

T, MeV i&'f-elg’o.zg.uniJ S, % Tp, MeV| 2500 018, unit é: %
b.18 | 953 £ 16 | 0,52 6.I6 | 432 % 9.4 | -0.37
h.25 | 94 % 1I5 0.40 6.23 [ 420 % 9.3 -0, 46
4.3 | 888 & I5 0.42 | €.29 | 409 % 9.1 | -0.55
h.38 | €83 1 15 | 0.37 n) 6.35 406 & 9.I | =-0.66
4,09 | 830+ I4 | 0,33 X{ 6,it2 389 ¢ 8,8 | ~0.7
4,5 | 830 % 14 0.30 0,48 382 ¢ 8,6 | -0.90
4,57 8I2 + T4 0.25 6. 54 363 ¢+ 8.5 | -I,02
4.4 782 &+ I4 0.20 5.62 539 + I1 0.67

~{ 4.70 68 3 I3 0. .15 5.09 545 ¢ 1I 0. 50
g0 loBT7 75T & I3 0.1¢ 5.74 528 ¢ II 0.54
X 4,83 746 £ 13 0. 05 2.84 See + 1X v.4g
4,89 7I 4+ I3 | 0©.00 5,87 522 = IX 0. 45
4,96 92 + I3 | ~0,05 £.63 4 5I7 ¢+ 11 0,42
9.02 bi7 1 I2 | -0.12 5.99 497 4 10 0, 59

=, 00 664 + I2 | -0,I9 6. 06 481 ¢ I O. 35
515 £45 % 12 | -0,27 0.1 488 4 lo Ca3z
5.22 6i5 ¢ X2 | -0.36 .16 470 § 3.9 ¢,28

£, 28 604 & II | ~C,40 €.25 450 ¢ 9.7 0,25
5,35 pIl & 12 | ~0.57 6.3 455 & 9.7 C.22
h8s | 677 & I3 0,56 €. 37 452 £ 9.7 0,1y
4,91 ouy 3 12 SICK ! Lis % 9.5 0,1I¢
4,97 ol 3 I2 0.50 Ge 50 436 £ 9.8 0,13
5,04 629 3 I2 0.ub 0,56 432 £ 9.2 U, I0
5,10 637 + T« 0.42 6,H2 400 4 9,14 0,06
£. X6 €00 z 12 0.39 &.68 413 4 9.¢ 0,01
5,.2¢ 590 & 1L 0.35 0.75 392 £ 8,9 | =-0.03
5.29 577 + 1I 0.31 6.81 394 ¢ 8,9 i ~C.C8
| 5935 | 574 £+ II | 0.28 V1 6.87 | 382 £ 8.8 | -0.13
Miosoal 555 & II 0.¢5 x| 6.94% 372 £ 8,6 | <0.17
££7 5,47 539 ¢ IT 0,21 7.00 364 ¢ 8,5 | -0,2
5,54 29 4 1I 0.17 7.06 355 1 3.4 | -0,27
5,60 536 ¢ II .13 7.12 340 ¢ 8.1 | =0.35
5.66 526 4 IX 0,08 7.19 336 ¢ 8.0 -C. 43
5.73 4ay7 ¢ I0 6,08 7.25 337 ¢ 8.0 | -0.53
.79 498 10 0.00 7.31 312 + 7.3 | -0.63

5. 86 484 10 | -0.05 f.37 3I4 £ 7.8 | =077
5.61 473 + 9,9} «0.IC 7.4 3IT ¢ 7.8 | =C.uz

£, 98 4sh + 5,71 «0.1Ib 7.50 315 + 7.8 | =L1.10
6.04 i3 + 9,61 =0.22 7.56 290 ¢ 7.4 | <I.28
6.1I0 460 + 9.8 =0.29 7.63 { 295 % 7.5 | -L.47

x

K ~ number of detector.
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Teble 2

FE? |, b ey
0.120 21,6 3+ 0,26
0.I27 19.7 £ 0.26
0,136 I7.1 % 0.12
0. T4z I5.8 £ 0.19
0.181 13.9 ¢ C.I1
0.159 J2.7 + 0.093
0, Io7 II.3 + 0,067
0.I75 10.3 + 0,058
0,183 9.43 £ 0.030
2,151 8.56 & 0,046
0,198 7.97 + 0.042
0.205 7.33 £ 0.039
0.2T4 €.78 + 0,025
0,222 6.3 + 0.033
0.229 5.89 £ 0.030
0.237 5.49 £ 0,028
0,245 5.I1 £ 0,027
0,252 4,84 ¢ 0,028
0.260 4,35 4 0,024
0,268 4,30 ¢ 0.023
0.276 4,08 ¢ 0.02I
0, 284 3.85 £ 0.02I
0.292 3.65 + 0,020
0,300 3.58 4 0.0I9
0. 307 5.89 = 0,018

q,z, £-° —g-é_,’: ) /UE/MeV
0,315 3.IC + 0.0I8
c.322 2.96 £ 0,018
0,331 2.83 ¢ 0,018
0.338 2.65 t 0.018
0. 346 2,54 £ 0,047
0. 354 z., 4T + 0.018
0.362 2.41 + 0,018
C. 370 2.2 1 0.0IY
0.377 2,10 ¢ 0,026
0.386 2.06 t 0,026
0. 391 I1.92 ¢+ 0,043
0.399 I.87 + 0,035
0. ko7 I.8R § €.032
0.415 I.71 ¢ C.053
0.425 I1.69 £ C.041
0.433 I.56 ¢ 0.042
0.4b2 I.50 % 0.047
0,451 I.42 1 0.04e
0,463 1,35 ¢ 0.0L6
0.473 I.34 ¢ 0,083
0.479 I.26 ¢t C.C8G
0.487 I.23 ¢ €.0%%
0,468 1.Y7 4 C.08E
0,506 I.16 ¢ 0,007
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Fig.1

Fig.3

FIGURE CAPTIONS

The experimental lyaout.

1 - semiconductor detectors, 2 - detectors displacement unit,
3 - collomator plate, 4 - unit for remote setting of of -source,
5 - ol -source, 6 - scattering chamber, 7 - vacuum gate,

8 - rotating pclyethylene target, @ - carbon target.

Typical spectrs observed on the analyzer display during ifryedi-

ation of the polyethylene target.

Solid curves represent fitted Tunctions ,H’Kﬁ;‘wz (T/

Efficlency F _ and the error in calculetion of efficiency

IaFI/E in terms of the kinetic eneray T of the recoil

proton.
The following errors in the target thickness +  and disparsiorn

of the beam density distribution () correspond to these curves:

1. at/t .48/ =+ 0.05
2. at/t =adfg = +0.10
3 At/ =4éfg =1 0.15
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0. K AKUMOB, A.H.APBAHOBY T'.B.BAZAIAHX A.E.BAHA®ATOB,
S.M.BETIAPAH,® 1,BEAPOCAH, K.BOPYEAXX ,T.A.BAPTAHAHY,
i,A.TAP0AKY, [.IOPYOMAH™X,I.T.30TPARAR™,0.M.KABAPRIICR,
A A KATUHAH, B.C.KUCENER, J.MA.JAMUAYC, T.B.MAPKAPARY,
.4 METUKOB®, #.7.HEPCECAL °, 0.4.JACOAH®, M,OETPAUKY™,
B.C.I0T0COB*, R.0O.IDPOXCPEHKO®, [A.M,YATPYUAHY, C.A.RATHEE.

KCCAEJACBAHUE YIPYTOI'0 PACCEAHWA SUEKTPOHOB IFJITOHAMM B

)

-2 -]
OBJACTY UBALPATA IEPEJABAEMHX MMIYABCOB 0,I2F ¢ O0,5F .

(He aErAMiicrROM HBHES)
SponaHCKUE Qu3MYeCKult HHCTHTYT

Pezaxrop A.C.AGpaman

Sakgs I2 B3~06326 Tupax 299

lpenpurr EAY dopuar 4aszaHug 60 x 84/16
lognucano k nevsry 8/1-79r., I,5 ya.usz.nx. . I0 K.

#3nano Oraenon BAYYBO-TOXHAVYECKOR HHPODMaLMK
EpeBaHSKOTO (uUBMYECROTO HHCTHATy?a, EpeBaH-36, mep.Mapxapaus 2
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