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1. Introduction.

Experimental study of the elastic scattering o f ingh-enenjy electrons

on protons is a direct source of 1nfo.~fT;atton on ^lectroui-^netic structure

of the proton,
[1]

As is known , in the one-photon exchange approximation the electron-

proton elastic scattering cross section Is given by Rosonbluth formula

I !
where

- four-momentum transfer defined us

_

" ^

o , 0 - incident energy and scattering angle of electrons,

j T - the mass and kinetic energy of the recoi l proton.



Л - fine-structure constant,

Q (ТМР " electric and magnetic form factors of the proton.

As can be seen from Eq.(l) , the experiment performed at low momentum

transfers (at small scattering angles of electrons Q ) permits to obtain

the electric form factor (rep . Since the electric form factor Grep at

small а
г
 can be presented in the form

then in this region of momentum transfers the data on differential cross

sect' s permit to obtain the electric radius of the proton < R E p > V
2

in model-independent way.

A substantial part of e - p experiment results published up to date,

belongs to a region of comparatively large CL , and the authors of

Ref. 2 indicate relatively non-high accuracy of data 1n region C£ < j F

The interest for obtaining more accurate data 1n the region of low momentum

transfers 1s also caused by a possibility to investigate the non-linear

effects of electrodynamics

The results obteined 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 a stability of the results of measurements and extend the In-

vestigation to the region of small momentum transfers 0.12F ~ ° | — 0.5 F

which could not be achieved before.

In the present paper we report the results obtained after joint data

processing from two mentioned stages of these measurements. The data pro-

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



account the contribution of the radiative corrections to the measurrd sr-ec-

trum of the elastic scattering recoil protons.

2^_The_ I.xperij^enta 1 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 [б] and [7,8]}. Th?

main features of our method can be summ rized as follows:

1. Semiconductor detectors are used to determine the kinetfc enemy

of the recoil protons outgoing from the Internal target within the angular
О о

range from 84 to 88 .

2. The thickness of the target and the geometry of arrangement are

chosen so that the multiple Coulomb scattering and ionizatSen losses un-

essentially change the scattering ancles arid energy of detected particles.

3. Counting rate increases due to the multiple traversals of the ac-

celerated electrons through the target.

F1g.1 shows the simplified scheme of the experimental setup mounted

on the vacuum chamber of the straight section between the magnets of the

accelerator. Polyethylene and carbon targets are set on the rod of the

target compartment which is attached to the mentioned vacuum chamber.Du-

ring the measurements the rod can be displaced so that tbp «ige of the

target Is located at 40 mm from the equilibrium orbit of the accelerated

electrons.

CH
2
- target is a thin film circle with 140 mm diameter and about

2JJ thickness. The film is fastened to a special vacuum motor rotating

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



f i lm is smoothed out to a plane sloped to the electron beam direction at 45.

C-target used for backqround measurements consists of a metal holder

having the form of a ' f o r k " , and a carbon f i lm fastened to i t . The size of

the carbon f i l m was 40 x ?.b ::;m and i t s radictive thickness was approxinately

equal to one of the СНг - f i l m .

Durinn the background Measurements the motor of CH^-f i lm is switched

o f f and the holder with the carton f i l n is fixed in the position at which

the plane of the carbon f i l M coincides with the irradiated part of the ro-

tating С Н г - f i l m , Durinq С Н г -measurements the holder is displaced

to the upward-riqht position and the niotor <л the C4 e - target is switched

on. In this position the holder doesn't prevent from the circulat ion of the 5' \

electron beam and detecting of the recoil particles emitted from CH^-f i lm.

Such г construction of the targets permitting to perform their automatic

replacement during the operation of the accelerator was favourable for back-

ground condition checking and essentially f a c i l i t a t e d the selection of a re-

quired i r radiat ion mode.

Bear» of 4.5 GeV electrons with about 1 rrA intensity is directed by

means of a special system of local pertubation of the equilibrium o r b i t

("bean-bump" system) onto a target at the proper moment of the acceleration

c i r c l e corresponding to the maximum of the magnetic f i e l d intensity. Adjust

ment of the system is performed so that during i r radiat ion ( ~ 1 msec) the

beam is displaced from the edge of the target to i t s center at 18-20 mm

distance. This corresponds to about thousand traversals of the accelerated

electrons through the target.

The unit with four semiconductor surface-barrier detectors 1s attached

to the cover of the scattering chamber which is mounted on the mentioned

/acuui.i chamber of the straight section. By means of a special mechanism



this unit can be remotely displaced to the 10 predetermined positions. The

distance between the detectors and target is 1.5 m.

Oe tec tors, having sensitive surface 40 x 10 rm were made of n-type

silicon with resistivity f = 6K,#-cm. The sensitive V Ickness and energy

resolution at applying 350 V to the detectors were 0.3 mm and 60-70 KeV,

respectively. The detectors were mounted o.. the 5 mm bronze

collirictor, and intended for the separation the str ict rectangular

30 x 10 mv. working surface of each detector. Tht piate was placed so that

the largest side o* the rectangle coilimator hole was parallel to the d i -

rection of the electron beam. Special d. -source (used for energy саИо-

ration) containing P u , Pu and Cm ( 5.156 MeV, 5.499 MeV

and 5.806 MeV approximately equal intensity Tines} was attached to the plate.

£l£c*I!PJ!i2-L ° f a spectrometric track of a detector consists of pre-

amplifier PA, linear amplifier LA and linear discriminator ID. Pulses from

the detector fed to the preamplifier located (\oar i t and through -^ 100 m

cable were transmitted to the measurement room, where after the amplification

by LA they were supplied to the LD. Via mixer grouping analyzer channels in

4 by 1000 channels in each,the pulses entered., thenithe input of pulse beiqht

analyzer DIDAC-4000. The analyzer 1s controlled by gate fom.er GF trigger-

ed at arriving a synchropulse from the accelerator.

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

Other electronic units are intended for the following purposes:

VOU - 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;

SCO" - performs remote setting of the cL -source in front of the de-

tectors.

Data on calibration measurements carried out by means of charge cene-



rator ChG and information on ck -peak positions allow to perform energy

calibration of the spectrometric track.

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

given as follows:

Тка - A* +
 6 K «- <«>

where A ^ and £>к а> э extracted from calibration measurements by means

of the least square method.

3. Differential cross-sections extraction PXOjcedure_.

As can be seen from Fig.2, spectrum JVKH obtained from k-th detector-

represents the elastic scattering recoil protons peak located at some back-

ground level.

Such character of experimental information defines the problem of

differential cross-section extraction as follows:

1. T!ie spectrum is described by the analytical expression of "effect

plus background" type:

Л + heot ( T ^ = Я™? (Т) + Л е с ( T ) ,

the parameters of which are defined by minimization of the functional

{ / L } (5)
wiiere JYxn. » ^-^кп ^ ^ K } i correspond to a number of counts, error

and kinetic energy (given by Eq.{4)) for the n-th cnanneVof the k-th detector

2. The information on the peak of elastic scattering recoil protons

is obtained after subtraction of the background curve ^У"кес ( ^кга ) f r o r n t n e

experimental spectrum JCKA (the curve parameters were determined from the

earlier described minimization procedure). The relative differential cross-

section data are extracted from the elastic pea!, after ir.troducvn the cetec



tors efficiency and radiative corrections.

Now we derive expression -^Ktneotfrjdescribing the form of observed

energy spectra of the recoil particles.

Background 1s caused by detection of particles arising from Interaction

of the electrons with carbon nuclei of the target and to a less extent from

Interactions of lost during the acceleration electrons with matter of the

accelerator constructions.

The analysis of the background measurements has shown that background

energy spectrum 1s well described by two exponents

There are, however, discrepances 1n relative behaviour of background

curves for different exposures which exceed those permissible by counting

statistics. We attribute these discrepances to Instability o' that part of

the background which 1s due to Interaction of the lost electrons with the

material of accelerator constructions.

The number of events detected In the elastic peak 1s represented by

the expression

where d6/c£T(T)- elastic scattering differential cross section,

S K ( T ) - radiative corrections, FK(T) - recoil protons detection effici-

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

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 7" can

be defined by the following expression:



м (8)

During the data processing i t is assumed, that the electric and naanetic form

factors are connected with the scaling law G E =. GM/u and are oenned via

electric radius of the proton < R p p > according to Eq.(3). Here M ,

и , E and С are the mass, total magnetic moment of the proton,

Incident energy and charge of the electron, respectively.

The calculation procedure and the properties of F(Tjfunction describing

detection efficiency of the elastic scattered proton have been discussed in

detail in Ref.[9]. At calculation of F(j) the geometric factors and anoulai

change of the outgoing proton caused by the multiple Coulomb scattering In

the target have been taken Into account.

As can be seen from F1g.3, the efficiency curve has the form close to the

smoothed trapezium, 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 й and the detector

angular coordinate (9K . The sensitivity of the efficiency function

F ( t , 6 , 0 K , T ) to errors of the parameters t and в 1s Illustrated

by the lower curves of F1g.3.

Two-photon diagrams contribution's well as breiisstrahlung depending

on the geometry of the experiment are taken into account by the radiative

corrections.

According to Ref [lOJ , the expression for the radiative corrections

can be represented as follows:

10



M Л1а0р ' м SinOp' ' гит

Here u-iO 1s the angular equivalent of the energy resolution; M[••••'

T and ©p are the mass, kinetic energy and the angle of the out-

going photon, respectively; E , m e ere 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:

p > - the mean square electric radius of the proton;

normalized factor,taking into account a relative nature

of the measurenents;

Д к , BK - CK and Z)K - coefficients of background exponents,taking in-

to account background instability;

t , ^ , 0 K - the setup parameters determination whose accuracy is

insufficient for the qood description.

It should be noted, that the data on differential cross sections ex-

[11]

tracted from the experiment performed with detection of the recoil pro-

tons in the region of momentum transfers 1 fz to l.R fe were used for the

determination of the parameters M K . To reduce the time needed for data

processing, the efficiency and radiative corrections values have been ex-

tracted from previously tabulated functions by means of quadratic Interpo-

11



lation. The tables were calculated for t « 6> * £}„ and T Intervals

obviously exceeding those expected for these arguments. The table step was

given to provide Interpolation error lower *.han 0.2%. Minimization of the

functional (5) was carried out by the method of linearization according to

the program proposed 1n Ref.[l2].

The considered method permits to get a good description of all measure-

ment shifts. For typical shift presented In Fig.2, for example, the spectra

have been described by J£ " 378 at ^ » 359. The solid curves of Fig.2

represent the energy dependence of the fitted functions «A^theoi.(T). The

data on relative differential cross sections ( ft£.J and corresponding ra-

diative corrections 6 obtained after the processing of this measurement

shift are presented In Table 1. The errors presented In the table are sta-

t i s t i c . The systematic errors (±0.4%) are due to *h e Inaccuracy In de-

termination of calibration curve (4) parameters and the pulse-height ana-

lyzer differential noniinearity.

4. Results.

The total set of the data on elastic scattering differential cross

sections (1350 experimental points obtained 1n 14 measurement shifts) has

been processed In order to get an electric radius of the proton < T / ? ^

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

from one. The obtained radius value <REJ^ =(OA3±0LO^F1S in a good agree-

ment with the results of other experiments, particularly, with the value

<R6p'>
/;i=(a^i0.0u)F obtained for small Cf (оЛъГН^^ O.SF"*)

£i3j
by group from Mainz . It 1s Interesting to note that our result agrees with

12



P> e (0.817 ± 0.009) F from Ref. [14] , in which the experimental re-

sults on form factors for QZ$3OF are analyzed by the optimal conformal

transformation method.

The averaged differential cross-sections data for 49 values of глогпеп-

tum transfers covering 0.12F г ^ ^ г ^ 0.50 Я" interval measured in the

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

Q interval was divided Into equally spaced 50 groups.

For points belonging to a particular group, the cross section

e r r o r A ( ^ L ) and momentum transfers а г averaged values have been defined

as follows:

where (de/dTji » ьЫ&Ш).* Я; a | re cross section, error and

momentum transfer, respectively, for the i-th point of group.

In conclusion the authors exwess their sincere gratitude to

jXY.ATikhanyan], V.P.Dzhelspov , A.Ts.Amatuni, G.H.Vartapetyan «id S.G.Mafl-

nyan for their constant interest to this work. The authors thank A.V.Tara-

sov for discussions concerning the radiative corrections, S.L.Smirnova

and V.M.Plotko for assistance in preparation the film targets, also the

staff of the Yerevan Synchrotron,
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FIGURE CAPTIONS

Fig.l The experimental lyaout.

1 - semiconductor detectors, 2 - detectors displacement unit,

3 - collomator plate, 4 - unit for remote setting of oC -source,

5 - d. -source, 6 - scattering chamber, 7 - vacuum gate,

8 - rotating polyethylene target, 9 - carbon target,

Rq.2 Typical spectra observed on the analyzer display during irradi-

ation of the polyethylene target.

Solid curves represent fitted functions Jf^^iieoz (j)

Fig.3 Efficiency F and the error in calculation of efficiency

l&Fj/F in terms of the kinetic energy T_.__£.L_tflf _С_есоЛ

proton.

The following errors in the target thickness ± and dispersion

of the bean density distribution <O correspond to these curves:

* ± 0.05

2, ut/i • 4ё/б * ± 0.10

3 Д*Д *Дё/& - ± 0.15
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