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Abstract

In this paper we show,that an absolute and accurate calibration of mag-
netic spectrometers can be performed with the help of the inverse Compton
scattering using the absolute or relative energies of recoil elcctrons. The
Monte Carlo simulations show that the aksolute calibration of the CEBAF
magnets can be performed with a precision below the 1074 level.
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1 Introduction.

High-precision absolute calibration of magnetic spectrometers is an impor- -
tant requirement to the CEBAF physics program, and various methods have
been considered [1]. We suggest to use inverse laser scattering [2,3).It has
been shown [4,5] that the absolute value of the CEBAF beam enargy can
be determined with an accuracy of up to 10~® by the direct measurement
of the energy of photons scattered at small angles, and different techniques
for the measurement of the energy of scattered photons were considered {5).
In this paper we suggest to evaluate the absolute energy of incident elec-
trons by the measurement of absolute energy of recoil electrons. It is'shown
that the characteristics of the inverse Compton scattering allow one to carry
out absolute and accurate calibration of magnetic spectrometers using only
relative values of the momenta of the primary and recoil electrons. This is
the extension of the well known Siegbabn idea [6] of the absolute calibration
of § -ray magnetic spectrometers in the high energy domain. The results
of Monte Carlo simulations are presented. The parameters of the CEBAF
electron beam and a realistic laser system have been used.

2 The Principles of the Method.

The energy of the scattered photon ¢, as is well known, is related to the’
energy of the primary photon ¢, by the following formula -

_ (1 — Bcosb)e ] S (1)
, 71— Bcosly + (1 —cosb)(e1/ Ey) '

where E; is the energy of incident electron,f = v/e, v is the velocity
of electron, ¢ is the speed of light, 0 is the angle between the momentum
of incident and scattered photon, 0,8, are the angles between the initial
momentum of the electron and incident and scattered photons respectively.
Rewrite this expression in the following form
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where
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and

(1 - Bcos0;)(1 + B cos0s)

A(€1,7,0,0,,02) = 1 + BP*sin? 0 + v3(1 — cos B)(1 + Bcosb;)(e1/ Er) “

The behaviour of the factor A in the case of a monochromatic electron and
photon beams is determined mainly by the geometry and angular distribu-
tions of both the electron beam and the laser photons, also by the accuracy
of determination of the direction of the scattered photons. By choosing a
proper experimental geometry and a laser system, the last two terms can be
made negligible, then

dA/A = (vdb,)? ()

where df; is conditioned by the incident beam divergence.

Let us emphasize the following characteristics of the inverse Compton
scattering.

1. Inverse Compton scattering on monochromatic beams with small angu-
lar divergence gives monochromatic photons at certain angles of observation.
The energy of scattered photons is uniquely related to the angle of -emer-
gence. In each concrete case the accurate mean value of the factor A can be
determined analytically or with the help of Monte Carlo simulations.

2. For the Lorentz-factor of v < 10° the energy of the photons scattered at
small angles with respect to the incident electron momentum is proportional
to the square of the beam energy (the mean value of the factor A has a weak
dependence on 7).

3. The recoil clectrons emerge at infinitesimally small angles with re-
spect to their initial nomentum. The multiple scattering and radiation are
negligibly small.

The above-mentioned characteristics of the inverse Compton scattering
allow one to evaluate the absolute mean energy of incident electrons by the
measurement of the absolute mean energy of recoil electrons and vice-versa,
and to exploit the Siegbahn idea for a precise and absolute calibration of
magnetic spectrometers without any absolute measurements [6] in the high
energy domain. Indeed, one has the energy conservation:

flA(fl,'Ya 6, 01,02)‘12— m.+ E2— ¢, =0 (6)



or

'7mc(1 - EI/EX) = 72‘4(61’ Y 0’ 0102)61(1 " 1/(72'4(6.11 ;71101 011 02))) (7)

where

5= Ey/m, (8)

and E; is the energy of the recoil electron, m. is the rest mass of the

electron. The Lorentz factor ¥ = 7 can be determined from the eq. (6) or

eq. (7) by the measurement of the absolute value of E; or the ratio E;/E,.

With the use of a multimode laser system, the Lorentz factor of the

incident beam can be expressed by the ratio a = E3/E; of the energies of
recoil electrons from the two different laser lines, ¢;,and €.

51172'4(511) 7 a) 01’ 02)(1—'1/(72A(6111 9 £) 0’ 01’ 02))(1-“0) = me;i(l _a)a (9)

where

o= end(e,7,6,01,6)(1 - 1/(v* A(en, 7,9, 61, 63))) (10)
e12A(€12,7, 8, 61,02)(1 — 1/(7* A(e12, 7,9, 01, 82))) o

In the case of a parallel electron beam, when dA/A < 10~? and the
distribution of A is Gaussian like, in the equations (2),(6),(7),(9) the values -
of €3, B, Ey, E3, 4,7 and o can be replaced by their mean values. Then the
absolute mean value of the Lorentz factor 4 = 7 of the incident beam can
be determined by the measurement of the absolute mean energy of forward
scattered photons (direct way) or by the indirect way by the measurement
of the absolute mean energy of recoil electrons as well as by means of the
determination of the ratios E;/E, or E3/E, of energies of recoil and incident
electrons or of recoil electrons from the two different laser lines, i.e. without -
any absolute measurements.

3 Results of the Monte Carlo Calculations

Let us consider, for example, the absolute energy determination of the elec-
tron beam by the help of eq. (6) and eq. (9) taking into account the real
parameters of the electron beam [1] and laser system [7].
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The absolute (relative) values of recoil electron energies can be measured
by emploing a magnetic spectrometer. The energies of recoil electrons in
this case are expressed via bending angles and field integrals. We use the
following characteristics of the electron beam: energy interval - 0.5-5.0 GeV;
energy spread (og,)/E; = 2.5 x 10~%; angular spread (¢) = 1.5 x 10~%;
and laser system [7]: energy of laser photons - 1.07, 2.4 and 3.4 eV; angular
spread (o) = 5x 10™*; Energy resolution of magnetic spectrometer dE3/E; =
'dE;,/ E3 = 10_4. '

We consider the case when recoil electrons are detected in coincidence
with the photons scattered at small (< 1.5 x 107°) angles with respect to the
momentum of the incident electrons in head-on collisions. The y-detector
required, must have a good position resolution, but need not measure the
~-energy. However, the determination of the directions of scattered pho-
tons with a precision higher than the angular divergence of primary beam is
useless.

As follows from our Monte Carlo calculations,-the angular divergence of
recoil electrons in coinsidence with forward scattered photons for 4 = 1000 is
~ 10~%rad, more than an order of magnitude smaller than the incident beam
divergence and decrease with increasing y. Therefore, the recoil electrons
practically move in the direction of incident beam.

The Monte Carlo simulations were carried out taking into account the
angular spread of laser photons and the angular and energy spread of incident
electrons as well as the resolution of magnetic spectrometer. As a result
of this simulation, the mean energy of recoil electrons is determined. The
absolute value of the mean Lorentz factor of incident beam is determined
using only the mean energies of recoil electrons, absolute- with the help of
eq. (6), relative- using eq. (9). The procedure in both cases is similar, and we
will describe it in detail only for the last case. In the first step we determine
the mean energies of recoil electrons E; and Ej from two different laser lines
€11 and €;3. To the first order of magnitude we assume A=4, a = €,/¢3,
and the Lorentz factor is determined from the equation:

_ mea(l —a)
' e14(1 - aa)

(1)

where
a= E:s/E"z- ‘ (12)
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Using this value of 4; and taking into account the angular characteristics
of the incident electron beam and laser photons, we calculate the new mean
values of the factor A and o: ‘

Av= [ [ [ Alen,,0,0,,0:)d0, 01,06, (13)

An= [ [ [ Aleia%,0,01,6:)d9, d8y, a0 (14)
eudu(l - 1/(+}An))

= : 15

*= A= 1/ An) 19

Next we define a new value of 4544 by

mea(l — a) (16)
enAn(l = 1/73An)(1 - aa)
and we repeat this iterative procedure while abs(y; — 7i41)/7: > 1075,

The mean value of the obtained Lorentz factors Jpc and their statistic er-
_rors 0., /v (one standard deviation) are given in Table 1 for different incident
values of 4, €, €2 and for a total number of 10* events in each case, respec-
tively. In this case the attainable accuracy is set by the error coming from the
determination of the ratio of mean values of momentum of recoil electrons
from different laser lines. The mean bending angles of recoil electrons can
be determined with high accuracy by selection of a suitable geometry and
detector. Then, the attainable accuracy is set by the error coming from the
determination of the field integrals ratio (f Bdl)s/(f Bdl);. The relative ac-
curacy of the order of 10~° can be obtained, but the accuracy of the absolute
measurements is about 10~4 for CEBAF [8] and SLC [9] magnets. Therefore,
the attainable accuracy in each case can be estimated using the maximum ac-
curacy of relative measurements equal to 105, The obtained results(o/7)
are presented in the last column of Table 1 and can be represented with the
help of the following formula:

Yitr =

0o da

(17)

F 1-a
where da is the accuracy of a.

The experimental conditions are particularly favourable when an iron-
free magnet is used with the average external field along the path completely
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compensated for.In that case the field ratio is simplified to be a ratio between
two currents through the magnet coils corresponding equivalent points on the -
E; and Ej; of recoil electrons energies from the two different laser lines, which
can be measured with an accuracy of better than 10-%,

The absolute mean energy of incident electron beam can be determined
by the measurement of the absolute mean energy of recoil electrons,with the
help of eq. (6). The obtained results are presented in Table 2.The mean
value ( E, ) and the dispersion ( o5,/ E3) of the recoil electrons energies are
presented in adition. Where

= [< (B - E)* 5]V (18)

In this case the attainable accuracy is set by the error coming from the
determination of the absolute mean energy of recoil electrons dE,/E,, which
is mainly conditioned by the accuracy of the field integrals (about 10~4):

o dE
o _ GLy 1 _

Using the laser system proposed in [7] and the 1A electron beam, one
may have = 10* events per second in an angular acceptance of d? = 10™'%r
and measure the Lorentz factor with an accuracy of the order of 1074 .

This method allows one to obtain monochromatic photon beams with
standard and tuned energies in the high energy domain, which can find a
wide application.

It is interesting to note, that the accuracy in the measurements of the
Lorentz factor by direct and indirect ways allow one to evaluate the absolute
value of the atomic constants h/(m,c) as well as the relation ¥ = v with
10~* — 10~®precision at high energies.

The author is thankful to K. Alanakian, Tz. Amatuni, G. Bayatian, V.
Gavalian, H. Gulkanian, S. Darbinian, K. Egiyan, K. Ispirian, S. Knyazxa,n,
S. Mehrabian and H. Vartapetian for useful discussions.

The work is partially supported by the Grant 211-5291 YPI of the German .
Bundesministerium fur Forschung und Technologie.



- Table 1. The mean value of extracted Loreuiti-fa.ctors Amc and their
errors .,/ for different values of true Lorentz-factors v and €1, €2, obtained
with the help of eq. (9). The total number of events in each case is 10* .

1000.000 | 1. . 9. . 511,
1000.000 | 1.07 34 1999.998 1.2 x 10~ |5.8 x 10~
3000.000 | 1.07 24 3000.10 | 6.1 x 10~% | 3.5 x 104
3000.000 | 1.07 3.4 |3000.06 | 4.4 x 10~% 2.2 x 104
10000.00 | 1.07 2.4 |[10001.6 [ 7.0 x 10~4 (8.8 x 10~°
10000.00 | 1.07 3.4 |10001.8 5.1 x 10~ 5.2 x 10~%

Table 2 The same as in Table 1, obtained with the help of eq. (6).The mean
value and the dispersion of the recoil electrons energies are given in addition.

L v la(eV)] e o]y | E(MeV)| og,[F,
1000.000 | 1.07 |1000.001 { 1.0 x 10~°| 506.75 |2.5 x 10~
1000.000 | 2.4 |1000.001 |1.0x 10~¢| 501.58 |2.5x 1078
1000.000 | 3.4 |1000.001{1.0x10-%| 497.75 |2.5x 1075
3000.000 | 1.07 |3000.003 |1.3x10°%| 1495.49 |7.2x107%
3000.000 | 2.4 |3000.004 {1.9x10~%| 1451.36 |1.5x 10~*
3000.000 | 3.4 [2999.997 |2.5x 10~%| 1419.80 |[2.1 x 10~*
10000.00 | 1.07 | 9999.8 {2.5x 10~%] 4722.78 |2.2x1072
10000.00 | 2.4 | 9999.6 |5.0x 10~5| 4316.30 |4.5% 1073
10000.00 | 3.4 | 9999.5 |7.5x10°%| 4053.97 |6.0x 10~
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