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Abstract

A method is presented of absolute energy measurement with an accuracy of AE ~
104 E, by direct measurement of the bend angle in a high-precision magnetic dipole using
two opposite-direction short (about 2 mm long) high-field-intensity magnets (Baipole <
Byhort mag) installed at each end and two K-edge absorption spectrometers. Using these
spectrometers and the hard x-ray synchrotron radiation created by the short magnets, a
bend angle of 4.5 arc deg for the CEBAF energy bandwidth can be measured with an
accuracy of a few units of 10~® rad, and the main sources of systematic errors are the
absolute measurement of the field integral and the determination of the centroid of the
synchrotron beam at a wavelength equal to the K-edge absorption of the chosen substance.

Introduction

The use of magnetic spectrometers to determine absolute beam energy is well known.
The best performance of the method was the SLC energy measurement facility [1). This
facility measured the bending angle using two synchrotron radiation (SR) swaths created
in two short kicker magnets having magnetic field perpendicular to the field direction in the
main bending magnet and installed on its sides. The field integral [ Bdl in the main dipole
was measured with an accuracy better than 10~* and monitored by a special rotating coil
or NMR probes [2].

Two phosphorescent screens equipped with a system of fiducial wires and CCD video
cameras measured the distance between SR beams with an accuracy of < 10™4,

The distance between the center of the main bending and the phosphorescent screen
equaling 15 m was measured with an absolute accuracy of 1.5 mm.

The main source of errors limiting the accuracy of energy determination at the level
of 5 x 10* is nonorthogonality of the vectors of the magnetic field strength in the kickers
and in the main bending dipole [3].

In this paper a new method of bend angle measurement using the K-edge absorption
technique is discussed. The application of the method to high-precision absolute energy
measurement at CEBAF is presented.

* Work supported by U.S. Department of Energy under contract DE-AC05-84ER40150.
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The method

The concept of the method is the following. A beam of electrons passes through a
lngh-prec:sxon mapped and continuously monitored dipole magnet having a field average
mtensxty B; = AT f ! Bdl and two short dipoles having opposite direction of field intensity
B, » B, installed on its sides. The synchrotron radiation generated in the main dipole
and short magnets have different spectral distributions defined by corresponding critical
wavelengths A, and A, which are chosen to satisfy the condition A, » ).,. So these short
magnets are working as magnetic targets generating wavelength )q, which is practically
not represented in the spectrum radiated from electrons in the main dipole.

The principle of the method is as follows. Two K-edge absorption spectrometers (see

Figure 1) having input collimators of width A and installed on the SR beam produced
by the first short magnet at distance L can be tuned up at a wavelength Ay between the
upper and lower borders of K-edge absorption of a chosen element. Scanning synchrotron
light by the input collimator one can find the higher intensity at chosen wavelength which
is the centroid of the SR beam generated in the first short magnet. This procedure will
lower the quantum fluctuation of output (after absorption) intensity, which is one of the
main sources of systematic errors. Then one of the spectrometers will be installed on
‘the second beam axis by moving in a direction perpendicular to the axis of the first SR
beam. The same wavelength Ay with the same output intensity can be registered in the SR
beam generated in the second short magnet by scanning this beam and rotating the second
spectrometer around the axis of its first crystal. When the same point of the absorption
curve is reached—i.e., when the output intensities Noou: of both spectrometers are equal
and the gradients AN,ou /A6 of both spectrometers are equal—the bend angle 6; in the
main dipole will be equal to the angle of rotation of the second spectrometer.
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Figure 1. The scheme of absolute energy measurement with the K-edge spectrometers.
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The accuracy of the measurement depends on the angle of SR beam collimation, h/L,
and the absolute value of the intensity drop gradnent ANt /A8 between the upper and
lower points of the absorption curve.

To exclude from 6} the bend angle created by the short dipoles 66, these magnets have
opposite directions of the vectors of magnetic field strength.

For the spectrometers, ordinary EXAFS (extended x-ray absorption fine structure)
spectrometers can be used (see, for example, {4,5]). Double erystal monochromators which
are in use for these spectrometers have an angular resolution better than 1 arc sec. The
monochromator described in [4] consists of two non-dispersive Si(422) channel-cut crystals,
whose rocking curve width is £ ~ 2.6 arc-sec, installed in a dispersive geometry (see Figure
2) having an energy resolution AE,/E.q better than 10~5 and permitting measurement
of the angle of about 5.6 arc deg from CuKa; 3 to CuKg with an accuracy é¢ better than
0.6 arc sec. This accuracy was stable in several sweeps over a period of several hours.

Figure 2 High-resolution crystal monochromator for EXAFS spectrometer.

Using this type of spectrometer the bend angle ¢ of the electron beam in the main
dipole (about 4.5 arc deg) will be measured with the accuracy §¢/¢ better than 4 x 1075.

The calculations

The angular resolution of the K-edge spectrometer depends on the absolute value of
a gradient of the intensity drop within the upper and lower (), and A;) borders of K-edge
absorption: Ny
~ N,u
¥ ¥

and the intensity fluctuation at the lower border of absorption Ny; = /N, at a given
electron beam intensity, I., and can be determined as follows:

§¢ x G = /N, 1. (2)

The gradient of intensity drop depends on a ratio between the intensities created at
Ao in the short and main dipoles too, because of the large divergence angle of radiation in
the main dipole. This ratio can be limited to a few units of 1072,

The magnetic field intensity in the short dipole B, can be taken as 2 T and with a
bend angle of 2 x 10~ rad.

A typical absorption curve of Cu at its K edge with an energy resolution about 2 eV
(5] having the ratio N,u/N,l higher than 30 has 2 A¢ equal to 4.25 x 10™* rad (see Figure
3). For the following calculations these parameters were used.

G=
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Figure 3. A typical absorption curve of Cu.

The intensity of the photon flux generated in the short magnet at the chosen working
wavelength A¢ was calculated using following formula [6]:

Ny = A7 (/30 (BA Xo)KE5(Ae/220), (3)

where K3/3(Ac/2)) is the modified Bessel function, and A is a proportionality coefficient
to obtain the result in units of photons per second:

A = 3.461 x 10°J[mA]¢[mrad]s[mrad], (4)
where ¢ and ¢ are horizontal and vertical angles of SR beam collimation and

7.12 x 10°
Ae = _';E-E__ (8)

Here v is Lorentz factor of the electron.
The ratio of the intensities generated at the wavelength )g in the main bending and
short magnets can be calculated as follows:

| '\c. 2 Kzzjs('\c./zl\o)
= (3.:_) X KZ2/3(xe, /220) (6)

For optimization of this parameter at all CEBAF energies different substances can be
used.




The calculations which affirm the high resolution of the method for CEBAF were

performed using the following parameters:
bearn current: 10 pA,
bend angle in main dipole: 8.17 x 1072 rad,
magnetic field intensity in short magnets: 2 T,
* SR beam horizontal divergence from short magnet limited by collimator: 2 x 103
rad,

SR beam vertical divergence limited by collimator: 1 x 103 rad,

the working wavelengths, A¢, are K-edges of the following substances: Cu (1.38059
A), for an accelerator beam energy from 1 and 2 GeV, Ge (1.11658 A) for 3 GeV, and
Mo (0.61978 A) for 4 GeV,
* spectral bandwidth, AA/A: 2 x 1074, and
* the angular bandwidth, A¢, of the intensity drop at the K-edges: 4.5 x 165 rad for

copper, 2 X 10~* rad for germanium, and 1 x 10~ rad for molybdenum.

The results of the calculations are presented in Table 1.

*+ X

* »

Table 1. The Results of the Calculations

E. B, Ay Ac, N, Nao/N,, AN, /A6
(GeV) | (T) A A photons/sec phot. sec™!, rad™?
1.0 0.0907 | 205.0 9.3 1.385 x 104 < 10-% 3.06 x 108
2.0 0.1814 | 25.62 2.3 2.532 x 10° < 10-% 5.62 x 1010
3.0 2.721 7.59 | 1.03 1.86 x 108 1.37 x 1072 9.3 x 101°
4.0 0.3625 3.2 0.58 1.253 x 107 | 6.84 x 102 1.253 x 1012

To avoid the influence of harmonics Ag/n on the gradient of intensity drop, total
external reflection (TER) will be used. The spectrum transformation by silicon TER
mirror taken from [7] is presented in Figure 4.
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Figure 4. The synchrotron radiation spectrum transformation by silicon TER. mirror.

According to Table 1 and formula (2) the angular resolution §¢ is better than 1 arc
sec, and the limitation of absolute energy determination has mainly equal contributions
from the accuracy of the magnetic field mapping in the main dipole, i.e., about 1074,
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The intensity at the lower border of K-edge absorption according to [5] is taken equal to
N, /30.

For CEBAF Halls A and C one bending magnet in each beam transport line is used.
Two short (2 mm long) magnets installed at both ends of the dipole could generate SR
beams extracted through a beryllium window of a modified electron beam pipe into two
EXAFS spectrometers.
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