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High-Precision Absolute Measurement
of CEBAF Beam Mean Energy*

I. P. Karabekov
CEBAF, Yerevan Physics Institute

1. Imtroduction

The absolute measurement of the beam mean energy with an accuracy of one part in
10* or higher is an important demand of the CEBAF Hall A physics program [1]. This
accuracy may reduce the uncertainty in the d(e,e’p)p cross section 8¢/ to 1%. The need
for such an accurately calibrated beam is not particular to CEBAF; at other electron
facilities uncertainty in the incident energy has proven to be among the dominant sources
of systematic error.

The following methods for solving the problem were considered at both CEBAF and
the Yerevan Physics Institute during 1990 - 1991:

o Backscattering of a plane electromagnetic wave by the relativistic electron beam.
Calculations show that the intensity of the backscattered radiation in a bandwidth of
10~% near the maximum frequency is about 1 photon per second at 4 GeV and 0.3
mA [2].

¢ Magnetic spectrometers performing as three- and four-magnet chicanes |3,4,5] with
appropriate detector systems. Such a system was used at SLAC for absolute measure-
ment of the SLC beams energy, where a maximum accuracy of 5 x 10~4 was achieved.
Calculations show that a similar accuracy can be achieved for the CEBAF beam in
both proposed systems.

» Measurement of the vertical distribution of synchrotron radiation [6]. Calculations
indicate that precision of about 2.5 x 10~% is achievable for CEBAF.

2. The Resolution of Magnet Spectrometer Systems

The precision of determining the beam mean energy using magnetic spectrometers
depends on the measurement accuracy of the field intensity B and the bending radius
p. Since a high-precision direct measurement of p is impossible, this parameter has to be
determined via other measurable values such as the beam deflection h or the bending angle

8.

The main problem is to design a scheme where the error of the measurements is
minimal.

The beam energy E and the bending radius p in an extended nonuniform magnetic

field are related by:
— P "
1'7}—300('5.‘3)/‘:1 Bds, (1)

* Work supported by DOE contract DE-AC05-84ER40150 and s cooperative research
agreement between Yerevan Physics Institute and CEBAF
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and can be adopted for the bending angle measurement. This formula, written in another
form useful for a deflection measurement, is

300n  [*
E= As(1 — cosfg) _/:1 Bds, 2)

where As is the length of the trajectory in the magnetic field and 85 is the bending angle.

Formulas (1) and (2) described the main functions of three and four magnet chicanes,
and they are the basis for the calculation of tolerances. The scheme of these two types of
spectrometers are presented in Figure 1, and their main parameters are given in Tables 1
and 2.

It is known (3] that the bending angle 85 can be measured with two synchrotron (SR)
beams generated by two short kicker magnets which deflect the electron beam orthogonally
to the main bending plane. The main benefit of the three magnet chicane method is that
the distance between two SR beams may be measured by intercepting detectors.

The minimal bending angle will be determined from the ratio A# /8 = A, where A is
the requested accuracy of the energy determination and A# is the achieved accuracy of
the bending angle determination, which can be calculated as

AB = %\/nd(ﬁm)z + 148, - 6 L)? + AX2 4 (6 f Bds)? (3)

In (3) 6 [ Bds is the accuracy of the field integral measurement; §z, the resolution of
the intersecting beam position monitors; 8, the bending angle in the kickers; 6, the angle
between magnetic lines of force in the kicker and the bending plane of the main magnet; L,
the distance between the detector’s plane and the point where SR is created; Az, survey
error; ng, number of SR detectors; and n;, number of kickers.

The four magnet chicane measures the deflection of the electron beam using trans-
parent beam position monitors. The main limitation for this type of chicane is the error
produced by the uncertainty in measurement of the beam entrance angle z'.

The uncertainty of the deflection measurement can be calculated by

ay
Ah = \/2(6/ Bds)? + 3Az? + (pAz'sing)? (4)

It is known (8] that the field integral may be measured to an accuracy of 100 ppm.
The accuracy of the SR beam centroid measurement by intersecting detectors is about 30
pm [9], and the minimal value of §¢ is about 2 mrad [2]. The resolution of the transparent
beam position monitors due to the signal to noise ratio is 10~%4 m [10]. The errors are
listed in Tables 3 and 4 at the end of this paper. The results confirm that the maximal
accuracy of the spectrometers is several units of 1074,



3. Resolution of the Synchrotron Radiation Method

It is known that (see e.g. [11]) the vertical distribution of the synchrotron radiation
for a given wavelength A at one mA, a horizontal angle © of one mrad, a vertical angle
of one mrad, and a spectral bandwidth k = §1/) is

Ni =3.461 - 10%ky2(Ae/A)2F (5)

where X¢ = 4mp/3vy%(em) in CGS units, v = E/mec?, p is the bending radius in the
magnets, and

2

T
F = Fy+Fu=(1+2* [Kij(e) + 5K (2) (6)

Here, = ¢, and ¢ is the angle vertical to the bending plane. K, /3(2) and K, 3(2)
are modified Bessel functions, and z = (Ac/2A)(1 + 23)*/2. This distribution is shown
graphically in Figure 2.

The principle of this energy measurement [4] is as follows. When the following equation
is satisfled

Nk(TD)'ﬂb:O)""SNk(‘YO:"»b:'/JO):O' (7)
where

Kzz/a(/\c/Z/\)
(1+22)2[K3 5(2) + s K2 5 (2)]

£= (8)

the beam energy is determined equal to yp. In [7] Ni(v,% = 0), Ni(v,% = vo) are the
photon fluxes emitted at the vertical angles ¥ = 0, 9 = 1, respectively. If 4 differs from
Yo by &7, where ¢ satisfies equation (7), then the difference AN(A~) (proportional to
§%) can be measured.

3.1 Definition of the Working Point g and Accuracy of Its Measurement

Deviation of the observation angles 4 = 0 and ¥ = ¥y by the small value of Ay (or
Az = Ay) brings an additional flux difference AN(A%)

|ANi| = A|F'Az| + A|1/2F"Az?| + ... (9)

where A is the constant of proportionality. In order to estimate the maximum value of
this possible error, AN at 1 = 1y is used.

The derivatives of F(z) are:

F'(z) = 42’ K3 )y — 62(1 + 22%)2K, ;3 Ky 3,

34 22 14 222
A2 2 2.2
F'(z) = 4z m——~—1+mzK1/3+183 s
102* + 72?2 + 1
z

14 22

(Klz/B + Kzz/s)_ (10)

—6

K,/3Kyys.
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The Bessel function derivatives are

K;/s(z) = ~Ky/3 — (1/32)K1/3,

' (11)
Kz/a(z) = —Ky3 — (2/32)K2/3-

The expressions for F"'(z) and F""(z) are very complicated and are not presented here.

These derivatives are not small, and the only possible way to minimize their effect is to

use the symmetry of the distribution of the SR flux relative to the orbital plane. If the

photon flux passing through two identical slits at vertical angles 15y and —1, are added,

then all the odd components in (9) vanish, and

ANy (AY) = 2A[(Az?/2)F" (2} + (Az*/24)F" ()] (12)

Furthermore, there is a point # = z¢ where F"(z) = 0, and this is the working point that
corresponds to the bending point of F(¢y). For A./X = 1 this point is z = 0.801084,
and for v = 7828 (4 Gev) the working point ¥, = 1.02336 - 10~* rad. For this point the
first element of the series {12) with non-vanishing value is (F""/24)Az*. Calculating the
derivatives of F(z) for z = 0.801084 yields

F'(z) =-1.735, F"(z)=0, F"(z)=14.26, F"'(z)=21
Taking
ANy(Ap)

= F"'(z)Az*[24F(z) = 107°
N

for v = 7.828-10% and F(z = 0.8) ~ 0.5, we obtain the tolerable value of At = 0.945.1073
rad.

3.2 Resolution of the Method and Its Limitation Caused by Quantum Fluctuations

The sensitivity of the method is expressed by

ANw(Av) = Ay[Ni(7, % = 0) — ENL (7,9 = to)) (13)

In (13) Ni(v,% = 0) and N(v,% = 1) may be calculated from:

—2

_ a
Ni(v, 9 =0) = [ﬂ27 szz/s( 72

)} x C (14)
and
av—2
Ni(y, ¥ = o) = a®y7%(1 + ¢24?)? {[Kﬁfs(*L(l +24)3 )+

2
sz,rz
1+ 9242

K21+ ¢272)3’2)} e (15)

* 2

which can be written as



Ay Az ‘ As

Nulr = o) = O x [Py K (=) + 206 K5 2) + 79" Koo (2) +

B1 Bz
+ @YK () + KD 0) (16)
where
ay~? 2_243/2 s A L. . : -1
z=— (1 +49°+*)*/? C =3.461 x 10 TI in units of [mA, mradfp,,, mrady, sec™!);
712.10% s . 2
e TH A is the synchrotron radiation wavelength in cm ;v = Ey/M,C? and

B is magnetic field strength.

The derivative of Ni(vy,¢ = 0) is

_ 2 _ _
Ne(v,¥ =0)=C x {2a2‘Y 2 [_Kl/;,(z) - EKzls(z)](*ﬂ’r *) - 2ay 3K22/3(z)} » (17)
and the derivatives of A}, A}, A4}, B!, and B} are as follows:

_ 2
43 = 20y 2K s (2) [~ Kajs (3) — o Kags()]

A . (18)
[gaf (1 + %2y 2)1/2 —3(1+72¢2)3/2] —20,27_31(22/3(2)
A} = 40292 Ky 13(2) [—K, sa(z) = %Kz ,3(2)] ) (19)
Ay = 2097 K3 (2) + 20 Ka o () [~ Kaps(2) - oo Kaps ()] ()) (20)
B} = 2a6° K1 o(2) [~ Kass(2) = 5 Kaa(2)] () (21)
! 2,4 2 1 I
B, = 20ty { K3(2) 4 7Ky a() [~ ) — oK) (2 ) e

Calculation of ANk(A«v) by (13) using (17 to 22) was performed for the following
conditions:

Ac/A=1; o =7828.0; B =10* Gauss; A =1.164; k=10"% I =0.3 mA;
Abror = 10 mrad; Atvyers = 2.5-1072 mrad; 1 = 1.02-10~4 rad. This gives the
result



ANg(Ay = 10"%v,) = 4.412 - 10® photons per sec

The photon flux from the central slit is calculated using (14) and has the intensity Ny =
2.3 - 10'° photons/sec. The quantum fluctuation is accordingly

ANgpyer = /2N = 2.14 - 1075 photons/sec
which is more than 20 times smaller than ANg(Avy - 1074).

3.3 Tolerances Caused by Errors in Measuring A and )

The parameters A, and X are the main variables in the formulae for determination
of the absolute value of the beam energy. Errors in A, and A are caused by errors in
the measurements of the magnetic field strength B and the Bragg angle §p of the X-Ray
monochromator.

Estimating the magnitude of these errors, we rewrite (8) in the simple form using only
Fj as

K3 13(v/2)

=BR[]

(23)

where y = A, /A and b =1 + (y9)?.
The deviations of AB/B and A#/6 produce errors in y = A,/ Ao(Ay) which can be
calculated using the relations

7.12-10°
2 = 12107
[ ‘YgB

and
Al = AAfctglp

If Ay #£0, £ =& + AE, where
AE(AY) = E(y)Ay + 5" Ay + ... (24)

This A¢{(Ay) produces errors in determining the absolute energy according to (8).
If the wave band AX has a symmetric distribution around ¢, the first component of
(24) vanishes, and the error may be calculated by the second component

A€ = %f”Ayz (25)

The errors in AB/B and A6/8 shift the whole wavelength interval AX with respect to Ag,
equivalent to introducing an asymmetric A component. The intensity of this asymmetric
part of the spectral distribution is §A/A) times lower than the entire intemsity of the
photon flux through the slit. Therefore the error produced by this parameter may be
calculated from



522
_ [}
AF=¢- | (26)

The expression for £'(y) is

_ Kaps(w/2)(—Ku3(u/2) — 5,Ka3(9/2) K35 (9/2)6°/(—Kiys(2) — & Kapal2)

() b K2, (2) PK} ), (2)

(27)
where z = (y/2)b*/2.
The following parameters have been chosen for numerical calculations:

Aeo/Mo=1=y; %7y=08; b=164; K,;/3(0.5)=0.989; =z =1.05
Ky/3(1.05) = 0.416; Ky/5(0.5) = 1.206; Kp5(1.05) = 0.46; /2 =0.5
With substitution of this into (27), one finds £'(y) = 2.73.

The value of £"(y) was numerically calculated using (27), increasing the argument y by
Ay = 0.2. The values of the parameters in the case of y + Ay in (27) are:

2 =1.26; K,;3(0.6)=0.8251; K,/3(1.260 =0.308; /2 = 0.6;
Ky/5(0.6) = 0.983; K,/5(1.26) = 0.3406.
We find £'(1.05) = 2.73, £'(1.26) = 3.28, and accordingly, £”(1.05) = 2.75.

Tolerance Limits of the Bandwidth AA/A.
Let the tolerable error in £ due to Ay = AA/X be A{ = 1073, Using (25) one finds

1
Ag(dy) = S¢"Ay* = 1077,
Ay = AX/A=2.7.1073
Tolerance Limits for AB/Bj.

The tolerable errors for the magnetic field strength measurement are

Aco 8¢ 6. 4B

Al] /\cO Aco B —BO ’

Let the wavelength interval AX/X = 1072 = Ay, and the tolerable error in ¢ due to §B/B
be A¢ = 1075, Then

y+Ay=

1+

) and Ay =

2
AL(8y) = g'ii —10~° and §y = AB/Bo = 0.6-10%.
y

Tolerance Limit for A#f.

The tolerable errors for the Bragg angle g can be calculated using the well-known
relation A/ = 8fctgfp. It is evident that

by = —y(6A/A)
Let the tolerable value of A¢(y) = 10~3. Using (24) and (27) yields
o (60ctghp)? —

Let 8p ~ 0.2rad, Ay = AA/X = 1073, This yields an error §§ = 2.72-107° rad .
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Tolerance limit from the emittance of the Electron Beam.

Due to the angular (y') and spatial (y) distributions of electrons the photons at the
slit fill an angle §% = y'+y/L. L is the distance between the central point of the arc, where
the radiation is created, and the plane of the slits. The distribution of photons emitted
by electrons having coordinates y,y' is shifted by 6z = 8vy. Since the distribution is
symmetrical with respect to the orbit plane for observation angles 19y and ~1 the shifts are
accordingly 6z and —éz. Using the same considerations which were discussed in paragraph
3.1 the tolerable value of the angular distribution of the electrons in the bunch may be
calculated from
_ F""(z)
24

where F'""(z) = 2.1. For éF(z) = 1075, which corresponds to §z = 10~!, one finds
8 = 1.25- 10" 5rad.

§F(z) bzt (28)

All the tolerances are presented in Table 5 at the end of the paper.

4. Technical Performance of SR Method
4.1 'The Slit System

The distance between the midpoint of the dipole and the slit plane is 5.0 m, and
the slit is 50 mm long. The 30 radius of the vertical emittance is about 2 x 10~° mrad
(2-107°rad x 1-10"*m). Accordingly, the height of the slit will be 400um. The two slits
that collect the photons emitted at angles 1y = +1.02 x 10~ rad are separated by 1.04
mm, measured center-to-center. The central slit (1) = 0) with the same length of 50 mm is
shifted 50 mm parallel to the horizontal axis with respect to the double slits (£1). This
arrangement of the slits has many advantages for the counting system, particularly for
the ionization chambers that measure the photon flux differences and for precise mutual
alignment. The accuracy of better than 1075 for the slit alignment under SR beam is
possible because the error of 1075 of 7y in the observation angle create an photon flux
difference about 5 x 10° photons per second which is higher than the quantum fluctuations
level. The slit system will be worked out with the absolute accuracy of 0.1 um. The
accuracy of 10™° will be achieved by constructing 10 times bigger slit plate and installing
it at the angle of 0.1 rad with respect to the SR beam axis.This angle will be measured by
the accuracy 0.1 angular seconds which produces the error in distance between the slits of
0.01pm.

The slits are made of tungsten plates with & thickness of about 1.0 mm. The absorption
coefficient of tungsten is about 4 x 10%cm™* for A ~ 1A4.

4.2 The Counting System

The counting system consists of two air-filled ionization chambers (IC). They are 50
cm long and have entrance window of 50mm in width. The construction of the chambers
will provide a leakage current of less than 1074 A, the IC current anticipated for a photon
flux intensity of 2 x 101%s~1 i5 10~ %A,



5. High Precision Energy Measurement for CEBAF

The investigations presented indicate that the measurement of the vertical SR distri-
bution would allow determination of the CEBAF beam mean energy with an accuracy of
10™* or better.

Clearly, the creation of synchrotron radiation requires a high precision magnetic field.
For this purpose, a special short magnet will be inserted in the beam transport system as
close as possible to the target area. The best place for this magnet is at the location of the
penultimate dipole. For compensation of the distortion of the electron beam path caused
by the inserted magnet, an optical system like the three magnet chicane is required. Such
optics may be created using neighboring ordinary magnets to give an additional bending
angle (see Figure 3). This additional angle §6 may be achieved by increasing the current
in the magnet conductors. The tolerable increase of the current is about 20%, which yields
66 = 0.2rad.

The high precision magnet length is about 50 ¢cm long. The new straight section has
a length of more than 2 m, which allows installation of two 0.2 m long kicker magnets
with 2 mrad vertical deflection. If the distance between the point of SR generation and
detectors is about 7 m and the distance between intersecting beam position monitors is
measured with the accuracy 3 x 107%m the preliminary beam energy determination will
be performed with an accuracy of three units of 107%. Accuracy of up to 2.5-103 can be
achieved using SR light generated in the high precision magnet.
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T. Tables

Table 1. Main parameters of 3-magnet chicane

Parameter Size
Bending angle 107! rad
Magnet length 1.0 meter
SR path length 3.0 meters
Vertical bend angle 102 rad
Number of spectrometer magnets 1

Number of kicker magnets 4

Number of position detectors 4

Total length of chicane 6 meters

Table 2. Main parameters of 4-magnet chicane

Parameter Size
Bending angle 16° x 4
Dispersion 1.73 meters

Bending radius

Number of magnets

Length of magnets

Length of long straight section
Length of short straight section

Beam position monitor

- resolution
- number

Beam entrance angle resolution
Total length of chicane

11.1 meters
4

3.0 meters
3.0 meters

2.0 meters

10~% meter

10~% rad

20 meters
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Table 3. Systematic error for 3-magnet chicane

Source of error

size of error

contribution to
energy error

Magnetic measurement

Detector position

Kicker rotation

Survey error

104

2.-10°8

4.-107%

105

1.x 10

2.x 104

4. %1074

1.x10~¢

Total AE = 4.69 x 10~ 4E,

Table 4. Systematic error for 4-magnet chicane

Source of error

size of error

contribution to
energy error

Magnetic measurement

BPM Measurement

Beam entrance angle

Survey error

2.x 104

1.73 x 10~
1.6 x 104
5.2 x 1075

2. x 104
1.x 104
2.06 x 104
0.3 x 104

Total AE = 2.29.4 x 107E,
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Table 5. Tolerances for absolute energy measurement at 4 GeV

Error

The source of error Symbol Tolerance AE/E,
angle between orbit plane and
the slit system symmetry plane A 0.945 - 10~ 5rad 108
the number of photons in
quantum fluctuations ANy 2.140 - 10°ps—? 0.5-10%
the arc in bending Af- 0.148 rad 10-8
wavelength AX/A 2.700.103 10-°
accuracy of measurerment 6f
field intensity AB/B 0.600-101 105
accuracy of measurement of
the monochromator angles 56 2.720.10°5 103
emittance parameters b =y +(y/L) 1.250 - 10~ %rad

at L =5-10% mm 10-5

The total error AE = 2.5.10"3E

12




8. References
[1] Conceptual Design Report, CEBAF Basic Experiment Equipment, April 13, 1990.

[2] L. P. Karabekov and V. V. Musakhanian, “The Possibility of Absolute Measure-
ment of Beam Energy Using Backscattering of a Transverse Plane Electromagnetic
Wave,” CEBAF TN 92-014, February 26, 1992.

(3] J. Kent, M. King et al., “Precision Measurement of the SLC Beam Energy,” SLAC-
PUB 4922, LBL-26977, March 1989,

[4] B. Bevins, “Precision Beam Energy Measurement at CEBAF Using Synchrotron
Radiation Detectors,” CEBAF TN 91-054, July 25, 1991.

[5] I. P. Karabekov, Nucl. Janstrum. Methods, A286, 1990, p. 37.

[6] L. P. Karabekov, R. Rossmanith, “Measurements of the Absolute Value of the Beam
Energy and Its Deviation at CEBAF,” CEBAF TN 90-0224, April 23, 1990.

7] 1. P. Karabekov, “Specification for Construction of Absolute Ener y Monitor for
g
CEBAF,” CEBAF TN 91-045, July 8, 1991,

(8] M. Levi, J. Nash, S. Watson, “Precision Measurement of the SLC Spectrometer
Magnets,” SLAC Pub 4654, March 1989.

[9] C. K. Tung et al., IEEE Trans. on Nuclear Science, Vol. 37 N4, August 1990.

(10] P. Adderley, W. Barry et al., “A Beam Position Monitor for Low Current dc
Beams,” CEBAF-PR-89-004.

[11] G. K. Green, “Spectra and Optics of Synchrotron Radiation” BNL 50522, April
15, 1976 in BNL 50595, “Proposal for a NSLS,” February 1977.

13



Four-magnet chicane

BPM
H
BPH # BPH
T - = e e eV L N L
Three-magnel chicane SR
e
________________ -
SR

Figure 1, The Proposed Schemes of Spectrometrical Chicancs



LO[ N

os L1\

\ For A = A,

ool 1\

0.4 \

0.2 04 06 0.8 1.0 vy

Figure 2. Vertical Distribution of Synchrotron Radiation



B Q B Q B FQ to TG
-
SR position monitors
SR distribution monitor
spectrometrical
bending
—p!  lag— 052 m
o
i
ordinary bending} —
e .

i

W ] e ordinary bending to TG
i

|
1
0.2 —po!laa— ) Py 004720
|| \ . 9. m
L e

-

Figure 3. Energy Measurement Facility for CEDAF



