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Introduction
(physical motivation).

Precise beam energy detrmination in experiments at
e+e- colliders Iis important for

e Particles masses and widths measurements
» Study of interference effects in the cross sections
e Measurements of cross sections themselves

Examples.
e Z-DhOSON Mass mz=91187.6-l_-2.1 MeV. Common

_EP energy error lead to uncertainty 1.7 MeV.
* In order to measure the e'e™ ="~ cross section

nelow 1 GeV (center-of-mass energy) with
accuracy about 0.5%, the beam energy should be

measured with error SEIE~10™.




Introduction

(beam energy determination methods).
- E(MeV) =300Bp+A__, B s magnetic field, p is radius of the

dipole magnet, A__is nonlinear corrections. SEIE>10".

 Beam energy determination by measurement of the momentum
of particles in collinear events. Example e'e"—¢(1020)—->K'K".

E:\/p§<+ m§<+A , P Is average momentum of K'K™, A IS

corr

correction due to kaon energy losses inside the detector, radiative
losses of initial electrons, ... §E/IE~5x10° (CMD-2 at VEPP-2M).

« Beam energy determination using positions of the narrow and
precisely measured resonances peaks (®, ¢, v, 1).

» Resonance depolarization. 8E/IE~10°.
EZ(Q—l al ' owyrkw,=0(keZ).

corr

—,mec
w,

The polarized beam is necessary.

 Compton backscattering (CBS) of laser photons on the collider
beam.




Compton backscattering.

CBS of laser light on electron beams is a well known method
of generation of guasimonochromatic photon beams.
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Brief description of the CBS method

 The monochromatic laser radiation is put in collisions with the

b e am . [ 20071031 | 112919 | beam | —— Edge specfltr(;jnr;!one.m7

§ i ........ ;éicl,lr:df é41.so1é.g::

* The energy of the backscattered - “ WP, oo s o5

i ; eage rzignt 120.610fr 1.687

photons is measured with High ~ =E~ T}y L
Purity Germanium (HPGe) E
detector. B fff e """ '

* The beam energy E is calculated from the maximum energy ® ...
The method was used to measure the beam energy
E~ 0.3-2.0GeV, 6EIE~ 10" -10".
CBS method
 provides rather high accuracy,

e provides measurements in a wide energy region,

e allows to measure beam energy during data taking.



Application of the CBS method of beam
energy determination.

 Compton backscattering has been proposed as a diagnostic tool for electron
beam energy in
T. Yamazaki et. al., IEEE Trans. on Nucl. Sci., Vol. NS-32, No 5, 1985.

* First measurement of the beam energy E=1.3 GeV at storage ring of Taiwan

Light Source with accuracy §E/E~10° was reported in

lan C. Hsu, et al., Phys. Rev. E 54 (1996).

e The accuracy of the measurements was improved at SR sources BESSY-I and
BESSY-II (Berlin):

SEIE~2x10", E=0.8 GeV [R. Klein, et al., Nucl. Instr. and Meth. A 384 (1997) 293],

SEIE~3x10"°, E=1.7 GeV [R. Klein, et al., Nucl. Instr. and Meth. A 384 (2002) 545].
The accuracy was proved by comparison with results of resonance
depolarization method.

* In collider experiments CBS was first applied at VEPP-4M (Novosibirsk),
E=1-2 GeV

[V.E. Blinov, et. al. Nucl. Instr. and Meth. A 598 (2009) 23]

* Then at t—charm factory BEPC-II (Beijing), E=1-2 GeV

[V.E. Abagumova, et. al. Nucl. Instr. and Meth. A 659 (2011) 21] and

« VEPP-2000 (Novosibirsk), E<1 GeV

[V.E. Abaqumova, et. al. Nucl. Instr. and Meth. A 744 (2014) 35]



The beam energy measurement
system includes:

» Laser and optical system to provide initial
photons and their transportation.

» [aser-to-vacuum insertion system provides
iInsertion of the laser beam into the vacuum
chamber of collider.

« HPGe detector to measure backscattered
photons spectrum

 Data acquisition system

» Data processing



High Purity Germanium (HPGe) detector

Commercially available HPGe
detector can measured the y—quanta |

with energy below 10 MeV.
Typical parameters of coaxial
HPGe detector:

e @ 5-6c¢cm, height 5-7 cm
 Energy resolution dw/m~107.
e Operating temperature =100K

The statistical accuracy of beam energy measurement about
5%(10™* — 107°) can be achived in a reasonable time (< 1 hour).
Radiative sources for HPGe calibration:

The systematic accuracy is - “*TI  E= 583.191 + 0.002 keV
mostly defined by absolute . ¥'Cs E= 661.657 * 0.003 keV
calibration of the detector . The ®Co EY= 1173.237 + 0.004 keV
accurate calibration could be o Y T
done in the phOtOﬂ energy . Co Ey= 1332.501 + 0.005 keV
range up to 10 Mev by using o 2087 Ey= 2614.553 + 0.013 keV

the y-active radionuclides. - °0* E =6129.266 * 0.054 keV
[***Pu®*C]: a+"C—n+*°0O*

HPGe detector in cryostat with
electronics.
The detector is connected to
multichannel analyzer,
' which transfers data using The
USB port to the computer.



Laser - the source of initial photons.

3 f 7 A=1.065pm o- The malin requirements:

= - .

5 [ /W=5-3W4 = * the single generated line,

© 1/ _~Th=10.6um k., ¢ high stability of parameters,

"y S wes * €asy maintance,

: ,/// ~Ba o =0.2-6 MeV (posibility
i Th max

o / / L of HPGe detector calibration
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Relation between o _ and E for E, MeV using y-= active radlonuclldes.)

different laser wavelength.

A=1.065um - solid state laser. Can be used at low energy region E<0.5 GeV.
A=5.3 um - CO laser was used below 1 GeV at VEPP-2000.

PL3 CO laser from Edinburgh instruments. P=2W.

A=10.6 um - CO, laser was used in the energy region 1<E<2 GeV

at VEPP-4M and BEPC-II.
GEM Selected 50™ CO, laser from Coherent, Inc. P=25 W.



Simplified layout of the laser-to-vacuum
Insertion system.

The pressure of residual gass

less then 5x10-° Torr. Short Vacuum Chamber

Long vacuum chamber ,
MIrror

suojoyd paJaneds

* The entrance window (viewport) transfer
the laser light and some amount of SR (to
monitor the beam position).

* The angle between the mirror and the entrance WlndOW
laser beam is adjusted as necessary.

o

e Mirror Is situated inside vacuum volume /[
and protect viewport from SR; 5er beam



Copper mirror.

‘ Water cooling system
i

‘ Adjusting system

Copper plate covered
with 0.5 pk of Au

Backscattering beam

SR
S VAVAV/
aVAVAV
Laser beam 10.6 vk

The mirror is mounted to the support.

Support can be turned by bending the vacuum flexible bellow,
so the angle between the mirror and the laser can be adjusted
as necessary.

The SR power absorbed by the mirror Is extracted by the water
cooling system.



High vacuum GaAs and ZnSe viewports.

The viewports are based on GaAs mono-crystal plate ©50.8 mm, thikness

of 3mm and ZnSe polycrystal plate &50.8 mm, thikness of 8 mm provide:

 baking out of the vacuum system up to 250°C,
« extra high vacuum,

* transmission spectrum from 0.9 to 18 um (GaAs viewport)
and from 0.45 to 20 um (ZnSe viewport).

The advantage of ZnSe viewport is that it is transparent for the visible part of
SR light. This makes the CBS system adjusting more convenient.

The viewport based on GaAs crystal plate.

}Confla*r flange DN63

@2 inch 3mm thick GaAs plate, covered with
0.6 pk of SiO2




Laser and Optical system
copper
Electron ‘* - mirror

LCJ\J = . . /)

Two ZnSe lenses _ _
Mirror with step motors

Two ZnSe lenses focus a laser beam at e-y interaction region.

The mirror of the optical system reflects laser beam to a viewport in a vacuum
system. The mirror is installed on a special support that allow precise vertical
and horizontal angular alignment by using stepping motors

(one step — 1.5x10°° rad).

The copper mirror and the mirror of the optical system are adjusted in such a
way that the SR light comes to the laser output window.



Precise calibration gulse generator
BNC model BP-5 integrated

DAQ SyStem_ nonlinearity 15 ppm, jitter 10 ppm

Multi-channel analyser digitises the

signal from HPGe and converts it to Mg';gll;?gp@
spectrum. It is connected to PC under o allaly €l
control of Windows XP.
usB
Readout

Electron
beam

(Windows XP)

e

Laser

|
S\
Processing

Spectra processing, monitoring, control over (Ubuntu)
mirrors, and exchange with collider database
are concentrated in PC under Linux.

Adjustable
mirror

The process of the beams energy
measurement is fully automated.

Database



Data processing.

Spectrum processing includes:
* HPGe energy scale calibration.
* Fitting of the Compton edge.

* Calculation of the beam energy.

counts

T R L I L

107

i e b Y s e naban o s
11100l

-------------------------

The energy spectrum detected by HPGe detector at VEPP-2000. Peaks
correspond to the calibration generator and monochromatic y-radiation sources.



HPGe detector scale calibration.

The goals of calibration:

 To obtain the coefficients for conversion of ACD counts to corresponding

energy deposition in the units of MeV.

» Determination of the parameters of the detector responce function:

4
0O< o< 40

flx)=Ax < —KolKij0<x<0:

\

A is normalization,
X=0- _Is the position of maximum,

o and KOO' are RMS of the Gaussian

distribution to the right and the left of
the x, respectively,

C is responsible for the small-angle
Compton scattering of y—quanta in
the passive material between the
sources and the detector,

K, is asymmetry parameter.
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HPGe detector scale calibration.

The calibration procedure:
1. Peak search and identification of calibration lines.
2. The calibration peaks are fitted by responce function + background.
3.Using calibration pulser data the nonlinearity of multichannel
analyzer Is obtained.
4. Using the results of isotope peak approximation the energy

dependence of 6, K , K and C is determined.

ey | C8 : 661.657 keV | 32/ ndf 40.950 / 42
n ; ; ; ; ; | . | | . Prob 0.517
oa - ISR USSR SO USROS RSOSSN 1| 40814.348 + 466.255
Y- | S TR R S NP SO ’ ’ ’ ’ ’ Ey keV 661.643 + 0,013
- . . : : . B el g, ke 0.978+ 0.010
u.q " mmme- d e eeeees ad e o= R P L L --- s =
" ' ' ' ' ' K, 1.009 + 0.020
] LTt LELCRrE S P PELR FELPEPP PREPR K 20044 0.205
o - 10 TR O ST A ComptenfAmp 0.010 + 0.002
- ; S S S 7] Background 2722070 + 24.684
) SRR ORI SSU S. NES -
a.af .
B 1 Ll 1 I Ll L 1 I Ll 1 1 I 1 1 I L1 1 1 I 1 ++_'_‘F :+ + -+ :+ + :+
o o 0m 1am amn FTT AR ARaSha e Sbhhaunat
Energy dependence of multichannel ; | ; ; | | ; 5
analyzerscalenonlmeanty, A N AP R RN BN SN RN

656 658 660 662 664 666 668 670

Blue squares — generator peaks, E,, keV

Red circles — isotope peaks, : 137
Curve — spline approximation. The fit of the ~'Cs 661 keV peak.



The fit of backscattered photons spectrum.
Actually the width of £
spectrum edge depends on
the HPGe detector rooc UM TN
resolution and the electron |
beam energy spread.

600

snu:§

The spectrum edge s fitted by the s00]-

function, which takes into account:

* the «pure» edge shape, 300 | :

« detector responce function, 5300 5850 5900 5950 6000 Esulsﬁv

* energy spread of scattered photons due .. it to the edge of the phBtons
to the energy distribution of the collider backscattered at BEPC-II.
beam.

The edge position ®,,,, and The beam energy E and
the photons energy spread energy spread ¢ _ are

o, are obtained from the fit. calculated from ®__ and o,.



BEMS for VEPP-4M.

KEDR

Layout of VEPP-4M beam energy measurement system. The source of initial
photons is CO_ laser. ® _=2-7 MeV for E=1-2 GeV.

The RD technique provides precise instantaneous energy calibration.
CBS method allows continous on-line monitoring of the beam energy.

Test of CBS method accuracy by

comparison of the Jhy resonance mass

3096.916+0.011 MeV with its value
obtained using BEMS.

Mass difference Am=1.2+14.7 keV.
Deviation of the measured beam
energy AE from the actual value

AE=Am/[2=0.617.4 keV.
The realtive accuracy of the beam

energy determination can be estimated

as OEJIE=5x10°.
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BEMS for VEPP-4M.
Direct comparison of CBS and RDP methods.
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Beam energy E=1884 MeV. E_ - E___=13138 keV. SE/E=2x10".



The beam energy calibration system is located at the north
Interaction point. This location provides measurement of the e+
and e- beams energy by the same HPGe detector



BEMS for BEPC-ILI.

positrons s - glectrons
R21AMB . | . HPGe | . R11AMB
T - e
| =
lasar-to-vacuum Jom | 183m g g
Insartion systam | o3
.
Vel Ao i i o o S B S A o A i o P Y o o o o A
] 6.0m JE
:)
] 6—o <

Laser Lenses

Laser and optical system
Layout of BEPC-Il beam energy measurement system. The source of initial
photons is CO, laser. @ _=2-7 MeV for E=1-2 GeV.

The energy of the electron and positron beams are measured one after
another, in turn.




BEMS for BEPC-ILI.

Test of CBS method accuracy by comparison of the J/w and v’ resonances
masses with its value obtained using BEMS.
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BEMS for VEPP-2000.

Layout of VEPP-2000 beam energy | 2

Laser
measurement system. The source - _____ {.)_L__% \ o

of initial photons is CO laser. |

(Dmaxzo-z_z-o Mev fOI’ E<1 Gev 1.5m % | Infrared radiation

3M1

HPGe detector

The interaction of laser photons
with electrons occurs inside

bending magnet (p=140 cm) at b
the curvulinear part of orbit. 02

Compton
backscattered
photons

In this case the spectrum of backscattered photons differs from that defined by
the Klein-Nishina cross section and scattering kinematics of free electrons.

BIROOF—T - e

------3] 2012.04.20 {16:21:34 - 19:53:53) 2012.04.20

The interference of
; - scattered photons is
. The edge of observed in the energy

2500

i energy spectrum spectrum.
i with the fit.
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BEMS for VEPP-2000.

Comparison of CBS measurements with RD method.

- 209.7
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Dots are results of RD mesurements.
Sqguares are results of CBS measurements.

Estimated accuracy of the beam
energy determination: §E/E= 6x10~.



BEMS for beam energies above 2 GeV ?

210 F | Edinburgh Instruments.

. A= 118.6HM/ o FIRL 100 far infrared output specification
B // 7\‘=184_3um B0 AMpm) FIR Molecule CO; pump line Typical Power
1 | // o7 96.5 CH,OH 9R10 60mW

mmax’ Me

L1

133, 118.8 CH,OH 9P36 150mW
¥ Th 184.3 CH,F, 9R32 150mW
B N I R BT 432.6 HCOOH 9R20 30mwW
2000 #000 6000 8000 513.0 HCOOH 9R28 10mW
E, MeV
Relation between ®__ and E for FIR laser. 07 S

©  FIR on: 4090 sec | ]

%& O FIR off : 4012 sec |1

® pet Gamma-ray —
7.60+-0.11 cps
(>3MeV)

Spring-8 synchrotron radiation facility,  °¢
beam energy E=8 GeV. 0.5
FIR laser 119 m, P=1W.

0.4 :

Rate [cps]

0.3 |

Scattered photons energy spectrum :
measured by LYSO:Ce scintillator. 021

0.1 [

Energy [MeV]



Conclution.

The CBS method is effective tool for collider energy
beam measuring and monitoring.

The method can be applied for the electron beam
energy upto 2 GeV.

The relative accuracy of the method § E/E=10* — 10™.
The FIR laser can be used for CBS method for the

beams with energy 2 — 8 GeV. Special studies are
necessary.
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