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Abstract

Production and manipulation of a low emittance electron beam is one of
the key issues in realizing future linear colliders. Accelerator Test Facility
(ATF) was constructed at KEK to develop various technologies for such a
beam. ATF consists of an electron linac, a damping ring and an extraction
line. Emittance of the beam is reduced in the damping ring.

Up to now, however, there is no reliable monitor which can directly mea-
sure the beam size in the ring. We have designed and built a new type of
a profile monitor, which is based upon the Compton scattering process of a
laser beam target with an electron beam. We call this monitor a laser wire
beam profile monitor. By scanning the position of a laser wire and counting
the number of photons emitted by the Compton process, a projected beam
size can be measured. Since the vertical beam size of about 10pm is ex-
pected, the laser beam must be thinner than 10um. For fast and precision
measurement, high intensity is required for the laser beam. To satisfy these
requirements, we used a Fabry-Perot optical cavity. By choosing a nearly
concentric configuration, we could reduce its beam size to 7.3 + 0.2um (its
beam waist was wo = 14.5 4+ 0.4pm). With high reflectivity mirrors (> 99%),
we achieved a power enhancement factor of 220 + 20. The effective laser
power inside the cavity exceeded 11 W.

We installed this monitor in the straight section of the ATF damping ring.
We could successfully identify the Compton photons, and confirmed that the
counting rate as well as its energy spectrum agreed well with the expected
ones. The measured vertical emittance was ¢, = (1.17 £0.08) x 107! m-rad;
this value satisfies the emittance requirement set for the JLC damping ring .

The advent of the laser wire beam profile monitor will certainly open up
a new era in studying beam dynamics of low emittance electron rings.



Acknowledgement

First, I would like to express my thank to Professor N. Sasao of Ky-
oto University for his continously encouragements and supports. I was also
helped on his much fruitful discussions and comments during the laser wire
experiments.

Futhremore I would especially like to thank to the Laser wire members:
Prof.J. Urakawa, Dr. Y. Higashi, Dr. T. Taniguchi, Dr. T. Okugi, Mr. S. Araki
of High Energy Accelerator Reserch Organization (KEK), Dr. M. Takano of
Toho University, and Mr.Y.Honda of Kyoto University. I had many exciting
discussions and was helped through the experiments on the view point of the
software and hardware.

I would also like to express my gratitude to Prof.H.Hayano, Prof.S.Takeda,
Dr. K. Kubo, Dr. N. Terunuma, Dr. T. Naito, Dr. S. Kuroda, Prof. N. Toge,
Prof.S.Kamada, Dr.M. Kuriki, Prof. T.Higo, Prof.K. Oide, Prof. M. Akemoto,
Prof. T. Suzuki, Dr. T. Omori, Dr. Y. Kurihara of KEK, and Mr. T. Imai,
Mr.I.Yoshida, Mr.K.Hasegawa of Science Universityof Tokyo, and Mr.T.limura
of Seikei University, and Mr. T. Sakamoto, Mr. D. Aizawa of Tohoku-Gakuin
University, and Dr. K. Dobashi, Mr. K. Sugiyama, Ms. I. Sakai, Mr. T. Muto,
Mr.M.Fukuda, Mr.Y.Kamiya of Tokyo Metroporitan University, and Mr.F.Tamura
of University of Tokyo, and Dr. S. Kashiwagi, Mr. T. Kobuki, Mr. R. Kuroda,
Ms. A. Higurashi, Mr. A. Aoki, Mr. T. Oshima of Waseda University, and
Mzr. S. Morita, Mr. K. Wachi, Mr. H. Edagawa, Mr. K. Nakamura of E-cube
Co., and Mr. J. Ozawa, Mr. F. Takagi, Mr. A. Hayakawa, Ms. H. Otsuka of
Kanto-Joho Co., and all members of the KEK-ATF group, for their many
many helpful supports and was helped through the ATF beam operation.

I also thank to the old laser wire member: Mr. Y. Sakamura of Tokyo
Institute for Technology, and Dr. T. Korhonen of Paul Scherrer Institute,
and Mr. H. Matsuo!, Mr. T. Shima, Mr. E. Shinya of Kyoto University, and
Mr.Y.Funahashi of KEK, and Dr.Y.Hemmi of Daido Institute of Technology
for their supports.

I am also grateful to Dr.M.Ross, Dr.J.Frisch, Dr. T. Kotseloglou for their
fruitful discussions with our laser wire experiment. I thank to Prof.T.Shintake
for their philosophical suggestion for our experiments.

I would like to thank to Prof.K.Nishikawa, Prof.H.Sakamoto, Dr.T.Nakaya,
Dr.T.Nomura, Mr.M.Suehiro, Dr.Y.Takeuchi, Dr.K.Murakami, Mr.Y.Matono,
Mzr.Y.Ushiroda, Mr.T .Fujiwara, Mr.T.Inagaki, Mr.T.Nakamura, Ms.N.Nakamura,
Mr. S. Nishida, Mr. H. Yokoyama, Mr. H. Yumura, Mr. S. Mukai, Mr. I. Kato,

1To the memory of HM who decreased on July 19 1998.



Mr. A. Shima, Mr. H. Maesaka, Mr. K. Mizouchi, and Ms. K. Uchida of the
High Energy group of Kyoto University for continuously supporting of this
experiment.

It is my pressure to thank Profs H. Sugawara, M. Kihara, Y. Kimura,
S. Iwata and K. Takara for their supports.

Finally, I would like to thank my parents for their many many many
continuous support and encouragement.



Contents

Introduction

1.1 JLC(Japan Linear Collider) . .. .. .. ... .........
1.1.1 Motivation of a linear collider . . . . ... ... ....
1.1.2 Requirements from the luminosity . . . . . . . ... ..

1.2 Measurement of the emittance in ATF damping ring . . . . .

Laser wire

2.1 Principle of the monitor . . . . ... ... ... ........

2.2 Optical Cavity . . . . .. . ... o
2.2.1 Gaussianbeam . .. . ... . ... e
2.2.2 Enhancement factor . .. .. ... .. .. .. .....

2.3 Estimation of Countrate . . . . . ... ... ... .......
2.3.1 Kinematics . . . . . . . . e e e e e e

2.3.2 Differential crosssection . . . . . . .. .. ... .. ..

233 Countrate. ... ... ... . ... ... ...
Experiments
3.1 ATF dampingring . . . . . .. .. v
3.1.1 Optics . . . o 0 o

3.1.2 Beam monitor . . . . .. . ... L. Lo oL
3.1.3 Measurement method of 8 function . . . .. .. .. ..
3.1.4 Production of the low emittance beam . .. ... ...
3.2 Laserwiresystem . . . . ... .. ... ... ... ... ...
321 Laser. . . . . . . . it e
3.2.2 Laser light transport system . . . .. .. ... .. ...
3.23 DMonitors . . . . .. ...
3.24 Optical Cavity . .. .. .. ... ... ... ......
3.2.5 Feedback system . . ... .. .. ... ... ... ..
3.2.6 Movabletable . . . . .. ... ... 0 oo,
3.3 Photon detector system . . . . . ... ..o oL,
34 Alignment . . ... ... oL

13
13
15
15
20
25
25
27
31



3.5 Datatakinglogic . .. ... ... .. ... ... 0. 59

3.5.1 Laser Intensity Modulation . . . . . . .. .. ... ... 59
3.5.2 Data Acquisition System . . . .. .. .. ... ... .. 61
Data Analysis and Results 66
4.1 Measurements of the vertical beam size . . . . . . . ... ... 67
4.1.1 Data taking procedure . . ... ... ... ... .... 67
4.1.2 Datareduction .. ... ... ... ... ... 68
4.1.3 Results of vertical beam size measurements . . . . . . . 70
4.1.4 Energy spectrum . . . ... ... ... ... ... 78
4.2 Measurements of the beam waist . . . .. ... ... .. ... 80
4.2.1 Beam divergence method . . . . . . ... .. ... ... 80
4.2.2 Transverse method . . . ... ... ... ........ 84
4.2.3 Summary of the beam waist measurements . . . . . . . 86
4.3 Measurements of the 3 function and other damping ring pa-
rameters . . . . .. ..o e e e e e e e e e e e 87
4.3.1 [ measurement at quadrupole magnets . . . . .. . .. 87
4.3.2 Determination of the g function at the laser wire . .. 88
4.3.3 Summary of the damping ring parameters . . . . . .. 92
4.4 Results of vertical emittance measurement . . . . .. .. ... 94
4.5 Discussion . . . . . ... Lo e e e e e e e 98
4.5.1 Estimation of the vertical emittance. . . . . . . . . .. 98
4.5.2 Effect of intra-beam scattering . . . . .. .. ... ... 100
4.5.3 Future Improvements . . . . .. ... .. ... ... .. 101
Conclusion 103
Beam Dynamics 105
A.1 Betatron Oscillation . . . ... .. .. ... ... ....... 105
A.1.1 Equation of motion . . . . . ... ... ... ... .. 105
A.1.2 Twiss parameter and Courant Snyder Invariant . . . . 108
A.1.3 Dispersion function . . . . .. .. ... L. 110
A1l4 Emittance . . . . .. ... o o oL 111
A.2 Equilibrium beam emittances . .. .. ... .......... 112
A.2.1 Synchrotron Oscillation. . . . . . . ... ... .. ... 113
A.2.2 Radiation damping . . ... .. .. ... L. 115
A.2.3 Quantum excitation . . .. ... .. ... ... ... 118
A.2.4 Equilibrium condition . .. .. ... ... ... .. .. 120
A.3 Vertical emittance source in ATF . . .. ... ... ...... 120
A 3.1 Effect of the vertical dispersion . . .. ... ... ... 121
A 3.2 Effect of the betatron coupling . . . . . ... ... ... 121



A.3.3 Requirements for the vertical emittance in ATF . . . . 122

B Background Study 123
B.1 The measurements of the background . . . . ... .. .. ... 123
B.1.1 Spatial distribution of the background . .. ... ... 124

B.1.2 The dependence of the vacuum pressure . . ... ... 124

B.1.3 Current dependence of the background . . . ... ... 125

B.1.4 Energy spectrum of the background . . . . . .. .. .. 126

B.2 An estimation of the background source . ... .. ...... 126
B.3 Measurement of the background after improvement . . . . .. 128



Chapter 1

Introduction

For confirmation of the Standard Model and investigation beyond it in
high energy particle physics, a TeV-region electron linear collider is needed.
JLC is one of the projects to build such a linear collider, and intensive R&D
works are now underway. From the view point of high energy experiments,
luminosity of a collider as well as its energy is of crucial importance. In order
to realize high luminosity, electron and positron beams are squeezed into a
size less than 300nm horizontally and 3nm vertically at an interaction point.
To achieve such a small beam size, a low emittance electron beam is required.

An Accelerator Test Facility (ATF) was built at KEK in the hope of
developing techniques for such a low emittance beam. In a damping ring
at ATF, vertical beam size is squeezed to less than 10 pm. There exists no
device which can directly measure such a small beam size up to now. For this
purpose, we have decided to develop a new type of a beam profile monitor,
which is based on the Compton scattering process of electrons with laser
light. By scanning the position of a laser beam and counting the number of
scattered photons, a projected beam size is obtained. We call this system a
laser wire beam profile monitor. For precise measurement of a small beam
size, a thin and intense laser beam is needed. There are two ways. One of
them is to use a high power pulsed laser beam [1], [2], [3]. The other one is
to use a CW laser injected into a Fabry-Perot optical cavity and to amplify
the laser light. The former type is realized already, but is not suitable for
the circulating beam in the damping ring. We have chosen the latter method
for our purpose. The salient features of this monitor, when compared with a
solid material wire scanner [4], which is commonly used for measurements of
extracted beam size at the ATF damping ring, are non-destructiveness and
durability in an intense circulating beam.

In this thesis, we describe development of this new beam profile monitor
and measurement of vertical emittance in the ATF damping ring using it.



This thesis is organized as follows. In this chapter, we describe briefly the
JLC project. Our special interests are its luminosity and vertical emittance.
The principle of our laser wire is presented in chapter 2, and its experimental
setup, including the ATF damping ring, is described in chapter 3. In chapter
4, data taking, data reduction and analysis procedure are described. We also
present our measurement results and discussions. The last chapter is devoted
to the conclusion.

1.1 JLC(Japan Linear Collider)

1.1.1 Motivation of a linear collider

Up to now, LEPII reached the highest center of mass energy (~ 200GeV)
among existed electron-positron colliders. The circumference of the ring is
30km and it seems to be the largest one to build. To increase the CM energy
to much higher energy by a circular collider, there is a serious problem due
to synchrotron radiation. Its energy loss per one turn Uj is expressed by [5]

Ar €2 Eé
3 (me)* e

Uy = (1.1)

Ey Energy of electron or positron
pe the radius of a circular collider
m, electron mass
¢ speed of light
charge of electron

At LEPII (Ey; = 100GeV), for example, this energy loss is 2.9GeV per turn
per electron. The attainable energy of LEPII is limited by this energy loss.
To increase the CM energy up to a TeV region, it is needed to eliminate
such a huge energy loss. The only possible solution is a linear collider, in
which electron and positron beams are accelerated by linear accelerators with
opposite directions. Recently, new electron-positron linear colliders aiming
at the center of mass energy of 0.5-1.5 TeV have been proposed; NLC [6],
TESLA [7] ,CLIC [8] and JLC [9]. Among them, JLC is a Japanese project
for such a collider now under preparation.

Fig.1.1 shows the conceptual design of JL.C. At first, electron and positron
beams are accelerated up to 1.98GeV and injected into a damping ring to
decrease their emittance. After going through a bunch compressor, these
beams are accelerated by a main linac up to 250 ~ 750 GeV. Finally these



beams are squeezed into a size less than 300nm horizontally and 3nm verti-
cally at an interaction point to collide. This design comes from requirements
to attain ~ 1 x 10®*cm~2sec™! in luminosity.

Electron - Positron Linear Collider JLC
500GeV JLC-l ->1.5TeV JLC

0.5km 11km 6km 11km 0.5km
—priag L >l
BC2 Main Linac P Main Linac BC2
€ Ty
8Gev Prelinac  BC1 BC1  8GeV Prelinac
. Colimator FFS FFS Colimator Spin Rotator
1.98Gev Damping Ring Detector 1.98Gev Damping Ring £.Gun
Pre-damping Ring 10GeV Linac Spin Rotator | —
E-Gun 1.98GeV Linac
1.98GeV Linac e*Targe\
30km .
POSITRON
85 bunches x 150 Hz 85 bunches x 150 Hz

<

Figure 1.1: Layout of JLC.

1.1.2 Requirements from the luminosity

Luminosity is one of the most important parameters in machine design.
In general, luminosity L is defined as

[k NZ o,

Lo~ 2= :
Anoioy (o) + (o260)°

(1.2)

N, Number of electron per bunch

ky, Number of bunch per pulse

f Repetition ratio

o, Horizontal beam size at an interaction point

o, Vertical beam size at an interaction point

o> Bunch length at an interaction point

6. Horizontal crossing angle of the beams (6. < 1)




Table 1.1: JLC parameters at the collision point.

Parameter X-band C-band unit
Center of mass energy Ecpr | 500 1000 | 500 1000 GeV
Number of particles per bunch N, | 0.70 0.70 | 1.11 1.39 1010
Number of bunches per pulse ky 85 85 72 72 -
Repetition frequency f 150 150 | 100 50 Hz
Normalized emittance ve. | 3.0 3.0 | 3.0 3.0 | 107%n - rad
at damping ring exit vey | 3.0 3.0 | 3.0 3.0 | 10°®*m-rad
R.m.s of beam size oy | 260 184 | 318 318 nm
oy |3.14 228|443 3.14 nm
R.m.s of bunch length o 90 90 | 200 200 pm
Crossing angle 0. 80 80 | 8.0 8.0 mrad
Energy loss by beamstrahlung 4, | 3.40 6.90 | 4.09 8.34 %
Luminosity L |5.18 7.66 |7.18 7.65 | 1033cm~%s7!

From Eq.(1.2), it is clear that we must squeeze the beam sizes, o and o},
as small as possible to reach high luminosity. In the JLC project, they are
designed to be in a nanometer range.

The beam sizes o and o}, of the collision point are approximately given

by

A \/ﬂ;em ) 0'; ~ \/ﬂ;‘eya (1.3)

where ﬂ;’(y) is a B function at the collision point and &, is emittance.
We note that 3 function is determined by a lattice optics, namely layout
of magnets, especially focusing quadrupole magnets. Normalized emittance
(Y€2,(y)) remains constant in a transport line, for example, in a main linac.
To achieve high luminosity, the 8 function, of course, must be reduced. It is
also essential to reduce the normalized emittance itself before injecting into
the main linac.

Table.1.1 shows the main parameters at the collision point. (X-band and
C-band denote the RF frequencies of the main linac.) In JLC, the normalized
emittances are designed to be 3 x 107 m-rad horizontally, and 3 x 1078 m-rad
vertically. These values are 100 - 1000 times smaller than those of Stanford
Linear Collider(SLC). We notice a big disparity between the horizontal and
vertical beam size or emittance. This is because, given the same cross section

9



of the beam (7o}07), a flat beam has a big advantage over a round beam in
reducing so called beamstrahlung. This is a beam-beam interaction process
during the collision, and leads to huge energy loss due to radiation.

Reduction of the emittance is achieved in a special ring called damping
ring. Roughly speaking, horizontal emittance is determined by an equilib-
rium condition between radiation damping and quantum excitation.(See Ap-
pendix A for detail.) On the other hand, vertical emittance can be negligibly
small (compared with horizontal) with a proper design for a lattice. A flat
beam at collision point is a natural choice in this regard.

1.2 Measurement of the emittance in ATF
damping ring

The Accelerator Test Facility (ATF) was constructed at KEK to study low
emittance beam physics and to develop the technologies associated with it.
As shown in Fig.1.2, it consists of an S-band electron linac, a damping ring,
and an extraction line [10]. Table.1.2 shows design parameters of the ATF
damping ring together with those for JLC. The same normalized emittance
is set as a goal at both JLC and ATF.

The vertical beam size (o) in the damping ring is expressed by

2
oy = \Jﬂysy + (ny;) . (1.4)

In order to measure the vertical emittance, we need to measure the beam

size (o), B function (8,), dispersion function (7,) and momentum spread
(22). In the ATF damping ring, the vertical beam size is in a range of 10 ym
throughout the damping ring. There are two emittance monitors in ATF at
present. One is a wire scanner set at the extraction line. A fine wire made of
the tungsten or carbon is scanned in y(x) direction. When electrons hit the
wire, photons are emitted. By counting those photons as a function of wire
position, a projected beam size is obtained. There are 5 wire scanners in
ATF. Results of the horizontal emittance measurement, done successfully at
the extraction line, have been already published [11]. Measurement of vertical
emittance was also attempted using these monitors [12]. At present, however,
we cannot estimate residual vertical dispersion and/or x-y 3 coupling effects
at the extraction line. Unfortunately no meaningful measurement is possible
with these monitors.

10
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Table 1.2: ATF & JLC damping ring parameters(design value)

Parameter ATF JLC unit
Energy Eq 1.54 1.98 GeV
Circumference C 138.6 277.12 m
Normalized emittance VEx 4.3-5.1 3 pm
VEy 30 30 nm
Bunch length o, 5 4.9 mm
Particles/bunch N, 1-3 0.7-1.5 100
Bunch/spacing ts 2.8-5.6 1.4 ns
Bunch /train Ny 10-60 85(max) -
Train spacing 1323 60 60 ns
Train/ring Npg 2-5 5 -
RF frequency frF 714.000 714.000 MHz
Harmonic number h. 330 660 -
Damping times Tu /Ty 6.8/9.1 4.22/4.83 ms
Kicker Rise/Fall Time Thick 60 60 ns
Momentum compaction factor any 1.93 x 1072 | 8.02 x 10~* -
RF Voltage Ver | 0.587-0.678 1.2 MV
Synchrotron radiation loss Uy 155 758 keV
Energy spread AE/E 8.0 8.62 10~*
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Chapter 2

Laser wire

In this chapter, we describe the laser wire beam profile monitor from the
theoretical viewpoint. First we explain its principle together with require-
ments for vertical emittance measurement. Next, we describe the character-
istic of an optical cavity. Basic parameters, such as, a beam waist and power
enhancement factor, are explained in detail. Finally, a count rate of scattered
photons by the Compton process and their energy spectrum are estimated.

2.1 Principle of the monitor

Bending magnet

Laser wire l
/\ Electron beam

Detector
V-
Scattered -
Photon

Figure 2.1: Schematic diagram of the laser wire to illustrate measurement
principle. An electron beam interacts with the laser and emits energetic
photons, which are detected by a detector placed in the forward direction.

Cavity
length D

The principle of beam size measurements using the laser wire is as follows.

13
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Figure 2.2: Method of beam size measurement. (Left) The front view of the
laser wire and the electron beam. The laser will be scanned vertically to
obtain the vertical electron beam size. After scanning the laser wire, (Right)
Count rate vs the laser wire position.

Suppose we make a stable laser beam and install it perpendicular to an
electron beam as shown in Fig.2.1. Electrons interact with the laser light and
emit energetic photons in the forward direction by the Compton scattering
process. After the scattering, all electrons are bent by a magnet, while
emitted photons are detected by a photon detector placed downstream in the
forward direction. As shown in Fig.2.2, by scanning the position of the laser
beam, a shape of photon counts is obtained. The size of the electron beam
can be measured by unfolding a known laser wire width. In particular, if both
electron and laser beam are assumed to have gaussian profiles with width o,
and oy, the observed profile is also gaussian with width o,,, expressed by
Ugbs = afw + 03.

We have chosen a CW laser, instead of a pulsed one [1], [2], [3], because
it is suited for the quasi-continuous beam of the ATF damping ring. One
advantage is that an electron beam size can be measured without consider-
ing exact timing of the laser pulse. In addition, intensity of CW lasers are
generally more stable (< 0.5%) than pulsed ones.

In the ATF damping ring, the vertical electron beam size is about 10
pm. To measure it precisely, a thin and intense laser beam is required.
We utilize a Fabry-Perot optical cavity to fulfill these requirements. There
are several advantages in this type of cavity. First, by choosing a nearly
concentric configuration, a very thin beam waist can be realized. Second, we
can amplify light intensity inside the cavity by making the cavity satisfy a
resonance condition. Finally, this type of a cavity allows us to select various

14



"modes” (intensity distribution) at will; in this particular application, we
have chosen the fundermental gauss mode (TEMqy).

In the next section, we describe the characteristic of the optical cavity.
Two parameters, a beam waist and an enhancement factor, are of special
interest. The former characterizes thinness of a laser beam while the latter
specifies an amplification factor of intensity inside the cavity. We will explain
these two parameters in detail.

2.2 Optical Cavity

2.2.1 Gaussian beam
Before explaining the optical cavity itself, we describe a gaussian beam

inside the cavity.

Wave analysis of beams The behavior of laser light is described by an
amplitude and a phase. We introduce scalar field u(7) to represent it. It is
known that u(r) obeys the Helmholtz wave equation [15], [16]:

2u(7) + k2u(7) = 0 (2.1)
k=5

Among various solutions, we are interested in a traveling wave, say, in the z
direction. In this case, u(7) is expressed by

u(7) = b(e,y, ) exp(—ikz), (2.2)

where ® is a slowly varying complex function. By ”slowly”, we mean that
a fractional change in ¢ (and its derivative) in one wave length X is negli-

gible; \ |22 (7)], and A i agzr . When these conditions are
satisfied, Eq.(2.1) can be rewritten
0? 02 0
(m + m 4+ 20k— ) P(r) = 0. (2.3)

This equation is similar to the time dependent Schrodinger equation. It is
known that one solution can be expressed by

15



o) = e {=i () + 5 577) | (24)

2q(2)
P o= 2?4y
p(z) : complex phase shift, and
g(z) : complex beam parameter.

Inserting Eq.(2.4) into Eq.(2.3), and comparing terms of equal powersin r ,
we obtain a set of differential equations;

Op(z) 1 Oq(z) _
0z q(z) = Oz
with solutions, q(z)=2z+q , p(z)=tln (1 + i) (2.5)
9

This solution is thus characterized by a single parameter ¢y, and is rewritten
by !

2
. TWy

=i 0 2.
QOz)\a (6)

where A represents the wave length of light. The parameter wq is a beam
spot size at z = 0 ((7) = exp(—r?/w?) at z = 0). For z # 0, it is more
convenient to introduce two real parameters R(z) and w(z) by

1 1 A
(5 " RE)  ru(e)? (2.7)

Inserting Eq.(2.7) into Eq.(2.4), we obtain

P(r) = exp (—ip(Z) - i;{;;) exp (—wﬁ—;)) (2.8)

From this equation, we realize that R(z) is a radius of the wave front cur-
vature and w(z) is a beam spot size at z. From Eq.(2.5) and Eq.(2.7) with
Eq.(2.6), we obtain

1The real part is irrelevant because it only expresses a physically meaningless complex
phase.
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Figure 2.3: Propagation of the gaussian beam. Laser propagates in the z
direction. We denote the beam waist at z=0.

R(z) = z{l—l— (”—123)2} = z{l—l— <%>2} (2.10)

where z is called Reighly length. The intensity of the beam is represented
by

[%(7)|* = (wu()z))2eXp (—%(;) : (2.11)

The width of intensity profile, expressed by w?(z), takes the form of a hy-
perbola (See Fig.2.3). As z increases, w(z) approaches to the line defined by
8o = wo/ 20, which is known as far-field diffraction angle. At z = 0, the beam
has the smallest waist wy and an infinite curvature (R = 00). Summing up
various expressions derived above, we finally obtain

u(f) = w@)wp{—ﬂkz—@@»—wﬁ(w%d4—ﬂad)} (2.12)

B(z) = Mdm(i%), (2.13)

Twg
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Figure 2.4: Intensity profile of the gauss modes specified at the bottom of
each figure.

where ®(z) is called Guoy phase factor. So far we have analyzed the simplest
solution of Eq.(2.3). This solution is often called a fundamental mode of
the gaussian beam, and is denoted by TEMgy. There are other solutions
of Eq.(2.3) with similar properties. We may expand the solutions to the
transverse direction. We only show the result here;

Wo ﬂw H \/ﬁy

U (F) = w(z)Hm wix) ) ) (2.14)
. \ 1 1k
< expqilhz — (Lt m o+ m)®(2) —0* | Zoos + opes
$(z) = arctan % )
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Mirrorl Mirror2

Figure 2.5: Behavior of laser beam propagation inside the cavity. Only when
the wave front of the laser beam matches the mirror curvatures, a laser beam
with a particular mode is excited in the cavity.

where H,,(z) is the Hermite polynomial of order m. By setting m = n = 0,
we reproduce the fundamental mode. We call Eq.(2.14) transverse mode and
denote it by TEM,,,,. Examples of gaussian beam intensity profile at z = 0
are shown in Fig.2.4.

Wave analysis of optical cavity Next, we discuss laser beam propaga-
tion inside the cavity. Suppose two mirrors with curvatures p; and p, are
placed at z; and zs, respectively, as shown in Fig.2.5. We denote the cavity
length by D (D = z — z3), and define its center to be z = 0. As we dis-
cussed in the previous paragraph, the wave front of the gaussian beam has a
curvature represented by Eq.(2.10). If it exactly matches curvatures of the
cavity mirrors, then the beam will propagate back along the same passage to
its original point. Thus it will bounce back and forth many times, if mirror’s
reflectivity is high. Below we will consider precise conditions to realize such
situation described above.

First of all, to match the wave front with the mirror’s curvature, the
following conditions must be satisfied (See Eq.(2.10));

-1 = z1+ 23/2’1

pa = 2+ 25/

From equations above, the mirror positions z; and zs and beam waist wq are
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shown to satisfy

., _ —Di=-D)
p1+p2 — 2D
., _ Dpi-D)
p1+ p2 — 2D
2 _ A y/D(pr—D)(p2— D)(p1 +p2— D)
° T lp1 + p2 — 2D '

In particular, if the curvatures are same (p = p; = ps), then the beam waist
wy is deduced to

, A D(2p-D)

wy= (2.15)
Fig.2.6 shows the beam waist wy as a function of the cavity length D for
2p = 40mm and A = 532nm. The expanded view shows wg vs D when the
cavity is nearly concentric. To realize small wg, D has to be close to 2p. In
order to fix wy to a specified value, a precise control on D is needed. For
example, if wy = 10um is to be realized with p = 20mm, then D=39.965mm
(See Eq.(2.6)). In this case, the tolerance in D is only 10um to keep wq
within 1pym of the desired value.

2.2.2 Enhancement factor

Fig.2.7 shows a schematic diagram of a laser beam injected into a cavity
made with two mirrors. At the interface of the mirror 1, a part of the beam
will be transmitted with an amplitude ¢;, and the rest will be reflected back
with an amplitude —r; 2. Similarly, at the interface of the mirror 2, ¢, will
be transmitted, and r, will be reflected. The laser beam trapped inside
the cavity will create an infinite number of reflected and transmitted beam,
as shown in Fig.2.7. Transmissivity 7T; and reflectivity R; of the mirror ¢
(¢ = 1,2) are related to ¢; and r; by

. = T
Ti:\/Ei

2Several comments are necessary. Amplitudes are normalized to that of the incident
beam. The mirrors sign in —r; is introduced for convenience. If there is some power loss
at the surface, then [t;]2 + |r1|? < 1.
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Figure 2.6: (Top) Over view. (Bottom) Expanded view. For wy = 10(pm),
D = 39.965(mm).
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Figure 2.7: Schematic diagram of the optical cavity. Each arrow represents
either transmitted or reflected laser beam with specified amplitude. The sum

of these amplitudes determines the reflectivity R.q,, the transmissivity T,
and the enhancement factor S.,, at the cavity. See details in the text.

Denoting absorption of the mirror by A;, the relation T; + R; + A; = 1 holds
thanks to power conservation.

We now want to define transmissivity (7.,,) and reflectivity (R.,) of the
cavity as a whole. Summing up all transmitted and/or reflected waves, we
have

\/ﬂ = 1ty [1 + r17ee o+ (rirge)? 4 - ]

tity
= 1 e 2.16
\V Rcav = —-r+ t17°2t16i(‘0 [1 + 7‘1T26i(‘0 + (’1‘1’1‘261.(‘0)2 + .. ]
t2 ip
= o (2.17)

sen ?
1 —rirqet®

where ¢ is the phase advance in one round trip inside the cavity. If we ignore
an extra phase at the mirrors, the phase advance ¢ is represented simply by
=27 (%) Stored power can be calculated in a similar way. Summing up
separately the waves going from 1 to 2 and from 2 to 1, we obtain

Vo2 = b [1 + r1rge’® + (rireet®)? + - ]
t
= (2.18)

1 — rirqget®

\/Sjl = ti7y [1 + ri7ee + (rirge)? 4 - ]
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t1T2
_ . 2.19
1 — ryrqei®’ ( )
where S5 and Sy; represents the stored power from each component. The
total power S.,, is just the sum of S5 and S31; Seqp = S12+591. A straightfor-
ward calculation leads us from Eq.(2.16), Eq.(2.17), Eq.(2.18) and Eq.(2.19)

to

T ‘ tity  [° Ty (2.20)
v 1-— r1r2ei‘P N (]_ — R1R2)2 + 4\/ R1R2 sin%@) '
t2roet?
Rcav — - 17
‘ mt 1 —riree??
2
_ {\/ Rl — R2(1 — Al)} —|— 4\/R1R2 (]_ — Al) sin%@) (2 21)
(1 - VER,) +4VRiR,sin’(%2)
S = ‘til : ‘tlifz “'
1 —riryet? 1 —rirye??
T (1
= 11+ By) (2.22)

(1 - VER:) +4y/RiRysin®(%52)

When the condition ¢ = 2rm or D = m3 (m = integer) is fulfilled,
the cavity is said to satisfy the resonance condition. When this is satisfied,
both T,,, and S, become large. Fig.2.8 (above) shows T.,, as a function
of the cavity length D for various parameters of R; and T;. The functional
form represented by Eq.(2.20), Eq.(2.21) and Eq.(2.22) is referred to as Airy
function. On resonance, it shows a sharp peak. The distance between two
peaks is given by AD = %, and this quantity is called free spectral range
(FSR). Fig.2.8 (bottom) shows R.q, and T.,, near the resonance condition.
On resonance, R.,, shows the minimum giving the least reflected power from

the cavity while T,,, exhibits its maximum.

The FWHM width (2 x §D) of these function is given by

1 T, T, B T\ T,
2" (1—vRiR:)? (1— vRiR;)? + 4R R, sin®(2%2)

When 6D is much smaller than A, D is represented by

A1-VRR, AD
4 (R1R2)1/4 N 2F,

0D =
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the enhancement factor Srgg). See details in text.
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where the quality F', called Finesse, is defined by

(FSR)  AD  m(RiRy)**

F = = =
(FWHM) 25D 1-+/RiR,

(2.23)

We note that F' can be determined experimentally by observing the Airy
function of, say, T.4,; namely, by measuring AD (FSR) and 6D (the width
of the peak).

We summarize below Tipy, Reqr and Seq,, on resonance;

T, = (1—VRR) (2.24)
po _ WA VR A} (2.25)
res (1 B m)? :
Ti (1+ Ry)

(2.26)

When we use identical mirrors with 99% reflectivity (R; = Ry = 0.99)
and no absorption, then T,(9 = 1, R () =0, 5 (9 ~ 200 and F = 313. In
practice, however, we cannot neglect the absorption of the mirrors. Then
T.09 <1, R, > 0 as shown in the bottom figure of Fig.2.8. By measuring

T..9 R ) and F, we can determine the enhancement factor S,(9.

2.3 Estimation of Count rate

2.3.1 Kinematics

In this section, we calculate an expected energy spectrum of emitted
photons by the Compton scattering. Fig.2.9 shows the Compton kinematics
in our experimental configuration. Here a laser photon with an energy kg is
assumed to come perpendicular to an electron beam with an energy Fy. We
denote the incident electron and the photon direction by z and x, respectively,
and the other direction by y. After interaction, the scattered photon with
an energy k, will go into the direction of an polar angle # and an azimuthal
angle ¢. Similarly, the scattered electron with an energy E, will go into 6,
and ¢.. The four vector of the incident electron, incident photon, scattered
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Figure 2.9: Compton scattering kinematics in our experimental configura-
tion.

electron and scattered photon are defined by ]3(), k_a, ]5; and k_;, respectively,
and are expressed by

EO ko Es ks
- 0 - ko 5z | Pscos¢.sinf, - | kscos¢sind
Fo = 0 |’ ko = 0 |’ P, = P,sin ¢, sinf, |’ ke = k, sin ¢ sin 0
b 0 P, cos b, k, cosd
E2 — P2 + me2
{ Eg — P02 + me2 (227)
where m. denotes the electron mass. We obtain the relations below:
EO + kO = Es + ks
kg = P,cos ¢.sinb, + k, cos ¢psinb (2.28)

0 = P,sin¢,sinf, + k, sin ¢sin
Py, = P,cosf, + k,cosb

From Eq.(2.27) and Eq.(2.28), the energy of the scattered photon k, is given
by

koEo

T Eo + ko — y/EZ — m.2 cos 8 — kg sin 6 cos ¢

26
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Figure 2.10: Scattered photon energy k, vs the scattering angle 6. The
maximum energy of 28.6 MeV is obtained at § =0.

In principle, k, depends upon both 6 (hereafter referred to as a scattering
angle) and ¢. In practice, however, ¢ can be neglected, because the incident
electron energy Ey(=1.28GeV) is much larger than the incident photon en-
ergy ko (Eo > ko). The energy k, is plotted in Fig.2.10 as a function of 6 for
a green laser (A = 532nm).

2.3.2 Differential cross section

Next, we calculate the differential cross section in a laboratory system.
In order to calculate the cross section, we consider Lorenz boost between
the laboratory and electron rest frame. As explained in the Sec.2.3.1, we
can ignore the azimuthal angle ¢. Thus we only consider the polar angle 8
in the Lorenz boost. Fig.2.11 shows the kinematical variables both in the
laboratory and electron rest frame. In this section, we use the following co-
ordinate system. The x direction is defined by the incident electron, and the
y direction is defined by the incident photon. The four vectors are expressed

by
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Figure 2.11: Lorenz boost between the laboratory system and electron rest

frame.

E, ko k,
s | B - 0 - | kscosd
Po=1| "¢ |+ ko= ko |’ ks = k, sin 6
0 0 0

E) = P} +m.”

Similarly, the four vectors for the incident and scattered photons in the elec-
tron rest frame are denoted by k§, k¥, and are expressed by

k§ k:
=y kg cos 05 = | kicost*
O™ | kysin@; |> 7 | krsiné* |’
0 0

where 6, 0* are the polar angles of incident and scattered photons, respec-
tively. Hereafter, physics quantities with an asterisk are those in the electron
rest frame. From the Lorenz transformations, k§ is given by
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Ye _75/85 0 0 7ek0
k_; _ _75/85 Ye 0 0 k_’\ _ _75/851{70
0 0 0 10| ko
0 0 01 0
Ye = EO/me
/Be = PO/EO
kg
In this configuration, k_(;j = k(i o8 92 . Now we obtain the relations;
kg sin 05
0
ks = 7ek0
8y = —arctan(1l/v.0:)

Similarly, from the Lorenz transformation between k_;f and k_;, we obtain the
relations of polar angles;

cosf — (3,
1—fB.cosb’

In the electron rest frame, the differential cross section of the Compton
scattering process is given by Klein-Nishina formula [18]. If electrons and

(2.30)

cos 0* =

photons are not polarized, this formula is expressed by

do k* )
d‘gTP = (k )2 { —|— k* — sin®(8* + 93)}
0 (2.31)
k* _ meko
s - me—l—(l—l—cos(e*—l—ea))ka‘

where d{)* is the solid angle and ry is the classical electron radius. The

dUCOm .
differential cross section (Wp) in the laboratory system can be related

do
t comp b
o (%) v
O comp  ATeomp AV doromp d(cos %)

Q. dQr dQ  dQ*  d(cosf) (2:32)
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Figure 2.12: The differential cross section —5&

in the laboratory system.

From Eq.(2.30), Eq.(2.31) and Eq.(2.32) 2, we finally arrive at

dowmy 1ok K K :
_ 2p2(Pey2 ) B B0 0" + 65 >
o 200 {k6+k: AR B peosey )
ko = 72k05
. _COSU—Pe
cos0* = 1—3¢ cos §
E; = el
s me+(1+cos(0*+65))k
g = — arctan(1/7.08.)

Fig.2.12 shows the differential cross section as a function of 6 in the laboratory
system. It is found from Fig.2.12 that Eq.(2.33) is almost symmetric function
of 6, because in electron rest frame the considerable region of 8* is much
greater than 6 ~ L. We note that most of photons are emitted in the
direction of the incident electron; for example, the cross section with photons

above 23MeV (6 < 0.2mrad) is 160mb, which should be compared with the

total cross section of 651mb.

3The azimuthal angle was ignored in our configuration

30



2.3.3 Count rate

In this subsection, we calculate an expected count rate of scattered pho-
tons [19].

, Laboratory system

X

Laser
daQ

Scattered Photon
Oy
Oz
Ox z
Electron beam

Figure 2.13: Schematic diagram showing the laser wire and electron beam
profile and the coordinate system used in the calculation.

Fig.2.13 shows the schematic diagram of the laser wire and electron beam.
We assume that intensity distributions p. and p; of the electron and laser
beam are gaussian, and are expressed by

_ 1N (a2 4 o) (=Pect)
Pe = (2#)3/20'a:0'y0'z €XPY 79 (0.2 ‘|‘0_32/ — 202

T

_ w1 Ly 22
pr = ckqy 2mén exp{—2 (52 + n?
Here o with suffixes of x, y and z stands for the beam size (1/+/¢) of the
electron in each direction. ¢ and 7 are the laser beam size in y and z direction,

} (2.34)

respectively. For the TEMyy gauss mode, the relation £ = = wg/2 holds.
N, denotes the number of electrons per bunch. W is wattage of the laser
(inside the optical cavity), and the photon energy is represented by k. For
simplicity, we assume the incident electron has only z momentum component.
Similarly, the incident photon (laser) has only x momentum component; this
can be justified by the fact the Reighly length is much larger than the electron
beam width o,. The count rate of scattered photons per bunch per solid angle
is given by
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dN; bunch Foo dacomp
10 —c////_oo peprde dy dz dt - 10 (2.35)

L

The factor L with da;% is referred as Luminosity, and is given by

NeW
(277)5/2]‘705770'a:0'y0'z

+oo
X //// exp{—(Cl 22+ Cyy? + C5 22 + Cy 2t + Cs t2)} de dy dz dt

(2.36)

1 _1f(1 4 1 _1(1 4, 1
01_20.27 02_2(0'5—'_52)’ 03—2(Ug+772)7
Bec _ﬂe202
04__02’ 05_202

Integrating Eq.(2.36), we obtain

. N.W
V 277]{700/85\/0'3 + 52

It is convenient to change Eq.(2.35) into a different form. The differential

(2.37)

count rate per second per unit energy of scattered photons is

AN _ N 492
dk, A dk,’

(2.38)

where f,., represents a revolution frequency of the electron beam in the
ATF damping ring (fre, = 2.16 MHz). Fig.2.14 shows the differential count
rate. In this calculation we used the following numerical values; Ey = 1.28
GeV, N, = 10'% ¢, = 10um, kg = 2.33eV (green: A = 532nm), W=10W,
€ = wo/2 = 5um. As will be explained in detail in the next section, we
installed in the actual setup a collimator with a circular bore to enhance
signal-to-noise ratio. The actual bore size corresponds to § < 0.2 mrad(6,,);
this in turn corresponds to k, > 23MeV. This limit is indicated by a dotted
line in Fig.2.14. The total count rate above the line is estimated to be 1.1kHz.
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Figure 2.14: Differential count rate dN/dk, as a function of scattered photon
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Chapter 3

Experiments

The experimental setup, shown in Fig.3.1, consists of two main compo-
nents: a laser wire and a photon detector system. The laser wire system
was installed at the north straight section of the ATF damping ring. It was
mounted on a movable table, directing the wire perpendicular to the electron
beam. The table was moved vertically to measure the vertical emittance. A
picture viewing the laser wire setup is shown in Fig.3.2. Scattered photons
were detected by a rectangular (50 x 50 x 100 mm?) scintillator made of a
pure Csl crystal. The location of the detector was 12.8 m downstream of the
cavity.

In this chapter, we describe the experimental setup in detail. In Sec.3.1,
we describe the ATF damping ring briefly. Then we explain the laser wire
system in detail. In Sec.3.3, we describe the photon detector system. We
discuss the alignment method of the damping ring in the following section.
Finally we discuss about data taking logic for measurements.

3.1 ATF damping ring

3.1.1 Optics

First we explain the optics of the ATF damping ring. Fig.3.3 shows cal-
culated values of the 8 function and dispersion function around the damping
ring. The plot above shows the  function. The horizontal axis is the posi-
tion of the ring and the vertical axis shows the square root of the 8 function.
The plot below shows the dispersion function (7,). The bottom figure shows
the layout of the magnets. Neither calculation for 8 nor n includes magnet
alignment errors.

The laser wire system was installed in the straight section between QM14R
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( Expanded view of laser wire region)
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Figure 3.1: Experimental setup of the laser wire. The laser wire system is
installed at the north straight section of the ATF damping ring.

Figure 3.2: Picture of the laser wire system
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Figure 3.3: Optics of the damping ring. (Top) the square root of the 3 func-
tion. Solid (dashed) line shows the horizontal (vertical) 8 function. (Mid)
the dispersion function (7,). (Bottom) the lattice of the damping ring. Hor-
izontal axis shows the position of the damping ring (m).

and QM15R. There are two merits to install the setup in a straight section.
First O function at a straight section is larger than that of an arc section.
This results in a larger beam size since emittance is constant (conserved)
around the ring. A larger beam size will make measurement easier. Second,
the dispersion at a straight section is much smaller than that of an arc sec-
tion. As shown in Eq.(1.4), the beam size in the ring depends also upon
beam’s momentum dispersion. We can neglect this contribution if the dis-
persion function is small. Thus we determined to install the laser wire at the
straight section. We should point out one demerit at the straight section;
backgrounds (photons associated with an electron beam) are severe. It took
us some time to overcome this problem.

3.1.2 Beam monitor

In order to measure the beam condition, various beam monitors are in-
stalled in the ATF damping ring. In this section we describe beam monitors
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excite electric field 2.5kV
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Kick for transverse direction

Figure 3.5: Schematic diagram of the beam exciter.

each other, and I, and I, make another pair.) The coefficients S, and S,
are sensitivity of the monitor, and are determined by a separate calibration
measurement on a test bench. The actual signals are read by ADC through
a clipping circuits [20]. The position resolution of BPMs is typically 30um
for bunch population of 5 x 10° electrons. (See details in Ref. [20].) There
are 96 BPMs installed in the ATF damping ring.

Beam exciter In order to determine emittance of the beam, we need to
know the SB-function. This in turn requires measurement of tune v, and
vy. These are measured by observing transverse vibration frequency when
an impulse perturbation is given to a beam. In practice, the electron beam
is kicked by an apparatus called beam exciter in the transverse direction.
Fig.3.5 shows a schematic diagram of the beam exciter. Excited electric
field kicks the beam horizontally and/or vertically. Then the beam position
is recorded every turn until the beam position becomes stable. Beam tune
(Ve, 1) can be obtained by Fourier analysis of the beam position vibration.
Accuracy of the tune measurement is estimated to be ~ 0.1%

3.1.3 Measurement method of § function

To evaluate the vertical emittance, we need to know the @ function at
the laser wire. In this subsection, we will present briefly its measurement
method (See Appendix A for detail).

Motion of a beam in the ring is described by a matrix called transfer
matrix. Given particle’s displacement y(s;) from the central orbit and its

direction y'(s1) = %(31) at s = s, it predicts those at s = s5:
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where s denotes the position along the central orbit. A similar equation
holds for the other coordinate x with a different transfer matrix. (Here,
we have assumed that x and y motions are independent each other. This
is approximately true for the ATF damping ring if it is well tuned. Thus
we retain this assumption throughout this chapter.) It is known that the
transfer matrix of one cycle C, starting from s = sy and ending at the same
point, is expressed by

Mlsnnsa+0) = (

cos 2mvg + a(so) - sin 2wy B(s0) - sin 27y
—v(s0) - sin 27wy cos 2wy — a(sg) - sin 2wy |’

where a, 3, are called twiss parameters, and are determined by a lattice of
the ring. The parameter vy represents a phase advance of particle’s transverse
motion, and is referred to as "tune”.

Now let’s suppose that one of the quadrupole strength is changed from
K to K + AK. Suppose also its center position is s = sg. This change
is equivalent to adding a thin quadrupole at s = sy with a transfer matrix

( L0 ) Thus the new matrix is given by

AK 1
M’ Cy~M C L0 3.4
(30730+ )— (30730+ ) AK 1 ( : )
_ cos g + (a(s0) + B(s0) AK) - sin g B(so) - sin pg
 \ AK -cospg — (7(s0) + a(s9)AK) - sinpg cos pg — afsg) - sin g

We have introduced a parameter py defined by pg = 2719. On the other hand,
the new matrix M'(sp, so + C') should be expressed by new twiss parameters
and a new tune v (p = 27v):

! .ol ! .ol
M/(s0, 0 + C) = cos —II— a (30)- sin p ¢ (30)/ sinp- (3.5)
—v'(s0) - sin p cospu — a'(sp) - sinp

Eq.(3.4) and Eq.(3.5) must be same. Thus we obtain, taking the trace of the
matrix,

1
cos 4 = cos o + §ﬂ(30) - AK sin py (3.6)
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This is the basic equation used in measuring the S-function. It indicates
that, if we can measure p on the left side of Eq.(3.6) for various AK, then
we can determine 3(sg) and po on the right hand side. The measurement of p
or v is carried out by observing beam’s transverse position with BPMs when
an impulse perturbation is given by the beam exciter. Actual measurements
and their results will be described in Sec.4.3.

3.1.4 Production of the low emittance beam

In an ideal case, beam emittance is determined by a lattice of a ring. This
is approximately true for the horizontal emittance in ATF damping ring.
However, the vertical emittance, which is much smaller than the horizontal
one, is actually dominated by residial dispersion and/or x-y betatron coupling
arising from misalignment of magnets. (See details in Appendix A) Thus,
a low emittance beam, it is important to reduce these effects as much as
possible. We will explain actual ring tuning procedures below [21].

At first, a beam orbit was measured with the 96 BPMs. If it did not go
through the center of the ideal orbit, it is corrected with steering magnets.
After the correction, the beam orbit settled down to within lmm (2mm) of
the ideal orbit vertically (horizontally).

Next we decreased the vertical dispersion function. We begin with ex-
plaining how to measure the dispersion function. In a storage ring, an equi-
librium energy of the circulating beam is determined by a frequency of a
RF source, which compensates the energy loss due to synchrotron radia-
tion. When the RF frequency frr is altered, the relation between fractional
changes in momentum and frequency is given by

p am frr ’

Sp_ 1 Afar (3.7)

where ajy is a momentum compaction factor. On the other hand, since the
dispersion function is defined by

A
Ay = %7}), (3.8)

we obtain

(3.9)
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Figure 3.6: Measurement of dispersion after dispersion correction. (Top) the
horizontal dispersion function. (Bottom) the vertical dispersion function.
Horizontal axis shows the BPM number.

A similar relation holds for x.

Actually, displacement of the beam orbit for five frequency changes A frr
(+6kHz, +3kHz, 0kHz, -3kHz, -6kHz) was measured by the BPMs. Having
determined 7, from Eq.(3.9), we then calculated a new orbit with smaller 5,
by adjusting the steering magnets. This procedure was done with an aid of
a computer code named SAD [22]. Fig.3.6 shows the measured horizontal
and vertical dispersion functions after the correction. The vertical dispersion
function could be set within £ 10mm peak to peak. In particular, at the
laser wire, the vertical dispersion function decreased to + 2mm.

Finally we applied correction by a skew corrector. If we have a x-y beta-
tron coupling, the vertical emittance would be influenced by the large hor-
izontal emittance. The skew corrector consists of small trim coils on main
sextupole magnets. This magnetic field allows the electron beam to tilt trans-
versely. To evaluate the x-y betatron coupling, we use two horizontal steering
magnets which differs 90 degree in the betatron phase. If the ideal beam orbit
is realized, the vertical beam orbit has no response to the change in the hor-
izontal beam orbit. In practice, however, we usually see some response. To
quantify the response, we use the following quantity, named response ratio:
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ZNsteer Z Am2
response ratio = M , (3.10)

Nsteer

where N, is number of steering magnets and Az and Ay are the observed
displacements. In this case, Nyeer = 2. The strategy of the skew correction
is to reduce this response ratio by the skew correctors. After skew correction,
we could reduce it from 8% to 4 % typically. Its achievable value is limited
by the BPM resolution at present.

3.2 Laser wire system

The laser wire system is an elaborate system in order to realize a stable
laser wire. This system consists of a laser, laser transport system, various
monitors, an optical cavity, a feedback system and a movable table. Fig.3.7
shows a setup of the laser wire system. In the following section, we will
explain each component in detail.

PD2 PD1
" ol section) =
=) mirror i E
S —~=—— Green laser
i / ccDh PD4
5 r Optical Cavity -
£ -
5 — \/“
& mirror — i — - B
—] PI€zo electon beam
actuator

PD3

Figure 3.7: Setup of the laser wire system.

3.2.1 Laser

For our application, lasers are characterized by the parameters such as
power, wave length, line width, stability, etc .
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First, we will explain our requirements for these parameters. A green
laser (A=532nm) is chosen because of availability and easiness. If the wave
length is shorter, control on the cavity length becomes severer to keep it
on resonance. If the wave length is longer, tolerance on the cavity length
becomes tighter to make a thin beam waist. A green laser is thus a good
compromise. In addition, it is much safer to handle visible light than invisible
one. Laser’s line width is the next issue. The resonance width Av;/y of our
optical cavity is given by

c 1
AV1/2 == <E> . F ) (311)

where D is the cavity length and F' is the finesse of the cavity [25]. Inserting
D = 40mm and F' = 313 into Eq.(3.11), we obtain Awvy/; = 12 MHz. (See
Sec.3.2.4.) The third issue is laser’s power. There is no clear criterion on the
required laser power. Considering expected count rate (~ 1kHz) and cost,
we selected 100mW as a good start.

Recently, technologies of high power and high coherent CW lasers have
made much progress, especially in the field of diode-pumped solid state lasers.
We have selected a diode-pumped solid state laser (Torus 532-100) whose
wave length is 532nm [23]. This laser utilizes a YVO, crystal to generate
1064nm and a KTiOPO4 (KTP) crystal [24] to generate its second-harmonic.
The YVO, crystal is pumped by a diode laser. As shown in Table.3.1, this
green laser satisfies requirements for both wattage (100mW) and narrow line
width (< 5MHz). In addition, its power is stable (< 1% stability) and it
gives TEMyy mode with a small M value (M? < 1.1). The former property
is indispensable for a stable operation and clear signal identification while
the latter is essential to excite the fundamental gauss mode in the cavity.

3.2.2 Laser light transport system

As shown in Fig.3.7, the transport system is composed of three sections.
One is an isolator section, another is an alignment section, and the other is
a matching section.

In the isolator section, a faraday rotator is installed between linear po-
larizers. The purpose of this section is to prevent reflected laser light from
reentering the laser itself. Excessive amount of reflection would damage the
laser. By this isolator, the reflection light is reduced to ~ ﬁ. The align-
ment section consists of two precisely adjustable mirrors. When the laser
light passes through the isolator section, the beam is shifted laterally. In

order to compensate this shift, we use this alignment section. Finally we
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Table 3.1: Specifications of the laser

‘ parameter ‘ value
Wavelength 532 nm
Output Power 100mW
Transverse mode TEMgq
M? <1.1
Linewidth < 5MHz
Beam Divergence < 1.0mrad
Beam Diameter(1/e*) < 1.0mm
Power Stability < 1%
Pointing Stability < 5u rad
Noise(rms) < 0.1%
Polarization ratio > 100:1
Operating voltage | 120/240 VAC or 100 VAC 50-60Hz

explain the matching section. This section consists of one convex and one
concave lens. We mean by "matching” transformation of the laser light into
TEMjyo mode whose wave-front curvature coincides exactly with those of the
cavity mirrors. If it does not match perfectly, not only TEMgy, mode but
also higher modes would be generated inside the cavity, leading to power
loss [26]. Since the laser beam is TEMy mode, procedure of the matching
amounts to focus it at the cavity center with a specified curvature. There
are several practical conditions to be satisfied. First of all, we want to fix
distance from the laser to the optical cavity. We also need room for the
isolator section and alignment section. Finally, we want to place two lenses
outside a vacuum chamber, in which the cavity is installed. We optimized
the focusing length and position of the lenses using the ABCD law [16], [27].
Fig.3.8 shows the optics of the transport system we employed.

It is found that aberration at the lenses in the matching section would
cause partial mismatching of the injected mode with the cavity. This would
lead to power loss inside the cavity. In order to remove aberration, we must
use non-spherical lenses or make a spot size smaller at the lenses. The final
optics shown in Fig.3.8 is a result of a compromise; we want to use available
lenses and want to place them outside the vacuum chamber. By this optics,
we can realize 70% efficiency in injecting laser intensity to the optical cavity.
We refer this efficiency as "matching efficiency”. Transmission of the laser
power is 80% in this transport system.
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Optics of laser transport  inside vacuum chamber

35 ¢
£ B
g 3¢
= r
¥ 251
5 o2F
g 15 f=-50mm |
1F . . f=120mm gg\t/'iff‘a'
- optical diode mirror  mirror y
05 E i
S | |
0 L T | | . ) |
0 200 400 600 800 1000 1200

\/ \/\/ s length (mm)

isolator section alignment matching section
section

Figure 3.8: Optics of the laser transport system. The horizontal axis shows
the position from the exit of the laser to the front of the optical cavity. The
vertical axis shows the beam spot size w(s). To realize thin beam waist inside
the cavity, the beam spot size is once enlarged by concave lens and is focused
by the convex lens. To decrease the effect of the aberration at the convex
lens, the convex lens is placed as close as the vacuum chamber as possible.

3.2.3 Monitors

Laser light monitor As shown in Fig.3.7, there are 4 Si PIN photodiodes
in the system. They are used to monitor original laser intensity (PD3),
reflection intensity from the optical cavity (PD2), reflection intensity from
the isolator (PD1), and transmission intensity through the optical cavity
(PD4). Each photodiode is enclosed in an Aluminum box to reject stray room
light and/or electrical noises. The signals are read by a current amplifier, as

shown in Fig.3.9.

Profile monitor In order to observe a beam profile inside the cavity, we
set a CCD camera at the rear exit of the optical cavity. This monitor is useful
when the cavity is being tuned or during data taking to confirm the cavity
mode. When the cavity is misaligned and higher modes other than TEMjgo
are excited, we can tell from its beam profile. Fig.3.10 and Fig.3.11 show
examples of TEMyy and TEM;y mode observed by this monitor, respectively.
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Figure 3.9: Diagram of a PIN photodiode laser intensity monitor.

Figure 3.10: Picture of TEMpo mode Figure 3.11: Picture of TEM;q mode

3.2.4 Optical Cavity

The heart of a laser wire system is an optical cavity. The optical cavity
consists of two high reflectivity mirrors facing each other. These mirrors are
housed in a harmetical structure made of SUS. In this section, we describe
mechanical structure of the optical cavity and its optical properties.

Structure of the optical cavity

Fig.3.12 and Fig.3.13 show mechanical structure of the optical cavity.
There are two mirrors sandwiching the beam pipe. Both mirrors are set on a
mirror holder and these mirror holders are in turn connected by a cylinder.

In order to control the cavity length D, we utilize a hollow cylindrical
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Figure 3.12: Structure of the optical cavity (front view). The position of

the 2nd mirror is adjusted by the micrometers through plate springs. The
micrometer is also used to fix the 2nd mirror.
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Figure 3.13: Structure of the optical cavity (top view). Meshed area shows
the piezo actuator and slashed areas show mirrors. The piezo actuator sup-
ports the 1st mirror through a disk type plate spring. Beam pipe is inserted
inside the optical cavity, and has a 5¢ mm hole to make a laser beam go
through the beam pipe and interact with electrons.
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Figure 3.14: The laser wire vacuum chamber. The optical cavity is installed
inside the vacuum chamber.

piezo actuator. This piezo actuator supports the 1st mirror through a disk
type plate spring. To obtain high resistance to disturbance, we add a 10kg
load to the piezo actuator using a plate spring. The mechanical resonance
frequency of the first mirror is found to be about 800Hz. The piezo actuator
controls the cavity length; its dynamic range is about 3um with sensitivity
of 3nm/V.

The transverse position of the second mirror is adjustable by micrometers
through a plate spring as shown in Fig.3.12. By adjusting these micrometers,
the cavity’s optical axis is aligned to that of the laser input beam.

The beam pipe diameter is chosen to be 24mm; this is exactly the same
as the other part of the ring. It should be noted that sudden change in the
beam pipe size should be avoided because circulating electrons would ”see”
the change and generate wake fields.

The laser beam is injected and transmitted through BK7 windows on the
chamber. All of the structure of the optical cavity, except for the beam pipe,
are set on a movable table. The chamber is mechanically connected with the
beam pipe via bellows to reduce the mechanical vibration coming from water
flow for magnets.
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parameter value | accuracy

. " p(radius) 20.00mm | 0.5pum
° 3 TC(height of center) | 2.68mm | 0.0lmm
TE(total height) 6.82mm | 0.0lmm

¢ (diameter) 25.0mm | 0.lmm

roughness (rms) 0.5nm

a2 68
“TE=6.82

Figure 3.15: Parameters of the mirrors. Left figure shows the geometry of
the mirror.

Geometrical dimensions of mirrors

Fig.3.15 shows the dimensions of our mirrors. Among their dimensions,
the curvature p is most important, and is determined by the following con-
sideration. In order to realize a very small waist, the optical cavity must
be nearly concentric (D ~ 2p). Under this circumstance, the smaller is the
curvature p, the looser is the tolerance on (2p — D). The 24mm diameter
beam pipe must, however, set inside the optical cavity. Thus, D must be
bigger than 24mm. To be conservative, we select the mirrors with p=20mm.

Optical properties of mirrors and the power enhancement factor

In this subsection, we will explain how to determine optical parameters
of mirrors, and a power enhancement factor of the cavity. We have two sets
of mirrors. One set has 99% reflectivity (type a), the other has 99.9% reflec-
tivity (type B). These values are nominal values, taken from manufacture’s
catalogue.

We first show the method to measure optical parameters of mirrors such
as T, R and A, described in Sec.2.2.2. The setup shown in Fig.3.7 is used for
this purpose. First of all, the cavity length was changed by the piezo actuator
to observe several FSRs. The actuator was driven by a HV amplifier, which
was in turn cycled by a triangle wave generator. Then we observed outputs
of the photodiodes PD3 and PD4. Their wave forms are represented by Airy
function, as discussed in Sec.2.2.2. Fig.3.16 shows the oscilloscope picture
of PD4, the transmitted intensity from the cavity. When the resonance
condition is satisfied, the output shows a sharp spike. The distance between
the two peak is A/2 (FSR). Fig.3.17 shows the expanded view of PD3 and

PD4 near the resonance. In the figure, the amplitude (a) is the maximum of
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the transmitted power, (b) is the minimum of the reflected power, and (c) is
the power reflected from the cavity when it is off resonance. We also measured
the laser intensity before injecting the optical cavity by PD4. This intensity is
denoted by (d). In addition, we determined FWHM of the resonance (26D).

From these measurements, we could determine three cavity parameters: T. (%),

R, and F. Specifically, the transmissivity (7.()) was obtained by (a)/(d),

TES

the reflectivity (R,(9)) by (b)/(c), and the finesse F by FWHM/FSR. We
measured these quantities for all combinations of (a, a), (a, 8), (8, a) and
(8, B), and the results are summarized in Table.3.2.

Now we want to estimate the parameters (R;,T;,A; ; ¢ = a,(3) of the
mirrors from Eq.(2.24), Eq.(2.25) and Eq.(2.23). Actually, we searched the
region of the parameter (R;,T;, A; ; ¢ = a,3) which satisfied all the results
in Table.3.2. The resultant parameter values are listed in Table.3.3. It is
found that the absorption is not negligible and the reflectivity is less than a
catalogue value.

Finally, we calculated the enhancement factor from Eq.(2.26). Table.3.4
shows the result for each combination of the mirrors. To obtain the highest
enhancement, we employed the combination of type a for 1st mirror and
type [ for 2nd mirror. We expect an enhancement factor of 220 for this
combination.
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Table 3.2: Results of the cavity parameter measurements for 4 mirror com-

binations.
Combination of mirror (1st,2nd) | Transmissivity Reflectivity — Finesse
(a, @) 60% + 6% < 10% 310 + 30
(8,0) 4% + 4% 69% + ™%
(a, B) 7.5% + 2.5% < 10% 425 + 75
(8, a) 8% + 2% 80% + 8% 425 + 75

Table 3.3: The measured mirror parameters.

The type of mirror | Reflectivity R;

Transmissivity T;  Absorption A;

0.9892 £ 0.0003
0.9935 £ 0.0004

g

0.0083 £ 0.0003  0.0025 £ 0.0004
0.00087 + 0.00004 0.0056 + 0.0004

Table 3.4: The summary of the enhancement factor measurements.

Combination (1st,2nd) | Enhancement factor
(a, ) 141 £ 6
(5.8) 4+
(a, B) 220 + 20
(8, a) 23 £ 1
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Beam waist measurement

Another important parameter in the cavity is its beam waist wgy. Its
measurement methods and results are presented in Sec.4.2 for convenience.
Here, we simply quote the final result: wy = 14.5 + 0.45(pm)

3.2.5 Feedback system

In order to keep the cavity on resonance, its length must be controlled
with accuracy of less than Inm. It is expected that external disturbances,
such as temperature variation and/or acoustic noises, would easily influence
the cavity length. Thus, an active feedback is necessary. It maximizes the
transmission signal by changing the cavity length with a piezo actuator.

Fig.3.18 shows a schematic diagram of the actual feedback system. It gen-
erates a symmetric square wave of 1kHz frequency (See ”clock” in Fig.3.18).
The piezo actuator is modulated by a triangular wave with an amplitude
much less than the value corresponding to the width of the peak. This is
generated by integrating the basic square wave. The error signal is formed
with the output signal of the transmitted light multiplied by the basic square
wave, and then integrated over a certain period of time. In short, the error
signal is a deviation of the transmitted signal with + sign depending upon
the phase of the modulation wave. For example, when the cavity is sitting at
the top of Airy function, the contribution from positive and negative mod-
ulation parts cancel out since its deviation is same in sign and magnitude.
On the other hand, if the cavity is sitting on a steep slope, the error signal
would have non-zero value (See A or C in Fig.3.18).

In order to demonstrate the stability of the feedback system, we monitored
the transmission light for a long time (See Fig3.19). The horizontal axis shows
the elapsed time and the vertical axis shows the transmission intensity (See
the top line). From the measurement, although it is not shown in Fig.3.19,
we found this system remained stably on resonance for more than one day.

3.2.6 Movable table

The laser wire system is mounted on a movable table. This table is sup-
ported at three point, where stepping motors are independently set. The
table is moved vertically with 1 pm accuracy. Its vertical position is moni-
tored by a position monitor [28]. This position monitor is set on a long Al
channel above the laser wire chamber as shown in Fig.3.20. This Al channel
is supported by the nearest two quadrupole magnets.
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Figure 3.18: Schematic diagram of the feedback system. See the text for
detail.
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Figure 3.19: Long term stability of the transmitted light. The horizontal
axis shows the elapsed time, while the vertical axis shows the intensity of the
transmitted light. T,,,, corresponds to the peak of the Airy function.

The position stability was measured for one day and the results are shown
in Fig.3.21. From this measurement, the vertical position was found to be
stable within +1pm.

3.3 Photon detector system

The scattered photons were detected by a photon detector system placed
12.8m downstream of the laser wire. Fig.3.22 shows the schematic diagram
of the photon detector. We used a Csl(pure) scintillator and a 2” photomul-
tiplier (PMT) to read its light. We selected CsI(pure) considering its fast
response, a good light yield and compactness. Its size was 50mm X 50mm
in cross section, and 100mm in length. To avoid the saturation due to its
slow component, we inserted UV filter between the scintillator and PMT. In
addition, we put a capacitor in a readout circuit to remove a DC compo-
nent (See Fig.3.22). A 100mm thick lead collimator was installed in front
of the Csl crystal; this was to reject unwanted backgrounds and to enhance
signal-to-noise ratio.
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Figure 3.22: The schematic diagram of the photon detector system. Scattered

photon is collimated with 5mm diameter lead, and detected with CsI(pure).

Detector calibration
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Figure 3.23: Energy calibration of the
photon detector by using 22Na and
13705‘
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3.4 prad according to the catalogue values. The Cats’eye was set on a refer-
ence level of each magnet. Results of position measurements after alignment
are shown in Fig.3.25 and Fig.3.26. Fig.3.25 shows the horizontal(x) and
vertical(y) deviations from ideal positions. Fig.3.26 shows the longitudinal
deviations. The r.m.s position errors are found to be 39 pm and 28 pm for
x and y directions, respectively. These values are within the tolerance of the
design values listed in Table.A.1.

Transverse Error
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Figure 3.25: Transverse positioning er- AZ [mm]

ror. Each dot represents horizontal Figure 3.26: Distribution of longi-

(Az) and vertical (Ay) displacements tudinal positioning errors.

for each magnet.

The laser wire system also needs precise alignment. The collimator should
precisely directed to the laser wire to detect scattered photons efficiently.
Fig.3.27 shows the alignment system of the collimator. The beam line level
was defined by center of the quadrupole magnets. We transfered the vertical
level to the two target marks using a telescope. Horizontal reference was
also transfered to two target marks by a theodolite. Finally the center of
the collimator was aligned to the beam line by the telescope referring to the
two target marks. The alignment error was estimated to be less than 0.1mm
horizontally and 0.4mm vertically.

After the alignment, the position of the laser wire was confirmed by di-
rectly observing it through the collimator and beam pipe. Fig.3.28 shows the
picture of the laser wire. The laser wire is estimated to be set within +£50um
vertically and within 4mrad vertical tilting.
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Figure 3.27: Side view of the alignment system. Standard level was set to the
center of quadrupole magnets and transfered to two target marks by using
theodolite and telescope. The center of collimator was aligned to the beam
line by a telescope referring the two target.

3.5 Data taking logic

3.5.1 Laser Intensity Modulation

As is described in Appendix B and Sec.3.1.1, there existed rather severe
backgrounds in this experiment, and they had to be subtracted out statisti-
cally to single out the genuine Compton signals. Thus, it was highly desirable
to measure background count rate simultaneously with actual data taking.
This required switching on and off the laser wire during the measurement.
The laser-on data provided signal plus background counts while laser-off data
gave background counts. In reality, the laser on/off system was realized by
enlarging the modulation amplitude of the piezo actuator.

Fig.3.29 shows the transmitted laser intensity from the cavity, together
with other relevant signals. The bottom signal is the 1kHz basic clock (square
wave) signal, and the middle one is the triangle modulation signal to the piezo
actuator. Its modulation amplitude was enlarged so that the cavity length
covered one entire resonance peak. Thus the transmitted laser intensity
swinged from zero to its maximum value.

Each event had to be taken together with laser intensity information.
Actually, we read the transmitted laser intensity in the following way. The
laser intensity, read by the photodiode, was classified into 5 laser intensity
level by a multi-level comparator(MLC). Fig.3.30 shows the each comparator
level with respect to the transmitted laser intensity. When the laser intensity
is lower than the threshold level, each comparator level returns the NIM logic
‘high’. Five scalers were prepared. Each scaler read counts only when the
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Figure 3.28: Side view of the laser wire inside the optical cavity.

GND

low .
transmission

high
modulation
clock

Figure 3.29: Laser modulation. (Top) The transmitted laser intensity. (Mid)
The modulation signal to the piezo actuator. (Bottom) The basic clock.
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Figure 3.30: Transmitted laser intensity and comparator levels. (Left) the
setting of each comparator level 1-4. (Right) the NIM output signal corre-
sponding to the each comparator level.

laser intensity exceeded the corresponding comparator level. One scaler,
however, always read counts irrespective of the laser intensity. After some
arithmetic, we could classify scaler counts according to the 5 laser intensity
levels (LL1 - LL5).

The stability of the incident as well as the transmitted laser intensity
from the cavity was monitored and recorded by ADC. Fig.3.31(top) shows
an example of the incident intensity; it remained stable within 0.5% of the
average value. Fig.3.31(bottom) shows the transmitted intensity; the 5 dif-
ferent lines corresponds to 5 different laser intensity level (LL1 - LL5). This
plot shows that each of the transmitted intensity was stable within a few %.

3.5.2 Data Acquisition System

Fig.3.32 shows the logic of the data taking system. The output from
the photomultiplier was first amplified and divided into 4 signal. They were
then discriminated with different threshold levels, corresponding to 5, 15,
25 and 35 MeV. Then outputs from the discriminators (MLD) were read by
scalers. The linearity of the threshold energy was calibrated by using ADC
within 4% resolution. All data from ADC and scalers were taken by a local
computer via a CAMAC system. Trigger of the data taking was made by the
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Figure 3.31: Stability of laser wire power. Top figure plots the laser intensity
monitored at PD3 and bottom figure plots the transmission light intensity
on each laser intensity level.
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10Hz clock generator via Event LAM Register (ELR) !. Actual data taking
was done every one second. All data of the scalers were read into the local
computer and cleared. We also read a revolution clock of a damping ring
(2.1645MHz) by each scaler.

Information of the position monitor, the electron current and the vacuum
pressure was recorded, too. The position monitor was read from another
local computer(atflw-2). The electron current and the vacuum pressure were
read into another computer(atfaxp). Data on these computers were read into
main computer (atflw-1) every second via a network, as shown in Fig.3.33.

1This module was developed to see the condition of the LAM. When an input signal
come, LAM is set and busy output is issued from the front panel.
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Figure 3.32: Schematic diagram of laser wire data taking logic
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Chapter 4

Data Analysis and Results

We measured the vertical emittance three times with different damping
ring conditions. Characteristics of the conditions and their particular pur-
poses are summarized as follows.

1. We tuned the ring following the procedure described in Sec.3.1.4. In
particular, the skew correction was carefully performed to make the
vertical emittance as small as possible. The measurement was done on

Dec.5th, 2000.

2. We skipped the skew correction on purpose, expecting large emittance
due to the x-y betatron coupling. The measurement, done on Dec.7th,
2000, was to confirm this coupling effect and the response of the laser
wire measurement to it.

3. The purpose of the 3rd measurement was to confirm the 1st one. How-
ever, as it will be described, the condition of the ring, especially its 3
function and tune v, were turned out to be somewhat different from
those in 1. The measurement was carried out on Dec.14th, 2000.

In this chapter, we describe the data analysis of these measurements and
results in detail. There are three essential quantities to determine in mea-
suring vertical emittance: electron’s vertical beam size (o) as measured by
the Compton process, laser wire beam waist(wp), and 3 function. First we
explain the measurements of the vertical beam size. Then, we describe the
methods and results of laser wire beam waist measurement. Next we illus-
trate the B-function measurement in detail. Finally, we put these quantities
together to calculate the vertical emittances. In the last subsection, we dis-
cuss about our final results, and comment on effect of intra-beam scattering.
Future prospects are also included in this section.
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Figure 4.1: Electron beam current vs time for one fill. Dotted line show the
current intervals used to classify scaler counts.

4.1 Measurements of the vertical beam size

4.1.1 Data taking procedure

In this section, we describe data taking procedure of vertical beam size
measurements. First we searched for Compton signals by scanning the mov-
able table. Having found the Compton signals, we then scanned horizontally
the detector and collimator to maximize the signal rate. This was to align
them to the line defined by the laser wire and electron’s beam direction.
As to the vertical alignment, we relied on the survey, described in Sec.3.4.
Actual data was taken following the steps listed below:

1. Set laser wire position by moving the table.
2. Store an electron beam in the damping ring.
3. Take data every 1 second for 10-15 minutes.

4. Repeat the procedures 1.-3.

The procedures from 1. to 3. was defined as 1 run. These runs were continued
until the laser wire scanned an entire electron beam profile.

Fig.4.1 shows a typical example of the electron beam current (I.) in the
damping ring in one run. The horizontal dotted lines in the figure will be
explained later. In order to illustrate background-to-signal ratio in our ex-
periment, examples of raw counts, corresponding to an energy range of 15-20
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Figure 4.2: Raw count rate vs electron beam current. The cross points show
laser-on data (laser intensity level 5), while the dotted points show laser-off
data (laser intensity level 1).

MeV and taken when the laser wire was right on the electron beam, are
plotted in Fig.4.2 as a function of the electron beam current. The cross
points represent the laser-on (laser intensity level 5) data while the dotted
points show the laser-off (level 1) data. Difference is clear but background is
non-negligible.

4.1.2 Data reduction

As we explained in Sec.3.5, the number of scattered photons was counted
by scalers. Separate scaler counts were collected according to the laser in-
tensity level, scattered photon energy, current of electron beam (time), and
position of movable table. The scaler count categories are summarized in
Table.4.1. We obtained the vertical beam size (o,45) with the following pro-
cedure.

1. First we summed up each scaler count over a current interval of 0.4mA
from 0.2mA to 3.0mA. Then we converted them to count per unit time
(Hz). This procedure was done as follows. As mentioned in Sec.3.5,
we counted the number of electron’s revolution in the damping ring
simultaneously. This gave actual data taking time since the revolution
frequency was accurately known (2.1645MHz). Thus we divided the
summed scaler counts by the data taking time determined in this way.

2. Next we plotted the count rate(Hz) as a function of the laser intensity
level (LL1 - LL5). Fig.4.3 shows two examples of such plots. The par-
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Table 4.1: Category of scaler count classification.

Item ‘ Divisions ‘ Intervals ‘ Comments
Energy of 4 5-15 , 15-25 taken simultaneously
scattered photons (MeV) 25-35 , 35- in one run
Electron current (mA) 7 0.4 interval at different time
from 0.2 to 3.0 | in one run
Laser intensity (a.u) 5 LL1, LL2, LL3 | taken simultaneously
LL4, LL5 in one run
Laser wire positions (um) 20-21 in separate runs

ticular data, taken on (2000/12/05), correspond to the energy range
of 15-25 MeV, and the electron current of 0.2-0.6mA. The left figure
shows the plot with the laser wire on the electron beam while the right
off the electron beam. Clear linear dependence of the count rate upon
the laser intensity is seen. The solid lines in Fig.4.3 show the results
of linear fit. These straight lines were extrapolated to the point cor-
responding to the laser maximum intensity, ¢.e, the cavity’s maximum
energy realized at the peak of Airy function. The arrows in Fig.4.3
indicate the extrapolation. Finally, the signal count rate was defined
by the difference between the maximum count rate and the minimum
count rate corresponding to the zero laser intensity.

3. Then the signal count rate(Hz) was normalized to the electron beam
current. The resultant quantities are called normalized signal rate

(Hz/mA).

4. Finally, we plotted the normalized signal rate(Hz/mA) as a function of
the laser wire position.

The procedure 2 was needed to prove linear enhancement of the obtained
count rate with laser intensity and also to retain the data’s most of their
statistical power. In order to check goodness of the linear fit in the procedure
2, we calculated the chi-square (x?) per degree of freedom (v) for each run.
The resultant values, very close to x2/v = 1, indicate goodness of the fit as
well as the data.
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Figure 4.3: Count rate vs laser intensity. (Left) The laser wire on the electron
beam. (Right) The laser wire off the electron beam.

4.1.3 Results of vertical beam size measurements

In the previous subsection, we obtained signal rates classified according to
the electron beam current, detected photon energy, and laser wire position.
In this subsection, we will obtain vertical beam sizes from these data. In order
to illustrate the analysis procedure, we will take the data for 1.0-1.4 mA as
an example. Fig.4.4, Fig.4.5 and Fig.4.6 show signal rates as a function of the
laser wire vertical positions for 4 energy bins. The solid lines (gaussian fits) in
the figures will be explained in Sec.4.1.4. As expected, the Compton signals
are mainly seen in the energy interval of 5-15 MeV and 15-25 MeV. On the
other hand, the signal rates above the Compton energy (35MeV -) are con-
sistent with zero. The chi-square(x?) per degree of freedom (v) resulted from
the zero constant fitting for these data are x?/v = 16.59/21 (2000/12/05),
xX*/v = 21.84/21 (2000/12/07) and x%/v = 21.03/20 (2000/12/14). Thus,
they are statistically consistent with zero, as expected.

Having confirmed that the Compton signals were only seen in the 5-25
MeV range for all the data (at any electron currents), we combined the data
in 5-15 MeV and 15-25 MeV regions. Then we fitted to the data a gauss
function with a center, width and peak height being left as free parameters.
Fig.4.7, Fig.4.8 and Fig.4.9 show the measured beam profiles obtained in this
way. The solid curves are resulted gauss functions. We defined the vertical
beam size (oops) by the width of fitted gauss functions. Table.4.2 lists our
final results for o,,. The errors in parentheses will be explained below. The
figures on the left in Fig.4.10 shows o, versus I.. As expected, the beam
size for the 2nd data set (2000/12/07) was significantly larger.
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Figure 4.4: Normalized signal count vs the laser wire position. Plots for 4
different energy intervals labeled at the bottom with the same electron beam

current [1.0 - 1.4mA]. Data from (2000/12/05)
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Figure 4.7: Normalized signal count vs the laser wire position. Plots for
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74



Gaussian fit (2000/12/07)
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Gaussian fit (2000/12/14)
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Figure 4.9: Normalized signal count vs the laser wire position. Plots for
5 different electron currents indicated by the subtitle. Each plot contains
combined data of the energy interval 5 - 25 MeV. Data taken on (2000/12/14)
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Measurements of beamsize
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Figure 4.10: Beam size vs the electron current. Beam size o, (left) and
o, (right). Data taken on (2000/12/05) (top), (2000/12/07) (middle) and
(2000/12/14) (bottom).
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Table 4.2: Summary of the measurements of the beam size o4,

date Current(mA) | beam size op, (pm) x| v

0.4 10.38 + 0.22 (4 0.35) | 46.6 | 18

0.8 1151 + 0.32 (+ 0.47) | 38.2 | 18

(2000/12/05) 1.2 11.34 + 0.41 (4 0.53) | 31.0 | 18
1.6 11.93 + 0.48 (+ 0.55) | 23.4 | 18

2.0 11.23 + 0.25 (+ 0.72) | 29.3 | 18

1.2 2491 + 1.25 (+ 1.25) | 15.2 | 18

1.6 21.65 + 1.05 (+ 1.51) | 37.4 | 18

(2000/12/07) 2.0 21.45 + 1.28 (+ 1.53) | 25.9 | 18
2.4 23.07 + 1.52 (+ 2.33) | 41.9 | 18

2.8 23.80 + 1.67 (+ 2.17) | 30.2 | 18

1.2 10.65 + 0.65 (4 0.96) | 36.6 | 17

1.6 9.09 + 0.56 (+ 0.63) |21.6 | 17

(2000/12/14) 2.0 9.22 + 0.80 (+ 0.94) |23.1 | 17
2.4 9.47 + 1.03 (£ 1.14) [ 21.1 | 17

2.8 11.48 + 1.13 (4+ 1.14) | 17.3 | 17

In the gaussian fit, we did not include a constant term. This is because
we removed, in principle, all the backgrounds in calculating the signal rates
(the linear fit procedure described in Sec.4.1.2). In Table.4.2, the 4th and 5th
columns are resultant x? and v for the fits. We expect these x? values would
distribute around v if they obey statistics. In reality, however, x?/v’s are
significantly larger than unit, indicating that there might be some systematic
effects. They could be attributed to, for example, jitter and/or drift in the
electron beam position. Since we have not identified their sources yet, we
took a conservative way. Namely, we enlarged uniformly all error bars so that
resultant x2/v’s became unit. New errors on o, are listed in the parentheses
in Table.4.2. We employ these values in the following analysis.

4.1.4 Energy spectrum

In this subsection, we will examine our data from the view point of the
Compton process. The main purpose is to demonstrate that the observed
signal rates and their energy spectrum are consistent with the expected ones.

To this end, we first fit a gauss function to the data shown in Fig.4.4
- Fig.4.6. In this case, the height of the gauss functions was the only free
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Figure 4.11: Expected energy spectrum. Unhatched histogram shows the ex-
pected energy spectrum of scattered photon through a 5mm bore collimator.
Hatched histogram represents the deposit energy spectrum in the detector.

parameter, with the center and width being given by those obtained in Fig.4.7
- Fig.4.9. The Compton signal rate at each energy was defined by the peak
value of the resultant gauss functions. Fig.4.12 shows the plot of the signal
rate vs the energy region.

We now want to compare the observed energy spectrum with the calcu-
lated one. To this end, we must fold our detector response in the theoretical
spectrum given by Eq.(2.38). We calculate experimental count rate Ne,,(%k')
by

dN.., (k' kmae de(k,) dN
53313( ) — / 6( 8) dks7 (4.1)
k

dk! . dk dEk,

where ¢(k,) represents the detector response function to a photon with en-
ergy k,, and k' means observed energy in the Csl(pure) scintillator. e(k,) is
simulated by a code named EGS4 [31]. Fig.4.11 shows both unfolded (un-
hatched) and folded (hatched) energy spectrum. The former is the expected
energy spectrum of scattered photons passing through a bmm bore collima-
tor. The latter represents the deposit energy spectrum in the detector. The
minimum energy k;, = 23 MeV is determined by the collimator’s bore ra-
dius (5mm) and the maximum energy kmq. = 28.6 MeV by Eq.(2.29). The
following numerical values are used to calculate Eq.(4.1). The laser intensity
W inside the cavity was estimated with the injected laser intensity of 72mW
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and the enhancement factor of 220 420, and the matching efficiency with the
optical cavity of 0.7. We inserted the measured value o,,, = 11.34 + 0.53pm
(2000/12/05),24.914+1.25um (2000/12/07) and 10.65+0.96 xm (2000/12/14)
for \ /o2 4 €% in Eq.(2.38). Finally, we used N, = 10'% with 8. = 1, and ko =
2.33eV. Uncertainty of the estimate came mainly from the laser power un-
certainty and measured beam size error. In addition, we included alignment
error of the collimator (+1mm) and 10% error in the setting of the detector
threshold. The hatched boxes in Fig.4.12 shows the expected count rate and
its uncertainty range. The measured count rates are in good agreement with
the expected ones.

4.2 Measurements of the beam waist

The laser’s beam waist wg is one of the most important parameters in
the cavity. We established three independent methods to measure wy, and
found that all agree well with each other [32]. In this experiment, however,
we applied two of them to this optical cavity. One method was to measure
beam divergence from the optical cavity (beam divergence method), while the
other was to excite the higher order mode (transverse method) [33].

Actually, beam waists were measured twice before and after the measure-
ments of the vertical emittance.

4.2.1 Beam divergence method

Principle The beam spot size w(z) at the distance z from the center of

the optical cavity is represented by w(z) = wg4/1 4 (2/20)?, where zq is the
Reighly length. If z > 2y, we can approximate it as

Az

w(z) = p— (4.2)
Thus the beam waist can be determined by measuring the beam divergence
w(z) at various z positions. Fig.4.13 shows a schematic diagram of the beam
divergence measurement. First, an intensity profile of the transmitted beam
is measured by scanning a PIN photodiode with a narrow slit in front. The
measurements are done at 4 different z positions (23 ~ z4). Each profile
should be a gaussian with a width of w(z)/2. We perform a simple gaussian
fit to the measured profile to obtain an experimental width o(z). When
o(z)’s are plotted as a function z, they should satisfy the linear relation
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Figure 4.13: Schematics of beam divergence method. By moving the PIN
photodiode perpendicular to the laser beam, we can measure the laser beam
profile.

Xz=aXz (4.3)
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The beam waist parameter wg can be obtained from a slope of these plots.
There is one minor detail in the measurement; since the cavity mirror acts
as a concave lens, the beam divergence angle is altered. When this effect is
taken into account, the slope now becomes

nA
o =

2rwg

(4.4)
where n is the index of the mirror (n = 1.519).

Results The actual measurements were carried out twice; before (2000/11/19)
and after (2000/12/18) the emittance measurements. Fig.4.14 and Fig.4.15
show the beam profiles at each z position. Note that the nearest point to the
cavity is defined to be z = 0 in this plot. (See below for justification.) The
width o(z) was deduced from a fitted gauss function to the data points. The
solid curves in Fig.4.14 and Fig.4.15 are the resultant gauss functions. We
assigned an error on o(z) in the following manner. Since there were no errors
assigned to the original PIN photodiode reading, a common error was given
in such a way that reduced — x? (x?/v) of the fit became unit. Fig.4.16 shows
o(z) as a function z. We note that since we are interested in the slope of

82



beam divergence method (2000Nov19) beam divergence method (2000Dec18)

<500 £ S500 ¢ 000 000
E450 E E450 £ £
> > > >
2400 E 2400 E z 2800 [
§350 £ §350 E I3 g
Z z z z
=300 £ =300 £ = =600 [

250 £ 250

200 £ 200 £ 400 [

150 150 E

100 £ 100 £ 200 |-

50 & 50 &

o o I I . Y P I,

5 10 15 20 5 10 15 20 5 10 15 20
21 =0mm  x(mm) 22 =50mm  x (mm) 22 =50mm  x (mm)

$500 ¢ 500 E! 000
E4s50 Ea4s0 & z z
2400 E 2400 B 2500 [ 2g00 [
2400 £ 2400 2800 2800
§350 B §350 B & g
e E z Z £
=300 £ =300 & =600 [ =600 [

250 £ 250 £

200 £ 200 £ 400

150 £ 150 £

100 £ 100 £ 200

50 £ 50 E

[y = I B ) I I b [y = = B I

5 10 15 20 5 10 15 20 5 10 15 20
23=100mm  x (mm) 24 = 150mm  x (mm) 23=100mm  x (mm) 24 = 150mm  x (mm)

Figure 4.14: Measured beam profile Figure 4.15: Measured beam profile
for 4 different z position. Data taken for 4 different z position. Data taken

on (2000/11/19). The data points are on (2000/12/18). The data points are

fitted with a simple gauss function. fitted with a simple gauss function.
4 ¢ 4 ¢
3.75 E 3.75 £
g 35F £ 35 i
= 3.25 —~3.25 &
L)) £ N =
o 3 B o 3 B
g F 8 E
% 275 £ 52.75 F
© E B C
& 25 F & 25 F
c E = £
8 225 8225 &
o) F Ke) F
2 b 2 b
1.75 B 1.75 £
"‘5 lllllllllllllllllllllll ".5 lllllllllllllllllllllll
50 0 50 100 150 200 50 0 50 100 150 200
z (mm) z (mm)
2000/11/19 2000/12/18
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these plots, only relative distance matters between different z points. Finally

wo was deduced from the relation a = % with n = 1.519 and A = 532nm.

We summarize the obtained results in Table.4.3.

Table 4.3: Summary of beam waist measurements by the beam divergence
method

date measured beam walst wy
2000/11/19 15.03 4+ 0.91 pm
2000/12/18 15.22 4+ 0.94 pm
average 15.12 + 0.65 pm

We emphasize that the two measured values agree well with each other,
indicating that the beam waist remained constant during the emittance mea-
surements. Therefore we averaged over the two measurement results to ob-
tain wo = 15.12 £+ 0.65pm.

4.2.2 Transverse method

Principle Next we describe another method to measure the beam waist.
The beam waist wg is determined by, apart from the wave length A, the
mirror curvature p and the cavity length D, as given by Eq.(2.15). Among
the two parameters, p is found to be p = 20.0000mm + 0.5pum by a separate
measurement. Now the measurement of wy amounts to the measurement of
D. To this end, we consider higher transverse modes. The phase of a higher
transverse mode TEM,,, is given by

H2) =~ ot (m ot + 1) B(),

where ®(z) is given by Eq.(2.13). The transverse mode in the cavity inter-
feres constructively when the phases at the mirrors (z = +D/2) satisfy the
resonance condition

¢(=D/2) = $(D/2) = pm,

where p denotes an integer. A straightforward calculation shows that the
condition above is equivalent to
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Figure 4.17: Transmitted laser intensity from the cavity. Two main peaks
(right) and the main peak and sub-peak (left). They provide, respectively,
AD and AD,.

A 1 D
D, = 2 {p + % arccos (71) — 1) } . (4.5)

The transmitted beam intensity also exhibits its maximum value when the
resonance condition is met. Therefore, the spacing between the adjacent
peaks belonging to the same p is given by

AD,=D,(m+n=1)—D,(m+n=0)= % ll arccos (2 — 1)] , (4.6)
m p

where the quantity D, on the right hand side of Eq.(4.5) is replaced by a
representative value D since its dependence is weak. Thus we can deter-
mine D by measuring the spacing AD, of the two peaks. As represented in
Eq.(4.6), we actually measured the spacing between the first excitation mode
(m +n =1) and the fundamental mode (m + n = 0).

These measurements were done by the same setup for the measurement
of the finesse. After confirming the cavity to be in the fundamental TEM,,
mode, we detuned the optical axis by shifting one of the matching section
transversely to excite the transverse mode. Fig.4.17 shows a typical example
of an output of fundamental and higher transverse modes. We determined
the spacing between the main peak (the fundamental mode) and the adjacent
peak (the first excitation mode), as shown on the left picture of Fig.4.17 as
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Table 4.4: Summary of the beam waist measurement by the transverse
method

date beam waist wg on each airy function average r.m.s error

2000/11/19 14.58 pym
14.10 pm 13.86 pm =+ 0.74 pm
12.63 pm
14.13 pm

2000/12/18 14.16 pm
14.25 pm 14.23 pm + 0.05 pm
14.27 pm

average 14.02 + 0.59 pm

well as the spacing between two main peaks (FSR) as shown on the right
picture in Fig.4.17. The spacing of FSR is equal to A/2. Then we deduced
the cavity length D via Eq.(4.6).

Results We could observe seven main peaks by modulating the piezo ac-
tuator with an amplitude of 3pm. Repeating the measurement for different
main peaks (and sub-peaks), we obtained four values on (2000/11/19) and
three values on (2000/12/18). Then we averaged these values, and calculated
r.m.s deviations. The results are summarized in Table.4.4.

We notice that the r.m.s error for the (2000/11/19) data is much bigger
than the other. This comes from one exceptionally small value (12.63pm)
in the data. Although we cannot reject the possibility of a simple mistake
in that data point, it is conservative to retain it and allow the error (r.m.s
deviation) to become much larger that it would be without it. The two
averaged value obtained different days agree well with each other. Thus,
we conclude that the beam waist remained unchanged during the emittance
measurements: the same conclusion from the divergence method. We simply
average all the data to obtain a representative value: wy = 14.02 + 0.59um.
The error is a r.m.s deviation of all the measured values.

4.2.3 Summary of the beam waist measurements

The values for wy obtained by the two methods are

wp = 15.12+0.65(pm). (beam divergence)
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wg = 14.02+0.59(pm). (transverse method)

Thus we conclude that they agree very well each other, and we can average
the two. The result is

wo = 14.52 + 0.44(um).

Hereafter, we used this value for wy and treat it to be constant throughout
the emittance measurements.

4.3 Measurements of the 7 function and other
damping ring parameters

4.3.1 [ measurement at quadrupole magnets
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Figure 4.18: Layout of quadrupole magnets near the laser wire.

The [ function were measured at the three quadrupole magnets near
the laser wire. They are called ’'QM13R.1°, ’\QM14R.1’ and 'QM15R.1°, re-
spectively. Fig.4.18 shows the location of these magnets. Referring to the
horizontal direction, ’QM14R.1’ is a focusing magnet, and 'QM13R.1’ and
"QM15R.1’ are defocusing magnets. Their quadrupole strength K (k-value)
are -0.5133, 0.5061, -1.1159, respectively.

Since the damping ring might have been tuned differently, we carried out
the measurement simultaneously with the vertical emittance measurements.
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Thus, in the following, we will present three sets of data. Fig.4.19, Fig.4.20
and Fig.4.21 show the results of these three measurements. The horizon-
tal axis show the shift of k-value AK and the vertical axis is the value of
cos u(p = 27v). Plots on the left (right) show the horizontal(x) (vertical (y))
tune measurement.

Considering Eq.(3.6), we performed a linear fit of the form,

cosu =A-AK + B, (4.7)

where A and B are free parameters to be determined. From the relation,
A = Bosin(271p)/2 and B = cos(2w1y), we deduced [y and vg. The results
are shown in Table.4.6 and Table.4.5. In the [S-measurement, errors were
assigned so that the resultant x?/v = 1.

Table.4.5 shows the nominal tune of the measurements. We note the data
of (2000/12/05) and (2000/12/07) agree very well with each other. However
the data of (2000/12/14) are different from the other two. From the data,
we conclude that the optics of the 3rd measurement is different from that of
previous two.

Table 4.5: Measured nominal tune

tune 2000/12/05 2000/12/07 2000/12/14
Ve 15.184 15.182 15.151
v, 8.5809 8.5845 8.5118

Table 4.6: Measured 3 function at each quadrupole magnet

date measured § QMI13R.1 QM14R.1 QM15R.1
2000/12/05 Be (m) 4.38 + 0.42 243 £ 0.55 2.46 + 0.05
2000/12/05 By (m) 9.41 + 0.33 2.88 +£0.19 9.97 £+ 0.07
2000/12/07 B (m) 435+ 0.55 244 +0.36 2.49 4+ 0.08
2000/12/07 By (m) 9.09 + 0.75 2.23 +£0.12 10.4 £+ 0.08
(m)
(m)

2000/12/14 B (m 5.14 + 0.62 27.5 + 0.40 2.90 £ 0.06
2000/12/14 By 11.6 £ 0.36 2.85 £ 0.60 6.91 + 0.16

4.3.2 Determination of the 3 function at the laser wire

Next we determined the 3 function at the laser wire. Two sets of the twiss
parameters a, J and v at s; and s, on the ring are related to each other via
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Figure 4.19: cosp vs AK. The linear fits to the data points, shown by the
solid lines, give the 8 function. Subtitle of each plot represents the magnet

and direction. Taken on (2000/12/05).
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Figure 4.20: cosp vs AK. The linear fits to the data points, shown by the
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and direction. Taken on (2000/12/07).
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Beta measurement (2000Dec14)
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the transfer matrix M (s3,s;). The relation, given explicitly by Eq.(A.26),
can be rewritten as

B(s2) Mty —2M11 My M3, B(s1)
a(s2) = —M11M21 ]_ —|— 2M12M21 —M12M22 a(sl) (48)
v(s2) M3, —2M>2 My M3, v(s1).-

It indicates that, if we know the transfer matrix from one of the quadrupole
magnets to the laser wire, we can determine the 8 function at the laser wire.
In reality, we did the opposite; given a set of the twiss parameters (arw,
BLw) at the laser wire, we predicted them at each quadrupole magnet, and
compared them with the measured values. We defined chi-square (x?) by

X (oow,Bw) = Y

n=QM13

QM15 (ﬂn,meas - ﬂn(aLW,ﬂLW))2 , (4.9)

On,meas

where the suffix n specifies the quadrupole magnets and meas means the
measured (3 functions with errors given in the previous paragraph. Fitting
was carried out to minimize x?(8rw,arw), and the results are presented in
Table.4.7. Fig.4.22 shows the optics obtained in this way.

Table 4.7: Summary of the § function at laser wire.

date direction By (m) arw X2
2000/12/05 b 9.71 £ 0.07 4.03 + 0.04 2.35
2000/12/05 y 5.77 £ 0.07 -1.51 £ 0.02 1.84
2000/12/07 b 9.73 £ 0.10 4.02 + 0.05 1.33
2000/12/07 y 5.65 £ 0.14 -1.67 £ 0.05 1.81
2000/12/14 b¢ 11.1 + 0.08 4.53 & 0.04 3.67
2000/12/14 y 3.97 + 0.17 -1.00 +£ 0.03 1.35

4.3.3 Summary of the damping ring parameters

We summarize the measured parameters in the damping ring in Table.4.8.
Momentum spread o,/p was measured at the extraction line using a screen
monitor. Momentum compaction factor ays is estimated from Eq.(A.63) by
measuring synchrotron oscillation frequency f, and RF voltage Vzp. 1, and
ny were also measured during the procedure of the dispersion correction. Due
to poor resolution of the BPM, we can only set the upper limit of dispersion
functions.
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Figure 4.22: 3 function near the laser wire. Solid line as (8 function expected
from the measurements. Subtitle of each plot represents each direction and
measurement data.
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Table 4.8: Summary of parameters of the damping ring (Measured value)

parameter of DR | sign || 2000/12/05 | 2000/12/07 | 2000/12/14

Energy (GeV) Ey 1.28
Momentum spread op/p (8.0 —5.5) x 10~*
RF voltage (kV) Vrr 286
RF frequency (MHz) | frr 714.005
Momentum compaction | aps 2.14 x 1073
Tune X Vg 15.18 15.18 15.15
y Vy 8.58 8.58 8.51
B (m) X B || 9.71 £0.07 | 9.73 £ 0.10 | 11.1 4+ 0.08
at laser wire y By || 5.77 £0.07 | 5.65 +0.14 | 3.97 £ 0.17
n (mm) X N <10
at laser wire y Ny <2

4.4 Results of vertical emittance measurement

We combine the measured values for o,,, wy and 3 to evaluate ¢,, the
vertical emittance. The real electron beam size o, at the laser wire was
evaluated by

Wo

2
oy = ok, — <7> . (4.10)

The plots on the right in Fig.4.10 show the resultant o,. Then we calculated
the vertical emittance ¢, by the relation

2
Oy = Jﬂysy + (ny;) . (4.11)

We neglected the last term 7, (0,/p) because it was found to be less than
1.6pm from Table.4.8. Fig.4.23 - Fig.4.25 show vertical emittance vs elec-

tron current for three measurements. As anticipated, the 2nd measurement
(2000/12/07) shows significantly bigger emittance than the other two. In
Fig.4.26, the 1st and 3rd measurement results are superposed. From this
plot, we can draw several conclusions:

(1) The 1st and 3rd measurements agree well with each other, especially in
the common beam current interval.
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(2) As a whole, the results shows the designed goal of 1.2 x 107! m-rad is
attained by the ATF damping ring. (See below for numerical details.)

(3) There is no obvious and clear dependence on the electron beam current.

To quantify the statements above, we averaged these results in several
ways. The averaged emittance in the common current interval [1.0 - 2.2 mA]
is (1.38 4- 0.14) x 107! m-rad and (0.91 4 0.23) x 107! m-rad, respectively,
for the 1st and 3rd measurement. They agree well with each other although
they could be different because of the different ring optics. The vertical
emittance averaged over the entire current region is (1.21 4= 0.09) x 10~
m-rad and (1.00 £ 0.20) x 107! m-rad, respectively, for the 1st and 3rd
measurement. Strictly speaking, we can’t average the two values above since
the measured current intervals as well as their ring optics were different.
However, encouraged by the agreement in the common current interval, we
averaged them to obtain (1.17 4= 0.08) x 107'! m-rad. This value should be
interpreted as an upper limit of attainable emittance for 0.2 - 3.0 mA. As
stated, this shows that the ATF damping ring has realized its target values
for the vertical emittance. These results are summarized in Table.4.9, which
includes 2nd measurement results for completeness.
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Figure 4.23: Vertical emittance vs the electron current. Taken on
(2000/12/05).
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Current dependence of vertical emittance
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Figure 4.26: Superposition of the two measurements. Solid circles represent

the results of data taken on (2000/12/05). Open circles on (2000/12/14).
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Table 4.9: Summary of the vertical emittance measurements

date Ey electron current  x*/v
(unit) (107 m - rad) (mA)
2000/12/05 1.21 £+ 0.09 0.2-2.2 6.63/4 (1)
1.38 + 0.14 1.0 - 2.2 0.79/2
2000/12/07  8.34 4+ 0.60 1.0 - 3.0 4.06/4
8.24 + 0.67 1.0 - 2.2 3.88/2
2000/12/14 1.00 £+ 0.20 1.0 - 3.0 4.07/4 (2)
0.91 + 0.23 1.0 - 2.2 1.80/2
attainable 1.17 £+ 0.08 10.7/8  average
emittance (1) & (2)

4.5 Discussion

4.5.1 Estimation of the vertical emittance

In a low emittance ring such as ours, the vertical emittance is mainly de-
termined by coupling with much bigger horizontal emittance and/or residial
vertical dispersion. The coupling in turn stems from skewed quadrupole com-
ponents. In addition, other effects such as intra-beam scattering might be
important, but they are ignored in this subsection.

In this subsection, we compare the measured emittance with a model
calculation. It calculated all relevant ring parameters with given magnet
parameters such as shape, position and current etc. In particular, it yielded
the 3 functions, deviation from the ideal orbit (COD), dispersion functions,
and emittance. The following steps were proceeded to obtain an estimate of
the vertical emittance.

1. Set all the magnets at their measured position.

2. Allow random errors to their position as well as rotation angle. The
position errors were considered to be 30um based on the measured
deviation (See Sec.3.4.), the rotation errors were assumed to be 0.3
mrad.

3. Set all the BPMs at their nominal position.
4. Allow random errors of 300um to their position, and 20mrad to the

rotation angle.
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Figure 4.27: Estimate of vertical emittance at laser wire. This histogram
is various values resulted from different random seeds for different magnetic
settings.

After calculating the actual orbit in the ring and its deviation (COD),
the correction procedures, similar to the actual process, were followed in the
program.

5. The COD was reduced so that the deviations satisfied |z| < 2mm and
ly| < 1mm. This was done by adjusting the steering magnets.

6. The dispersion correction was made.

7. The skew correction was carried out by adjusting skew corrector, as was
done actually.

8. The vertical emittance, among other quantities, was calculated.

The process 1-8 was repeated 500 times with a different random number
seed. It changed the settings in step 2. and 4. Fig.4.27 shows the results
of such a calculation. As shown in Fig.4.27, the most of tries resulted in
the vertical emittance smaller than the target value of 1.2 x 107! m-rad.
However, the distribution has a long tail toward a large emittance region.
Thus there is a non-negligible chance of failing the target value. We conclude
that our measured value is consistent with the expectation.
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4.5.2 Effect of intra-beam scattering

Effects due to intra-beam scattering have attracted much attention re-
cently as the number of low emittance rings increases. The ATF damping
ring is expected to offer the best place to study such an effect. We have
already seen effects due to intra-beam scattering in two places. One is the
life time of the stored beam, and the other is the momentum spread.

If the intra-beam scattering is dominant in the ring, the life time can be
expressed by the differential equation

dN(t) ~ N(t) N*t)

4.12
dt Tlife NOTtou ’ ( )

where Ny represents the initial number of electron, 74, is the normal life
time and 7, represents the other life time, which determines the effect of

the intra-beam scattering [30], [34]. After integrating Eq.(4.12) with time ¢,
the following formula is obtained:

Ttou eXp (_ t )
Tlife Tlife

1—exp<— ¢ )—I—M

Tiife Tlife

N(t) = Ny (4.13)

Fig.4.28 is an example of the measured beam life time shown in a log-
arithmic scale. The solid line on the left is a fit to the data by a simple
exponential (straight line in the plot); it fails very badly. The solid line on
the right is a fit to the data by Eq.(4.13) with Ny, ;7. and 73, left as free
parameters. It shows that, if the intra-beam scattering effect is taken into
account, the fit improves drastically.

The second evidence of the intra-beam scattering is the dependence of
momentum spread upon the electron current. Fig.4.29 shows the momentum
spread measured at the extraction line with a screen monitor [11]. The
current dependence is clearly seen.

The vertical emittance is also expected to grow with the beam cur-
rent. There are several theoretical studies on the intra-beam scattering
[34], [35], [36]. However, magnitude of the effects varies from one model
to another. At present, there is no firm prediction yet. As we already men-
tioned, there is no clear evidence of the emittance growth in the measured
values either. Thus, this important phenomenon awaits further investigation
from both theoretical and experimental sides.
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Figure 4.28: Stored electron current vs time in a logarithmic scale. Fits with
Tiise above (left) and with 7z, plus 73, (right). Fitting parameters of P1,
P2, and P3 represents Ny (mA), 7;5e and Ty, respectively.

4.5.3 Future Improvements

We want to discuss future prospects from two different view points. One
is improvement in the laser wire system and its related hardware, and the
other is study of low emittance beam dynamics. They are related to each
other, but for convenience, we begin with the former.

The most important improvement is increase in an effective laser power
inside the cavity. A brute-force method is to increase a laser power itself. The
other option is to increase cavity’s enhancement factor or finesse. We need
mirrors with higher reflectivity and less loss. In accordance with the higher
finesse, the feedback system (and/or mechanical stability of the cavity) must
be refined. Also, the line width of laser should be narrowed, accordingly.

With hindsight, we should be able to improve signal-to-noise ratio with
a bigger crystal. As shown in Fig.4.11, the energy resolution became worse
due to leakage of a electro-magnetic shower from the present crystal.

We learned that the electron beam position might be drifting during
our measurements. We should be able to monitor beam drift with beam
position monitors (BPM). However, their accuracy is not good enough; we
need to develop or improve a BPM system to reach resolution of ~ 1um.
Improvements mentioned above are now under way.

Now we want to comment on future beam studies. So far, the ATF damp-
ing ring was operated in a single-bunch mode. However, it recently started
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Figure 4.29: Current dependence of the momentum spread

multi-bunch operation. In this mode, 20 bunches, with a spacing of 2.8 ns,
are accelerated and stored in the ring. Our main concern is whether or not
each bunch can keep such low emittance that was established in the single-
bunch mode. It is suggested that instability from a short-range wake field,
for example, may cause emittance growth. We note that in JLC it is crucially
important to retain low beam emittance even in a multi-bunch mode. Thus
it’s confirmation or disproof is necessary. Another interest in beam dynamics
is the current dependence of the vertical emittance. As mentioned, increase
in the effective laser power inside the cavity would improve measurement
accuracy. Together with the improvement in BPM, we might be able to see
emittance growth due to intra-beam scattering effect.
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Chapter 5

Conclusion

In this thesis, we have described vertical emittance measurements of the
ATF damping ring with a newly developed beam profile monitor. This mon-
itor, dubbed as laser wire beam profile monitor, is based upon Compton
scattering off a laser beam target. Energetic photons emitted in the forward
direction are detected, and a count rate profile is measured by scanning a
laser wire position. An electron beam size is deduced from its count rate
shape. In order to achieve a thin and intense laser beam, a Fabry-Perot
optical cavity is employed. A beam waist of 14.5 + 0.4um was realized with
nearly concentric configuration. By keeping the cavity on resonance, which
demanded less than 1nm accuracy in the cavity length, a power enhancement
factor of 220 + 20 was stably archived. A CW laser (A = 532nm) with an
output power of 100mW was used in the actual measurements. Taking sev-
eral power losses into account, an effective power inside the cavity exceeded
11W.

This monitor was installed at the straight section of the ATF damping
ring. We carried out emittance measurements three times with different ring
conditions. The observed signals were unambiguously identified as the Comp-
ton photons; the counting rate as well as its energy spectrum agreed well with
their expected value and shape. When the ring optics was tuned for low emit-
tance, it was confirmed that a vertical emittance of £, = (1.17£0.08) x 10~
rad-m was achieved. This value satisfies the emittance requirement set for
JLC (e, = 1.2 x 107! rad-m); the confirmation is a major step toward real-
ization of high energy linear colliders.

It is expected that vertical emittance of the ATF damping ring may grow
due to an intra-beam scattering as the beam current increases effect. How-
ever, no clear current dependence was observed in the measurements. We
note that, however, there is no convincing prediction on the magnitude of
emittance growth. Thus it is much too early to draw any conclusion from
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the present measurements alone. Thus improvement of accuracy is defi-
nitely needed. Statistical errors can be reduced by increasing an effective
laser power inside the optical cavity with a more powerful laser and/or mir-
rors with higher reflectivity. Systematic errors due to a beam position jitter
and/or drift may be reduced by monitoring its beam position with a preci-
sion BPM. Improvement works on the laser wire as well as the BPM are now
under way.

So far, ATF was operated in a single-bunch mode; recently it started a
multi-bunch operation. This technique is essential in achieving a required
luminosity in JLC. It is planned to measure vertical emittance of a multi-
bunch beam with this monitor.

In conclusion, we could successfully develop a new type of a beam profile
monitor for a low emittance electron beam, and confirmed the vertical emit-
tance of the ATF damping ring to satisfy the target value set for JLC. The
advent of the laser wire monitor will certainly open up a new era in studying
beam dynamics of low emittance electron rings envisioned by JLC, FEL and
4th generation SOR.
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Appendix A

Beam Dynamics

We describe the beam dynamics [37].

A.1 Betatron Oscillation

A.1.1 Equation of motion

< >

x>

n>

Figure A.1: Frenet Serret coordinate system
Hamiltonian The Hamiltonian Hy(z, p., Y, py, $,Ps, t) for a particle of charge

e, mass m in an electro magnetic fields is expressed by electro magnetic po-
tential ¢.,, and A.,, [38] as

Ht(w,Pm,y,Py,S,Ps;t) = e¢’em +T (Al)
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,where

57 1/2
s As
T =c|m* + (pr — eds)* + (py — e4y)’ + (%) = ymc*(A.2)
Po

is the kinematic energy. The coordinates (x,y,s) are shown in Fig.A.1. The
canonical vector potentials are

A:t: = - Aem
Ay — . A)em

(A.3)

@

Il
—— Neg

—_

_'_

| &
SN——

>

i

o

3

With s as the independent variable, the Hamiltonian can be written by

H (z,ps,y,py,t,—E;8) = —eA, — (1 + i) p,, (A.4)
Po

where —F is the momentum conjugate to the coordinate ¢ and

P, =

[

2 1/2
)—%—Mﬁ—%—%fﬂﬁ1 (A.5)

(E B e¢’em

is the kinematic momentum in the s direction. We only consider the trans-
verse motion, the Hamiltonian H,r for transverse motion can be expressed

by

eA, T 1/2
Hp(z,pzyy,py38) = — —(1+—) 1—p2—p’
T( Y ) p 00 [ y]
Ap) eA, ( w) 5 511/
= —(1-= — 1+ =) [1—p2—p2| (A6
( P ) Po Po [ y](2 )

where pg is the radius of the design particle, p is the kinematic momentum
,the momentum offset % is defined by % = (p — po)/p The canonical po-
tential for magnetic lattice elements, expanded to 2nd order in x and y are:

[39]
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€

—A;prist = 0 (A.7)
p

A ! (1 + 5)2 (A.8)
P s,Bend 2 00 .

e K

;As,Quad = §(w2 ~y’) (A.9)

K is called k-value and denotes the strength of the focusing effect with elec-

tron beam (K = Laﬂ). The expansion of Eq.(A.6) to 2rd order in z,y, p,

Bpo Oz
and p, is [40]

1 1

H,prige = ipi + §P3 (A.10)
1 1 ep? zp: Aplz  2?

Hs,Bend = _Pi + —P2 + z + —Y_ == 4+ — A1l
2 2% 2p0 200 P po 2ph ( )
1, 1, Ap K(w2—y2)

HS,Quad = §Pm + §Py + (1 — ?)f’ (A.12)

where each suffixes Drift, Bend and Quad show the 'Drift space’, ’Separate
bending magnet’, and ’Quadrupole magnet’, respectively. Then each mag-
netic field

The equation of motion Hamiltonian equation of these canonical con-
jugate z,p, and y,p, drawn by

dz OH,r dp, O0H, 1
- ' - _ d = Al
ds Op,  ds 0z ' (z=2,y) (A.13)

First we assume the ideal case (% = 0). From Eq.(A.10) - (A.12), we
obtain the below equations :

d*z
Ts + K. (s)z=0, (z ==z,y) (A.14)
s
1
K=K+ — , K,= K (A.15)
Po

By solving the above equations, following solutions are obtained;
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z(s) = A4/B(s)cos(¥(s) + o)

Z(s) = ﬂ(s) [a(s) cos((s) + o) + sin(¥(s) +o)],  (A.16)

where A and 1, are constants of integration, a(s) = —f'(s)/2. The 8-
function satisfies the following relations

288" — 3% +48°K, = 4 (A.17)
d/ds = 1/8 (A.18)
(A.19)

with phase advances ¥(s).

A.1.2 Twiss parameter and Courant Snyder Invariant

Phase space The motions of the electron beam are described in Eq.(A.16).
To explain the beam motion more simply, but in general, the motions are
described on the phase space. This is because we can obtain the invariant
value on the phase space described as:

A% = [z2 + (az + B2') ] = 'yz + 2azz + ﬂz'2 =W, (A.20)

® =

14a?

where v = . We call W, as Courant-Snyder Invariant. These values

determine the motion of beam in the phase space. (a,(3,v) are called as
twiss parameter, and determine the beam orbit of the phase space. Fig.A.2
shows the twiss parameter of the phase space.

Transfer Matrix From Eq.(A.16),we can write down the relation between
s1 and sy on the beam line with the matrix formula.

(2653 ) = (535) 2
My, = \/%(cos A + ay sin Adp) (A.22)
Mis = /815y sin Ay (A.23)
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Figure A.2: Schematic diagram of the motion of one particle in the phase
space (z,z")

ap — as 1+ a0 .

M21 = WCOS A’l/} — WSIH

My = \/%(cos A — as sin Av), (A.25)

Ay (A.24)

where suffixes show the function of the s; and s3, and AyY = ¥y — 1p;. We
call this matrix M(sy,s;) as transfer matrix. Furthermore from Eq.(A.22)
- Eq.(A.25), we have relations corresponding to the twiss parameters on s;
and s,.

( a(sy)  B(s2) ):M(32,31)( afsy) ﬂ(sl)) )M_1(32,31),(A.26)

—y(s2) —af(sy) —7(s1) —al(s

where a(s12), B(s12) and y(s1,2) are twiss parameters on the point of s o.
These transfer matrixs are determined by the component of magnet as de-
scribed on the Table.?? and are solved bxy using Eq.(A.19).

1 .
cos \/‘ K,L, & Sin VKL, (A.27)
—vVK,sinvK,L, cos VK,L,

K.=0 M(sss1) = ( - ) (A.28)

K,>0 M(SQ,Sl): (
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1 .
cosh'\/—Kst TK sinh V_KZL(A 29)
v/ —K,sinh+/—K,L, cosh/—K,L,

with L, = s5 — s1, the path length of the beam line. If we know a set of

K, <0 M(SQ,Sl): (

the twiss parameter of the one particle and the Transfer Matrix though the
beam line, we can trace the particle orbit.

In addition, if the periodic condition of the k-value satisfys the condition
K.(s) = K,(s + C), the beta function also has a periodic condition 3(s) =
B(s + C).

M(s,s +0) = ( cosf'y—:i?lf/i}nlb cosgfiinaiin¢ ) (A.30)

We emphasize that we can obtain twiss parameter everywhere in the ring
by utilizing the Transfer Matrix in Eq.A.30

A.1.3 Dispersion function

On the previous section, we consider the design motion. However in
general the particle doesn’t go through the ideal path. The particle has the
momentum offset %. The equations of motion with % # 0 are obtained

from Eq.(A.10) - Eq.(A.13)

d? 1\ A

ds—f + Koz = (me + g) —pp (A.31)
d*y Ap

T2 + K,y = Kyy—p (A.32)

We separate the z,y with the betatron motion described as above and
the off momentum part.

e(s) = wﬁ<s>+nm<s>% (A.33)
y(s) = yﬁ<s>+ny<s>%, (A.34)

where suffix 3 denotes the solution of the betatron motion on the ideal path,
and 7, is called as dispersion function. The equation of motion can be
written by using the 1st order of %:
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d2 Ap (& 1
( 5 4 Kmmﬁ) + 7’) ( Te y Kyne — —) =0  (A.35)

ds? ds? £o
d?y Ap (dn
(D s k) + 22 (S v mim) =0, (aso

where 2,y and n, behave with the same way as the betatron motion and can
be described by the transfer matrix. If 5, and 7, is equal to 0 on the initial
point, n, must be 0 at all point. On the other hand, 7, changes according
to the motion due to the term of 1/py. First we consider 7,(0) = n.(0) = 0,
and we replace the function D,(s) = n(s) and D.(s) = n'(s) at the solution
of s =0. D,(s) and D.(s) can be expressed as

1— cos /K in K,
K,>0  Dy(s)=—>VZe%  prig)=mV_ed (A.37)
poK . povVKe
32 S
K,=0 D,(s)=— , Di(s)=— A .38
(s) =5, (s) = (A.38)
1 — coshv—K, inh v—K,
K,<0  Dys)=-—2 P, Di(s) = 2V =%(p 30)

pOK:): “

Pov _Km

Accordingly, the dispersion function 7,(s) can be described by using
transfer matrix and the function D,(s) and D.(s) from s; to so,

(o) - (220 ) - (Bi)) - am
A.1.4 Emittance

On the previous section, we assume the motion of only one particle. How-
ever , in practice, many particles are accelerated and circulated in the ring.
In this section, we consider the motion of the many particles. Assumed the
many particle are distributed with gauss function on a phase space as shown
in Fig.A.3. This gaussian distribution function F(z',z) can be discirbed by
the same twiss parameters by

1 7,22 + 20,22 + 3,2
5~ exp | —

F(2',2)dz'dz = 5
TO 204

dz'dz (A.41)
From Eq.(A.41), we obtain the following relations.
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Figure A.3: The distribution of many particles on phase space

o, = x/<z2>—<z>2:\/@ (A.42)
op = V<22>— <2 >r= /[yE, (A.43)
<zz > = —owe, (A.44)
e, = o =<W,>/2, (A.45)

where ¢, is called as emittance!l. and determine the spread of the distribution
of the particles on a phase space. Then, the motion of the beam is expressed
by twiss parameter and the emittance. In general, the emittance is also
invariant like the Courant-Snyder invariant in the transport line.

A.2 Equilibrium beam emittances

In the damping ring, the emittance is not invariant and reduced by the
damping process. In this section, first, we describe the synchrotron oscil-
lation. Especially the two important processes are explained to reduce the
emittance. One is the radiation damping and another is the quantum exci-
tation. After the explanations, we describe the equilibrium condition of the
emittance.

!Concerning the emittance, the definition of proton and ion beam is different from that
of the electron beam
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A.2.1 Synchrotron Oscillation

We go back to the discussion of the motion of only one particle system
to explain the longitudinal motion.

Radiation integral Beam parameters in a ring are modified by the emis-
sion process of synchrotron radiation. These effects are governed by a radi-
ation integrals [40], [41].

h;zfd s (s) (A.46)

S

o(s)
bzzfd t (A.47)

1
hzz%d|@” (A.48)
5 ) 2
I = ﬂﬂ1+wgm@) (A.49)
_ g He(9)
ko= fa S (4.50)

where H,(s) = (7.72 + 2a,n.n, + B.n'2). We can ignore the vertical integral,
because py — oo on the vertical plane.

Equation of longitudinal motion  When the electron beam circulates
in the storage ring, the synchrotron radiation is emitted, this energy loss per
second P can be written by

2 ey, E* 2 e?r.c?
pP==: = ° _FE?RB2, A.51
3 (m.c?)? p 3 (mec?)? y ( )

For the sake of the loss caused by the synchrotron radiation, the momen-
tum of particle is shifted by pp. This shift affects the transverse shift Az,
magnetic field B, and the difference of a path length through the field of the

bending magnet dl as follows.

A
Az = nm—p (A.52)
p
A
E = Eo(1 + _p) (A.53)
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0B, A Ey (1 A
B, ~ B, + —ynm—p = (— + an—p) (A.54)
Jdz " p ec p

g = PotAe, (1+77_m@) (A.55)

Po

From Eq.(A.52) - Eq.(A.55), the radiation loss per turn U(Ap) can be

P
written by

p c 3 (mc2)? eie? po P p Po

[

2 A A
§T5’73E0 [12 + (2 + 14)?10] =Up+ Ul?p

To compensate the energy loss, we supply the power from a RF cavity.
Vrr is the voltage of the acceleration, frr is the RF frequency, and 7 is
defined by the shift of the time from synchronous phase ¢q

$o = sin™! < Go > (A.57)

eVrr

When a particle goes through the RF cavity at once, it can obtain the
energy Egp(T)

ERF(T) = eVRF sin(¢>0 - 27‘(‘fRFT)

Uo
eVRF

2
~ Uy — 72r frreVrra|1 — < > = Uy — Eir (AB8)

The shift of energy per one turn AFE is obtained by

AE = Bpp(r) = U(=7) = ~Fur = U= (A.59)

Energy shift slower than the time of one turn. We can describe

d22 | ¢AE c Ap
RPN - E op A.
dt ~ E, C CE, ( T+ U P ) (A.60)

Similarly we consider 7.
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dr  AC 1 _hLAp_  Ap
dt_O_O[fdl fds]_Cp_aMp’ (A.61)

where ayy is the momentum compaction factor. From Eq.(A.60) and Eq.(A.61),
we can obtain the following equation.

2 2.dc Ap
2> (9 20 = = —= A.62
dt2 —I_ T, dt ( 7Tf3) C 0 ? (C P 77-) ( 6 )

o eVrramcfrr < Uy >
= ——— /1 — A.63
fs 27TOE0 6VRF ( )
1 3

1o oy, (A.64)

7., 20E, 3C

where 4. = Eg/m.. From these relations, we solve the longitudinal motion,
with the momentum spread %, which makes the damping oscillation from
Eq.(A.62). This oscillation is called as synchrotron oscillation.

A.2.2 Radiation damping

On the previous section, we discuss the radiation loss on the longitudinal
motion. On the other hand, since there are the damping effects on the
transverse motion, we go back to discuss the betatron motion including the
radiation loss.

Transverse beam motions are determined by the Courant Synder invari-
ant. For example, the average of 22,22/, 2" (z = x,y) can be written by

<> = W;ﬂz (A.65)
<zz'> = _W;az (A.66)
<2?> = WT'Y (A.67)

We can explain about the damping mechanism of the transverse motion
with the shift of Courant Synder Invariant.
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Radiation damping from RF cavity First we explain the dependence
of the damping from the RF cavity. If the particle moves through the RF
cavity, the longitudinal momentum is enhanced with Ap by the RF acceler-
ation. (cAp = Egrp(7)) On the other hand, the transverse momentum is not
changed. The shift of transverse motion Az and Az’ are expressed, when the
particle moves through the RF cavity.

Az = 0 (A.68)

A = P= Pz} —z'LRF(T) (A.69)
p+Ap p cp

From this shift, we can deduce the shift of Courant Snyder invariant.

Cm;%m = 2< 4,20z + a,(zAZ + AzZ') + 8,2/ Az > é
U,
~ —9a, / : 2 ~o
(a, < 22" > +8, < z >)p0
(—a? + B.7.)Uo 2rcy®
= Z W, =— LW, A.70
pC 3¢ (A-70)

Radiation damping from synchrotron radiation Synchrotron radia-
tion mainly occurs when the particle is bent by the bending magnet. When
we discuss about the effect of radiation damping from the synchrotron radi-
ation, we only consider the transverse motion on the horizontal plane.
When the particle emits the synchrotron radiation and momentum is
shifted by Apsync, we have a little shift of the transverse motion Az,,,. and
Az

sync*

A Psyne

Awsync = N (A71)
p
A
Aw;ync = _U;M (A72)
p

The Courant Snyder invariant is also changed by the synchrotron radia-
tion.

AW, gne = —2 ['ymwAwsync + am(wAw;ync + ' Az gyne) + ﬂmw'Aw;ync]

A sync
= ~2[(3ue + a)e + (aune + furl)a] =TEE (ATY)
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Next we consider the momentum shift Ap,,,., which is the function of
the position of . If the particle moves through the path length As in the
bending field, Apgync(z) is a little shifted with

p oP BBy z\ As
i - e 02

— PO [1 + (i + 2p0Km) x + 2me2] As (A.74)
Po

[

We rewrite the Courant Snyder invariant as

2P, 1
AWy ppne = — |1+ (= +2p0K, | & + 2K,z
’ cp Po
X [(Velle + azny)z + (Qone + Bony)x'] As

2P (1
= AsZ2 (— + 2P0Km)
cp \po

(et + 0enl)a? + (aune + Ber)z]  (ALT5)

From Eq.(A.75), the ratio of the Courant Snyder invariant shift can be
denoted by

AW, syne 47 43 1 /1 NeWye  2r.cy®
) = ¢ bds— 200K, = LW, (A.76
at 3 02 \ oy T 2P0 2C sg 1We (AT6)

Damping ratio From Eq.(A.70) and Eq.(A.76),

dWm dWm RF dWm sync 2r 073

dw,  dW.rr 27' oyl
i e 50 LW, (A.78)

And the betatron amplitude is described by z = /3, W,. The damping

ratio of the transverse motion can be written by

/ . dW, 1
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From Eq.(A.64) and Eq.(A.79), we can summarize the damping ratio on
three dimensions by using the parameter J;(¢ = z,y,s).

1 recy’
— = LJ A.80
75 30 2 ( )
I I
Jo=1—-2, J,=1, J,=2+ 2 (A.81)
I2 I2

We obtain the relation of the three parameter J, + J, +J, = 4. This rela-
tion is called as Robinson’s sum. Even if there are vertical bending magnets
on the transverse motion, the Robinson’s sum is realized.

A.2.3 Quantum excitation

The excitation of transverse motion is occurred by the quantum emission
process, and this effect is called as quantum excitation. To consider the
statistical process, we argue the transverse motion of many particles and the
statistical distribution of the beam.

The time of damping process is longer than one revolution time of the
damping ring. If we ignore the damping term on the Eq.(A.62), longitudinal
motion can be written as the simple oscillation. Moreover, we assume that
each particle emits the photon by the synchrotron oscillation independently
and the momenta of the photons have the distribution with n(p,.4). Then the
amplitude of the momentum can be shifted with A (Upw)2 when the particle
moves around the ring on one turn.

o 2 1 Ap d 2 1 o0
A (ﬁ) — 52 ( ra ) de/O dpradn(prad)pzad (A82)

P P i:2p2c

The distribution can be integrated from [37]

[ dpraan(praa)ad = 5 e 2 Je (A.83)
radT\Prad )Prad = o /=TeltTeC . .
o Pred\PrediPred = 94 /3 pol®
We obtain the enhancement of momentum spread by one turn.
Tpee \ 557 hy® 1 2
A=) = 2T fds = 0 A0l (A.84)
p 48v/3m.c lpo® 3
55 h
,Cp = —— = 3.84 x 107 3(m) (A.85)
324/3 mec

118



This result means that (o,/p)? is enhanced every one turn. Similarly, we
can express the discussion of the transverse motion, if we consider the shift
of the Courant Snyder invariant by quantum excitation.

When the photon with transverse momentum Ap,(z = ,y) is emitted
by the synchrotron radiation, the shift of Courant Snyder invariant AW, .4
is expressed by

2 2
AW, 1aa = B, (APZ) =8, (AP‘%) . (A.86)
p p

We consider that the angular distribution of the emitted photon has the
gaussian distribution §% = 1/4%, which is independent with the momentum
of the photon. Then we can obtain the enhancement of Courant Snyder
invariant A(0%)ez raa:

1 o
Aoh)earad = 55 § ds8.(5) [~ dpeain(prad)pla

557 hy3 B.(s) 2r. ., 5
= ~¢d = —C s, A.87
48\/?:mec s |p0|3 3 q')’e 8, ( )

B.(s)

I, = f ds A.88
§ ol (A59)

Similarly we can obtain the shift of Courant Snyder invariant AW, 4,
where the dispersion function exists. From Eq.(A.71) and Eq.(A.72),

Ap
p

A 2 2
AW, gy = (ren? + 2ecment, + Bun?) (f) =Hm<s>( ) . (A89)

Then we can also obtain the enhancement of Courant Snyder invariant
A0y )ea,disp:

1 o 27,
A(U%/V)em,disp = % f d'SHm(S)/O dpradn(prad)pzad = ?Oq75515 (Ago)

These two results are summarized by applying the enhancements of hor-
izontal and vertical emittance of one turn, A¢, ., and Agy .

27,

Asm,em = A (U%V“)em = 3 Oq73(73I5 —I_ I,Byl’) (Agl)
27,
Agyer = A (0'12/Vy>m ~ 3 Oq')'g[ﬁ,y (A.92)
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On the horizontal plane, these two affect the enhancement of the emit-
tance. However on high energy accelerator, first term is dominant in Eq.(A.91).

A.2.4 Equilibrium condition

As is explained on the previous section, the emittance variation and the
momentum spread are determined by the radiation damping and quantum
excitation.

From Eq.(A.80),(A.81), we can deduce the damping ratio of the momen-
tum spread and the emittance variation every turn by averaging the momen-
tum shift and Courant-Synder invariant;

A(M)2 I (9)2 (A.93)

p CTs \ P
2C
A&'m,damp = —;673 (A94)
2C
Aey damp = " (A.95)

Yy

However after damping process, momentum spread and emittances, fi-
nally, settle down by the equilibrium condition. From Eq.(A.93),(A.94),(A.95)
and Eq.(A.84),(A.91),(A.91), we can calculate the equilibrium emittance and
momentum spread.

2 2 2
Tp cT, Opex Coy*l1s
ht 4 — Al E2EZ) =2 ° A.96
(P) 20 ( p ) IyJ, (4.96)

CT, C
e = —ANegow = — (42 + I5,) (A.97
= B = (G + Ipa) (AT
CTy C,

= YA I A.
61‘/ 20 61‘/:51’ IQJy B,z ( 98)

A.3 Vertical emittance source in ATF

We explained that the equilibrium emittance and momentum spread were
determined by the radiation damping and quantum excitation process in
the damping ring. We emphasize that these parameters are inherent and
determined by the radiation integral of a damping ring.
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As shown in Eq.(A.97), horizontal emittance is determined by the first
term 2[5, because in the damping ring 7. ~ 2500 and I5 ~ I3 ,. Similarly
the vertical emittance should be determined by the lattice parameter of the
damping ring. ¢,/e, ~ 1/4% ~ 1077 should be satisfied. However, in prac-
tice, this ideal small vertical emittance cannot be realized. Moreover, the
vertical emittance is primarily determined by the vertical dispersion and be-
tatron coupling arising from alignment errors [42]. In realistic case, a small
magnetic field for the vertical motion arises from a slight misalignment of
the magnets. The betatron oscillation is occurred from the center of a closed
orbit which is different from an ideal path. This orbit is called as Closed
Orbit Distortion (COD).

A.3.1 Effect of the vertical dispersion

If there are the vertical dispersion, we can replace the equilibrium emit-
tance as

Cq (2
fo T I,J, (7515@ + Iﬁ@) (A.99)
Cq (2
= L (’7515,y + Iﬁ,y) (A.100)
2 2 ! 2
I, = }{dsvznz i |sz77z|zz + Ben (z =z,y) (A.101)
pO,z

The first term in Eq.(A.100) is the main contribution.

For example, when we have the 20 ym random alignment errors on the
setting of the magnets in the 1.28 GeV ATF damping ring, we calculate the
vertical emittance and result is 1 —5 x 107! m - rad. This value is 1-5 times
higher than the design value [10].

A.3.2 Effect of the betatron coupling

The growth of vertical emittance also arises from the betatron coupling
between the horizontal and vertical direction. In general, when a skew
quadrupole magnetic field K., exists, the equation of motion in Eq.(A.15)
can be written by

d*z
ds? + me = _Kskewy (A102)
d2
—dsg + Kyy = _I(‘«;kew:B (A]‘O?))



Table A.1: The tolerances of the alignment errors .

Az Ay Ad
(pm) (pm) (mrad)
Quad | 90 60 0.2
Sext 90 60 0.2
Bend | 90 60 0.2

This equation indicates that transverse motion of horizontal and vertical
plane are not considered independently. From the skew effect, the equilibrium
emittance finally settles down to the following values [42]:

Cq [V + Ipe 50 + Ipe
633 — 9 76 5 —I_ :8 (75 51 —I_ ,3, ) (A-104)
I, Jy(1+ K)
— e e e’ ’ A.105
AR [ T,(1+ x) (4.105)
Ak 2Re{k k_}
= d A.106
" 160 Jy ® [Zi: sin? vy + sin vy sin Ty_ ( )

wi(o) = [ A () BB ()M (5 107)

,where v, , is called as tune and means the repetition number of the
betatron oscillation by one turn. vy and ¥, means vy = v, £ v, and ¢, =
Y, £ 9y. K is called as betatron coupling.

We note that skew components arise from the rotation of the quadrupole
magnet and the misalignment of the sextuple magnet.

A.3.3 Requirements for the vertical emittance in ATF

We summarize the requirement of the setting of the magnet of the ATF
damping ring to realize v.¢, = 3.0 x 1078, (g, = 1.2 x 107'*) on 1.28 GeV
electron beam in Table.A.1 [10] . 2

2The setting errors of the magnet field also affect the vertical emittance and need the
severe requirement At present we have corrected within 0.05 % error, which satisfied the
requirement 0.1% of the vertical emittance
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Appendix B

Background Study

B.1 The measurements of the background

Detector
| 12.8m |
) Bending Magnet i
Background electron
- = = \mi--,-'.'_ o : B ! ! —
! v
/‘ electron \ _
Laser wire

2nd collimator  1st collimator

Figure B.1: Apparatus of the background measurement

Fig.B.1 shows the apparatus of the background measurement. De-
tector is the same that used for the emittance measurement. In order to
measure the spatial distribution and rough direction of the background, two
collimators are set downstream of the north straight section of the damp-
ing ring as shown in Fig.B.1. The 1st collimator has two holes of 10mm¢
and bmme¢. The 2nd collimator has 5mme¢ hole. The two collimators were
made of 100mm thick lead block. Each collimator independently moves on
horizontal direction.
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B.1.1 Spatial distribution of the background

We measured the spatial distribution of the background by setting the
threshold level above 15MeV. The data transformed to NIM level and counted
by a scaler. We measured the spatial distribution of the background by
moving two lead collimators independently. After the alignments of two
collimator as shown in Fig.3.27, we assign the zero on the initial positions of
two collimators. Fig.B.2 shows the results of the measurement of the spatial
distribution of background. The horizontal axis shows the position of the
2nd collimator and the vertical axis shows the count rate of the background
above 15MeV gamma energy at 2mA electron current.

20000

18000 iti
16000 £ -2.5mm position (Smm) Omm position (10mm)

14000 [ /
12000 |~ 0mm position (Smm)

+2.5mm position (5mm)

Background (Hz)
T

10000 =
8000
6000
4000
2000 =

O Il Il Il Il
—-15 -10 -5 0] S 10 15

2nd collimator position (mm)

Figure B.2: Spatial distribution of background

The solid circles, solid triangles and solid squares shows the plot when
the 1st bmm collimator was set on the Omm position, +2.5mm position, -
2.5mm position respectively. And the open circles shows the plot when the
1st 10mm collimator was set on the 0mm position. As shown in Fig.B.2, the
background profile is asymmetric distribution on setting the position of 1st
collimator. Furthermore, the rate of the background of the 10mm¢ collimator
is larger than that of the 5bmmé¢.

B.1.2 The dependence of the vacuum pressure

In the ATF damping ring, many ion pumps are set to reduce the vacuum
pressure. The mount of the absorption of these ion pumps determined by the
achievable vacuum pressure in the damping ring. The measurement of the
vacuum pressure is done by the cold cathode gauge (CCG). 34 CCG are set

124



Table B.1: The pressure dependence of the background (2000/06/16).

Count rate of Average pressure
background at 1.5mA at north straight section
Ion pump off 18.9 kHz 9.4 x 107° Pa
Ion pump on 8.90 kHz 3.9 x 107% Pa

in a damping ring and 8 CCG are utilized to monitor the vacuum pressure
on a north straight section.

In order to measure the pressure dependence to the background, we mea-
sure the background by tuning on and off the ion pumps at north straight
section. Table.B.1 shows the measurement results by changing the vacuum
pressure condition.

We found that the higher the vacuum pressure is, the larger the count rate
is. From these results, the vacuum pressure is dominant on the background
condition on these measurements.

B.1.3 Current dependence of the background

We also measure the current dependence of the background on the same
condition in Fig.B.1. Fig.B.10 shows the current dependence of the back-
ground. The horizontal axis shows the electron current and the vertical axis
shows the count rate of the gamma-ray above 15MeV threshold.

Y4
G
)
o
S)
)

25000 —

20000 —

Count rate (Hz)

15000 |~
10000 |~

5000 Pt

DCCT (mA)

Figure B.3: Current dependence of the background
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The count rate of the background is not proportional to the DCCT (mA)
but a polynomial function.

B.1.4 Energy spectrum of the background

We also measure the energy spectrum. Fig.B.4 shows the result of the
obtained energy spectrum by setting the threshold level above 5 MeV. The
data was taken by ADC. It is found that energy spectrum is continuous, and
the higher the energy of background is, the smaller the count of background
is.

threshold

2500 —

Entries

2000 —

1500 |-

1000 |~

500 —

O \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
0 5 10 15 20 25 30 35 40 45 50

Energy (MeV)

Figure B.4: Energy spectrum of the background

B.2 An estimation of the background source

From these measurements, the characteristics of the background are sum-
marized on the following condition.

1. This spatial distribution is described by an asymmetric function.
2. The background strongly depends on the vacuum pressure.

3. The count rate of the background is not proportional to the DCCT (mA)
but a polynomial function of DCCT.
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4. The energy spectrum is continuous, and the higher the energy of back-
ground is, the smaller the count of background is.

To explain these characteristics, we consider some assumptions of the
production process of the background.

1y
e
Al beam pipe 0>> UQ\ Al beam pipe

H <: ° <=
° B
spent electron
Residia gas Electron beam Elt\ectron beam

Figure B.5: The background produc- | Figure B.6: The background produc-
tion precess by the residial gas (pro- | tion process by the spent electron
cess 1) (process 2)

First, from the dependence of the vacuum pressure, we can consider
the bremsstrahlung caused by the interaction of the electron beam with re-
sidial gas as shown in Fig.B.5 (process 1) [34]. The v-ray produced by the
bremsstrahlung has the angler distribution of 1/4,. We note that the vacuum
pressure is proportional to the electron current. Fig.B.8 shows the plot of the
current dependence of the vacuum pressure. The horizontal axis is the elec-
tron current (mA) and the vertical axis shows the average pressure through
the damping ring. We found that the vacuum pressure is linear to the elec-
tron current. If we consider the current dependent pressure, we also make
an explanation of the non-linearity current dependence of the background.

Another, we can consider the bremsstrahlung caused by the interaction
of the spent electrons with the Al beam pipe as shown in FigB.6 (process
2). The lifetime of the electron beam is described as Eq.(4.12). Especially,
the Touschek lifetime is much dominant in the ATF damping ring. Then the
nonlinearity of the current dependence of the background is considered by
intra-beam scattering dominant spent electons. When the spent electron hits
the Al beam pipe, the v-ray is emitted. This angler distribution 6 is much
larger than 1/~..

We calculate the spatial distribution of the background on each process
by using EGS4 with including the geometry as shown in Fig.B.1. Left figure
shows the profile based on the process 1 and right figure shows the profile
based on the process 2. The plots of the solid circle, solid triangles ,solid
squares and the open circles on FigB.1 corresponds to the conditions of the
same mark in Fig.B.2.
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Figure B.7: Current dependence of the vacuum pressure

On the calculation, we apply the 5mme¢ and 10mme¢ 1st collimator ,
the 5bmme¢ 2nd collimator and the 24mm¢ Al beam pipe. To estimate the
asymmetric profile of the spatial distribution, we assume the beam orbit has
an intentional 1mm offset for the ideal orbit .

By assuming the process 1, we obtain the asymmetric profile like Fig.B.2.
On the other hand, we cannot obtain the asymmetric profile by the process
2. The background of 5mm ¢ 1st collimator ,however, is smaller than that
of 10mm ¢ 1st collimator. We cannot obtain this reduction on the process 1.

From Table.B.1 and these simulation, the background is assumed to be
mainly caused by the vacuum pressure.

B.3 Measurement of the background after im-
provement

We found that the background mainly depends on the vacuum pressure.
In order to improve the signal-to-noise ratio on the detection of the scat-
tered photon from laser wire, then during the summer shutdown, we improve
the vacuum pressure at the north straight section. After the improvement,
we remeasure the same spatial distribution of the background in Sec.B.1.1.
Fig.B.9 shows the spatial distribution of the background of the ion pump on
and off condition. The electron current is 1.5mA ,and lower threshold of the
scattered gamma energy is above 15MeV. Top figure shows the ion pump
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Figure B.8: Simulation of the background on the process 1 and process 2

on condition and bottom figure shows the ion pump off condition. Average
pressure is 3.7 X 107" Pa and 1.45 x 1078 Pa ,respectively.

In order to check the reduction of the background after improvement. We
compare the background before/after improvement and ion pump on/off con-
dition. Fig.B.10 shows the pressure dependence of the background. (2000/06/16)
means the condition before the improvement and (2001/03/01) means the
condition after the improvement. These data are taken on the same con-
dition as electron current 1.5mA, threshold above 15MeV, and 1st and 2nd
collimator bmm diameter, and are utilized on the peak of the background
profile of the spatial distribution. We found the reduction of the background
after the improvement and these background is almost linear to the average
pressure on the north straight section. If the vacuum pressure will be zero,
the background settles down 2.9 kHz above 15 MeV on 1.5mA from the linear
fit.

Furthermore, we note that the difference between the 10mm diameter and
the bmm diameter of the 1st collimator is almost same on the two condition
ion pump on and off. On the simulation of process 1, that is the dependence
from the vacuum pressure, we have no difference between the 10mm diameter
and bmm diameter of the 1st collimator. These results indicate that the
difference do not depend on the vacuum pressure.

The measurement of the background is important to also know the beam
physics, especially, on the low emittance beam and provide us many informa-
tion on the beam condition. After the improvement of the vertical emittance,
we remeasure the lifetime, horizontal emittance and vertical emittance, the
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Figure B.10: Pressure dependence of the background

bunch length, and the momentum spread, simultaneously and want to know
the beam physics, included the intra-beam scattering, in the ATF damping
ring.
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