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Preface

The International Workshop on Particle Dynamics in Accelerators, Emittance in Circular
Accelerators, was held at National Laboratory for High Energy Physics (KEK) on 21-26
November, 1994, Tsukuba, Japan. About 90 participants attended the workshop.

The purpose of the workshop is to review our current understanding of beam emittance
both in proton and electron synchrotrons and storage rings, identify sources of emittance
growth, examine emittance measurement from both fundamental physics process and
instrumentation points of view, discuss emittance manipulation, and suggest future
experimental and theoretical studies.

The workshop began with plenary session, following three working group sessions;
source of emittance growth, measurement and manipulation of emittance in electron
machines, and measurement and manipulations in proton machines. The proceedings
which follow are also organized under the same four headings. The editors hope that the
proceedings will be a valuable reference source.

S. Machida and K. Hirata
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Source of Emittance Growth

S.Y. Lee (shylee@indiana.edu)

Introduction

Creation and preservation of high brightness beams are highly desirable with applications
ranging from free electron laser, heavy ion fusion, to high energy colliders. Thus production,
transport and maintenance of high brightness beams have become increasingly important in
accelerator physics. There are several workshops related to low emittance beams in the past
[1, 2]. Because the subject matter of the source of emittance growth is too big, this paper
can only provide at best a partial review. A list of emittance growth mechanisms is given as
follows: (1) phase space mismatch related emittance growth, (2) space charge, ion trapping,
(3) noise and power supply ripple, (4) transition energy crossing, (5) linear and nonlinear
resonances, and (6) coherent instabilities.

Phase space mismatch related emittance dilution

The phase space mismatch related emittance dilution include injection or beam transfer
optical mismatch, tune jump during polarized beam acceleration, non-adiabaticity in optical
mismatch during the 7T jump, bunch coalescence to increase bunch intensity, etc. These
effects can normally be reliably calculated. Furthermore, when the beam passes through
fringe field regions during the beam extraction, the field map with a considerable nonlinearity
can also produce bunch shape distortion resulting in beam emittance growth.

Space charge effect and ion trapping

The space charge effects are important to all low energy synchrotrons, where the beam
intensities are limited by the Laslett tune shift Av,c to 0.3-0.4 [3]. Numerical simulations
using particle in cell (PIC) codes shows that the beam brightness is limited by structure
resonances [4]. The space charge depression dtc in low energy synchrotrons are typically
given by

d.c = ^ < 0.1. (1)

On the other hand, the space charge depression for a space charge dominated beam near
the source is about d,e « 0.95. This means that space charge force and the external focusing
force nearly cancel each other. Emittance growth and nonlinear resonances become very
important in the space charge dominated beams at the low energy transport system [5].

*Work supported in part by grants from NSF PHY-9221402 and DoE DE-FG02-93EU40801
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Figure 1: The evolution of the measured a2 is plotted as a function of time t. Note here
that anomalous diffusion can occur for some particular modulation frequencies. Two distinct
slopes occur for almost all modulation frequencies.

Interaction between the circulating ions with residual gases can result in beam loss,
electron capture, emittance growth due to multiple scattering, energy loss and gas ionization,
etc. For example, Hirata and Yokoya [7] were able to obtain an equilibrium tail distribution
and showed that the rms beam size became infintely large. How to define emittance of a
beam with such a long diffusive tail is an interesting question. Furthermore, the ionized
residual gases, which are trapped in pockets of the vacuum chamber, can interact coherently
with the stored beam [6]. Effects of ion trapping are (1) beam current limitation at an
initial store, (2) parametric resonances, (3) emittance blowup, and (4) betatron tune shift,
etc. Possible cure of ion trapping are better vacuum, ion clearing electrodes, beam shaking,
and gap in bunch structure of the stored beams.

Noise and power supply ripple
Noise and power supply ripple can cause emittance blowup and lifetime degradation for
the stored beams [8]. In particular, rf phase and amplitude noise can induce longitudinal
emittance blowup and the transverse kicker noise can result in severe beam loss. Quantum
fluctuation, beam gas scattering or beam target scattering can induce emittance growth.
The intrabeam scattering has a similar characteristics limited by conservation laws. Taking
advantage of the radiation damping, wiggler in a dispersion free region can increase longitu-
dinal emittance and reduce transverse emittance. This technique has been used successfully
in LEP to increase beam intensity.

The frequency spectrum of the noise and power supply ripple can also play important
roles in particle beam dynamics. If the modulation frequency is near an harmonic of betatron
and synchrotron frequencies, particles in the beam can be resonantly excited. The stability
of the particle beam will be determined mainly by the driven amplitude and the nonlinear
detuning. Treatments of such dynamical systems have been extensively studied [9, 10].

Using driven external modulation to the beam particle is an effective technique for the
controlled bunch beam dilution. This technique is routinely applied to blowup the phase
space area of high intensity proton beam in the CERN PS. The physics of the beam dilution
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Figure 2: The measured horizontal and vertical Poincare maps are transformed into the
resonance rotating frame (surfaces of section) to show that the phase space is dissected into
two halves by a nearby resonance line.

mechanism has been attributed to parametric resonances [11, 12]. The Hamiltonian for
particle motion in the presence of a modulating secondary rf cavity is given by

H = -ut5
2 + v.(l - cos <f>) + - cos{h(f> + <j>m sin i /m0)], (2)

where <j> and 8 = — •—-£• are conjugate phase space coordinates, v, is the synchrotron tune
of the primary rf system, r — ̂  is the ratio of the rf cavity voltages, h = £*• is the ratio of the
harmonic numbers, i/m is the modulation tune, <̂ m is the amplitude of the phase modulation,
and 6 is the orbiting angle used as the time coordinate. Figure 1 shows some measured <r2

vs t due to the modulating secondary rf field. In many cases, we found

<r2oc (3)

where the case with a ^ 1 is usually called anomalous diffusion. Most experimental results
show two characteristic diffusion region. Particle diffusion mechanism in such a dynamical
system is an interesting topics of research.

Transition energy
Longitudinal emittance dilution at the transition energy is well-known [13]. Unfortunately,
there are few available data for detailed comparison with numerical simulations and theory
[14]. Most of these data do not measure the evolution of bunch profiles. More detailed
measurements with proper description of ring impedance would be highly desirable.

Resonances

We design accelerators with linear elements such as dipoles and quadrupoles. However, non-
linearity does exist in synchrotrons. Emittance growth due to resonances conditions can
arise from the momentum deviation from the synchronous particle, quadrupole misalign-
ments, skew quadrupoles, solenoids, sextupoles, octupoles, etc. Some benefits of nonlinear
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Figure 3: The measured phase space distortion due to a ID betatron parametric resonance
at Avx = I.

magnetic elements in accelerators are chromatic corrections, slow beam extraction, nonlinear
detuning for Landau damping, stopband corrections, etc. However, beam loss, decrease in
dynamical aperture, emittance growth arising from resonances can sometimes be important.

In the presence of betatron resonances, synchro-betatron resonances, and synchrotron
resonances, phase space ellipses are distorted. Figure 2 shows an example of the measured
phase space ellipse in the resonance rotating frame due to linear coupling resonance [15].
The Poincare surface of section is sliced into two halves by the coupling resonance line:
Particle motion follows one of these two arcs. If the initial beam distribution overlaps with
the coupling line, horizontal and vertical actions are interchanging alternatively. Emittance
growth is therefore expected. Higher order coupling resonances show similar characteristics
[15]. Encountering a strong betatron sum resonance, beam loss is usually unavoidable. Thus
betatron tunes have to be chosen carefully.

One dimensional (ID) betatron parametric resonances can also distort the phase space
ellipse and decrease the dynamical aperture. Because of the phase space distortion, emittance
blowup can occur. A measured ID fourth order phase space ellipse is shown in Fig. 3 [16].

The synchro-betatron coupling resonances are of particular concern to electron storage
rings [17, 18]. Because the longitudinal action is usually 30 - 100 times larger than the
corresponding transverse actions. SBRs, such as mxvx ± m.v,, mzvz ± m,v,, and mxvx ±
mzuz ± m.v., behave like the corresponding betatron resonances mxvx, mzvz, mxvx ± mzuz.
Stability of these resonances is governed by nonlinear betatron detuning and SBR resonance
strengths. Since the longitudinal emittance is much larger than the transverse emittances,
many synchrotron sidebands are important while only low order betatron sidebands with
small mx,mz are important except the SBRs driven by the beam-beam interaction [17],
where high order mx,mz are also important.

Since synchrotron bucket is usually very large, SBRs has little effect on synchrotron
motion. However, if there is dipole field modulation at a nonzero dispersion region, the
deviation of the path length in one revolution is given by AC = DJ{t), where Dx is the
dispersion function, 0{t) is the modulating dipole field kick angle. Near a harmonic of
the synchrotron frequency, longitudinal particle motion can be excited by creating islands
inside the longitudinal bucket [10]. The physics of such excitation is equivalent to rf phase
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modulation. Similarly, if the rf voltage is modulated sinusoidally at twice the synchrotron
frequency, resonance islands in the longitudinal phase space can also perturb synchrotron
motion [19].

The luminosity of colliders are usually limited by the beam-beam interaction [20]. Since
the beam-beam tune shifts of most colliders are limited to 0.05 for e+e~ colliders and 0.02 for
hadron beam colliders, a convenient explanation is nonlinear resonances. Overlapping reso-
nances can lead to chaos [21], which can also cause emittance growth and particle diffusion.
Extensive numerical simulations [22] show that the tail distribution does follow resonance
lines. In reality, the beam-beam interaction can be much more complicated than the ex-
planations based on nonlinear resonances. The subject is usually divided into weak-strong
and strong-strong cases. Experimentally, one observed flip-flop in beam size [23], coherent
7T—mode oscillations [24], etc. These phenomena show also hysteresis. It is fair to say that
the tune shift limit of 0.05 or 0.02 has not been fully understood. Yet, numerical simulations
has been successfully used to find optimal operation conditions for e+ — e~ colliders.

Coherent Instabilities
The beam intensity of many storage rings are limited by coherent instabilities [25, 26].
Effects of coherent instabilities range from emittance blowup, beam loss, bunch dilution, to
beam intensity limitation. The induced voltage divided by the beam current in accelerator
is usually expressed as impedance. The wake function, defined as the Fourier transform of
the impedance, can cause coherent beam motion. This coherent beam motion, if undamped,
can result in emittance growth and beam loss. Instabilities appear in many different forms
in circular synchrotrons, e.g. head-tail, microwave, mode coupling, and coupled bunches
instabilities. Some examples are sawtooth instability for the SLC damping ring [27], head-
tail and mode coupling instabilities observed in many storage rings. Increasing tune spread,
decreasing peak current, minimizing the impedance and active feedback are usually used in
overcoming coherent instabilities.

Potential well distortion plays also a very important role in the bunch distribution [28],
which in turn determines the threshold of mode coupling instability [29]. The measured
bunch length of many electron storage rings show scaling laws. The question is what can
one learn from the scaling law? Can the scaling law provide information for the impedance
model? Furthermore, when the bunch lengths is plotted as a function of the beam current
or the rf voltage, one observes the hysteresis phenomena [30]. Detailed understanding of the
hysteresis may lead to insight on the potential well distortion.

Conclusion and some comments on emittance of Cooler Rings
I have made a short report on the emittance blowup mechanisms and listed some resources
that were known to me. I apologize for failing to mention many relevant works. In particular,
the equilibrium emittance of low energy storage rings with stochastic and/or electron coolings
has not been discussed at all. The bunch lengths of these storage rings show a scaling
law with &t oc J1/3. This scaling law may arises from potential well distortion, microwave
instabilities due to broad-band and space charge impedances, intrabeam scatterings (IBS),
and the temperature equilibration, etc. Similarly, the transverse emittance can be limited
by the space charge tune shift, beam-gas scattering, IBS, and the temperature equilibration
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between the protons and the cooling electrons. There has not yet conclusive understanding
to the observed scaling laws.

More recently, Hopf bifurcation for the proton beam due to a nonlinear damping force
has been observed [31]. When the velocity of the synchronous proton differs from the average
velocity of cooling electrons by an amount more than the rms velocity of cooling electrons,
the stable orbit of protons becomes a limiting cycle in the synchrotron phase space. In this
case, the longitudinal emittance becomes large. Using the Hopf bifurcation, temperature of
the cooling electron can be measured. The result is also sensitive to the dispersion function
of the lattice.

Acknowledgements: I benefit greatly from discussions with Dr. K. Hirata.
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Emittance Manipulations in Electron Machines
(winwor<teca2'94.doc)

by

S. Myers (CERN)

1. Abstract
The emittance in electron machines is a crucial parameter in the performance of these machines.
This report will be split into three main parts

• The parameters which have an influence on the emittance
• The influence of the emittance on the performance parameters of the machines
• The ways in which the emittance is controlled in order to optimise the machine

performance.

2. Parameters Influencing the Natural Emittance

2.1. Horizontal Emittance
The simplified equation for the natural horizontal emittance (e j in an electron machine is

PCX
where cq is a constant of nature (3.84 x 1013 m), R the machine radius (m), y the relative beam
energy, p the bending radius, Q, the horizontal tune, and J, the damping partition number.
Clearly the emittance can be varied within a range by varying the damping partition number
which on central orbit usually has a value of 1. This is controlled by varying the energy offset of
the beam by modifying the frequency of the RF.

A/ - /' ^ - i' 2^BL (2)
P /RF

The measured change of emittance resulting from changes in the RF frequency in LEP is shown
in Fig 1.
It is also evident from equation (1) that the the beam energy influences the horizontal emittance.
This is particularily important for colliders which cover an energy range and where it is
necessary to optimise the luminosity by manipulating the emittance.
A powerful way to reduce the emittance in an existing machine is to redesign the optics with a
larger phase advance per cell thereby increasing the Qx. The original lattice design in LEP was
with 60° phase advance in both planes. However in order to increase the luminosity and reduce
the background a new lattice with 90° phase advance in the horizontal plane and 60° in the
vertical has been developed and put into operation. More recently, in preparation for running at
higher energies a new lattice with 108° phase advance has been developed. It is hoped to use
this new optics when the machine is operated at 90 GeV per beam from 1996 onwards.

2.2. Vertical Emittance
The vertical betatron emittance is given by the betatron coupling and the residual vertical
dispersion. In LEP, these parameters are minimized by excitation of skew quadrupoles to
minimise the coupling and by vertical orbit corrections and bumps in order to mininise the
residual vertical dispersion. The global betatron coupling is measured by the "closest tune
approach" where the horizontal and vertical tunes are swept through one another and the range
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over which the tunes lock onto each other is taken as a measure of the strength of the global
coupling. The vertical dispersion is measured by subtracting measured orbits at different energy
offsets.

Horizontal emittances (from BEUV monitors) vs. inverse damping
partition number, separated beams, pretzels on

Standard
conversion of

BEUV readings to

= 9.l0O3x+ 11.719

R: = 0.9748

* Exp(sep)

• Exe(scp)

• Fit for e-

— Fit for e-

-0.5 0 0.5 1 1.5

1/Jt calculated assuming dJe/d dclta=

2 2.5

440.73364

Figure 1 . Measured Variation of Horizontal Emittance with 1/J». (J. Jowett)

2.3. Longitudinal Emittance
In electron machines the natural energy spread is given only by the beam energy and the bending
radius of the magnets.

rr—
(3)

However the bunch length can be controlled by variation of the RF Voltage which controls Qs.

o = f_*J)£jL (4)

3. Emittance Manipulation and "Blow-Up"

An operationally convenient control of the emittance (which is not evident from the simplified
equation (1) above) is by the use of wiggler magnets placed at locations of momentum
dispersion. These magnets cause additional synchrotron radiation losses which are transformed
into the the horizontal plane by virtue of the local horizontal dispersion. In this way the diffusion
rate is increased, thereby increasing the equilibrium beam size and emittance. Such "emittance
wigglers" are used routinely in LEP in order to increase the beam size at high intensities so as to
reduce the uncontrolled "blow-up" due to the beam-beam effect. During the course of the mn
the excitation of the wigglers is reduced in order to maintain the beam-beam tune shift
approximately constant, thereby maximising the time integrated luminosity. This type of
behaviour is shown in Fig 2.
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Figure 2 . Influence of Emittance Wiggler excitation on LEP performance.

If high intensity collisions are allowed without the wigglers excited, then the beam-beam forces
actually "biow-up" the emittances to values similar to those obtained with the wigglers excited.
However in this case since the relative blow-up due to the beam-beam forces is so great then the
transverse density distribution develops long non-Gaussian tails which greatly reduce the lifetime
and increase the background in the detectors.
In addition, "damping wigglers" are used at injection energy both to increase the bunch length
and the damping rate of the injected bunches. These wigglers are located in nominally dispersion
free regions and increase the synchrotron losses, thereby increase the damping rates without
influencing the diffusion rate in the transverse plane.

lnl«gral»d Lumlno»lil»» »««n by ExptHmmH 1990 •> 1994 |

Figure 3 . LEP performance since 1989

- 1 0 -



4. Emittance and LEP performance
The performance of LEP over the past five years is shown in Fig 3. This steady increase in
performance has been brought about by several factors.
• Increase in the operational efficiency.
• Doubling the number of bunches with the "pretzel" scheme since the end of 1993.
• Manipulating the transverse emittances so as to optimise the integrated luminosity.
It is interesting to note that since the current per bunch has remained virtually constant since
1990 and the operational efficiency only contributes about 30% to the improvement, the over-
riding factor is the reduction in the emittance. This is highlighted in Fig 4 which shows the
luminosity per hour and the bunch current for all pretzel fills during 1994 (the number of
bunches was fixed in this period). Since the bunch currents are constant the increase in the
luminosity can only come from reduction of the emittance and reduction of relative
displacements of the electrons and positrons at the interaction points.

I Beam current and Integrated lumlnoally per hour for all ProUel fills during 1994 |

J .
i

60.00 -

55.00

00.00

L ^
1 6 15 22 29 36 43 SO i7 64 71 78 Hi 02 M 10S 113 120 13? 134 M l 1«B 155 162 169

Figure 4 . Hourly Luminosity and Bunch Currents during 1994.

5. Emittance Control: Integrated Luminosity
The luminosity can be written as

L =
Ir.e

(5)

where ^y is the beam-beam tune shift, and is given approximately by

hre

Clearly, in order to maximise the integrated luminosity during a physics run, it is necessary to
maintain the ^y at its maximum value as the bunch current decays with time. In order to do this
one must have a sufficiently small emittance at the end of the run (when the current has decayed)
so that the beam-beam limit is reached. This has been done in LEP by increasing the horizontal
phase advance per cell from 60° to 90°. It is also clear that, in order to maintain the t,y constant,
the emittance must be made approximately proportional to the current. This is done by blowing-
up the beam size at high currents using emittance wigglers and reducing their excitation as the
current decays. This is routine operation in LEP as depicted in Figure 2.
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Emittance issues in the CERN-PS

R. Cappi

CERN, PS Division, 1211 Geneva 23, Switzerland

1.1 Introduction

Transverse and longitudinal emittances, like intensity and energy, are among the fundamental
parameters of a particle beam. In particular for hadron machines, as the CERN-PS, the
minimization, the conservation, or more generically the manipulation of the emittances is always a
constant care. The utilisation of the PS, as part of the injection chain for the LUC1, also imposes
strong constraints to achieve and preserve beams of high brightness (i.e. intensity/emittance).
This paper is a short review of some encountered problems, conceived solutions and recipes applied
to various PS beams.

2.1 Transverse emittance issues

2.2 Measurements of transverse emittance

Transverse emittances of the PS circulating beams are measured essentially with two kind of
instruments : wire scanners2-3-4 (also called flying wires) and fast moving scrapers (also called
measuring targets). Beam size measurements with instruments using collection of ions or electrons
generated by ionization processes, were used in the past but space charge effects in high intensity
beams produced inaccurate results.
At present four carbon wire scanners are used (two for the horizontal and two for the vertical plane)
with moving speeds of 10 or 20 cm/ms. The beam shape, see Fig.l, is obtained by measuring, with
photomultipliers, the secondary particles emitted during the wire-beam interaction.
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In the PS energy range, 1 to 26 GeV, the measurement is perfectly non destructive. The sensitivity is
large enough to measure beams with intensities varying between 109 to 1013 p/pulse. The mechanical
life time of the wires, at present, allows several thousand measurements.
After having compared the wire measurements with emittance measurements from other instruments,
like scrapers and SEM grids in the injection and extraction transfer lines, the degree of confidence of
the measured emittance values is about 10%.
Another important instrument used since a long time in the PS for beam size measurements is the fast
moving scrapers. For each plane, a couple of pulsed "blades" intercepts the beam at a given adjustable
timing, see Fig. 2a. They move in and out in about 30 ms and stay in position during about 50 ms, see
Fig. 2b. The individual blade positions are independently adjusted, with respect to the vacuum
chamber center, within a precision of less than 0.1 mm.

movement direction

Fig.2a: Sketch of the horizontal moving scrapers.

Fig.2b: Cutting 5% of the beam with moving scrapers.
Upper trace: beam current. Lower trace: scraper motion. Time scale lOOms/div.
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The good reliability and intrinsic simplicity of this instrument has made it a valuable tool for quick
checks of beam blow-up and approximate emiltance measurements. However if a large amount, say
more than ~20%, is cut, local transverse instabilities can be excited which might jeopardize the
validity of the measurement, as the threshold for the development of these instabilities is proportional
to the derivative of the particle distribution function5. For emittance measurements in the injection
and extraction transfer lines, classical sets of SEM grids are systematically used, see Fig.3.

Ha: ND gX,AS<M2 3 S 0 - rT16.TFia2B17n.g Dec 15 13:51:2? 199

LICP 'aba: Step: 0.50 m 2.<*-.6V. JSDC
a)

• i s : \& ••<&'•-a- •:•• os'•• W i s • Jo
•Vire Kb» Stop; 0.60 im IB.fo b)

Fig.3 Emittance measurements in the extraction transfer line with SEM grids,
a) Horizontal plane; b) Vertical plane
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Very important for high precision emittance measurements is the number of wires covering the
beam6'7-8'9. The relative error on the emittance measurement as function of the number of wires
overlapping 4a of the beam is shown in Fig.4. The two curves refer to 1% and 5%, of relative "noise"
on the voltage measured on each wire. It can be seen that for a realistic noise value of 5% at least 8
wires are needed to get an emittance error smaller than 10%.

dV/Vm-1%
dV/Vm=5%

5 6 7 8 9 10 11 12 13
# of wires In 4sigma's of the beam

14 15

Fig. 4: Relative error on emittance measurement with SEM grids versus number of wires in 4
sigma's of the beam for two values of relative voltage resolution (1% and 5%)8.

To obtain the real betatron dimension from measurements made in dispersive regions, the
contribution for the energy spread has to be subtracted9. In principle, for uncorrelated distribution
functions in the longitudinal and transverse planes, one has

1)

where GXy = rms betatron beam size (the transverse emittance is e x y =

P x y = beta function (hor. or vert.)
a m = rms measured beam size (hor. or vert.)
D = dispersion value (hor. or vert.)
re

Px.y

—- = rms momentum spread
P

Sometimes, for particular beam distributions, e.g. in storage or cooling rings whith very large — ,
P

another equation is used:
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2)

To check which of the formulae 1) or 2) was the most suitable for the PS beam conditions, one
experiment was made, where at a given fixed energy the momentum spread of the beam was varied by
changing the RF voltage. At the same time the beam size was measured with a wire scanner. The
results, shown on Fig.5, confirm the validity of eq. 1) , as eq. 2) show the unphysical results of a
decreasing transverse emittance.

rms momentum spread (10-3)

Fig.5: Transverse emittance versus momentum spread. Top curve, showing a constant emittance,
verifies the validity of eq. 1) compared to bottom curve derived from eq. 2), showing an unphysical

emittance decreasing.

2.3 Problems with transverse emittance conservation

Beside the obvious problems of injection oscillation minimization and matching optimization,
collective effects are the most important source of emittance degradation.

2.3.1 Space charge
For a round beam, the incoherent tune shift AQixy, that is the tune depression seen by the particles

located in the core of the bunch10, is approximately given by

AQix.y ec i

IPR 3)
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where r0 = classical proton radius = 1.53 10'18 m
e = electron charge = 1.6 10"19 C
c = speed of light = 3 108 m/s

Ip = bunch peak current (e.g., for parabolic bunches: ID = —)
2 Tb

xb = total bunch duration
Nb = number of particle in the bunch

6x>y = normalized transverse emittance ( e x y = P7Ex,y)

(3,y= usual relativistic parameters

When AQixy >= 0.2 and depending on machine nonlinearities, working point and the time during

which the beam stays in these conditions, some emittance blow-up can be expected. Machine
experiments have been made to quantify the allowable tune spread for the LHC type beam11. The
results are shown on Fig.6.

s
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2, 1.40
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1.20

1.10

1.00

0.90

Working Points

-(^6.22,6.22
-0-6.22,6.28

0.20 0.30
Vertical Tune Shift

0.40

Fig.6a: Transverse averaged emittance blow-up versus vertical incoherent tune shift for two different
working points: Qx = 6.22, Qy = 6.22 and an optimized Qx = 6.22, Qy = 6.28
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Fig.6b: Transverse emittanceblow-up versus time for AQixy = -0.45

Few cures can be found against such effects. Apart from the obvious solution of increasing the
injection energy, another possibility is to reduce the bunch peak current by eventually changing the
bunch longitudinal shape (see par. 3.3.3).

2.3.2 Coupled bunch transverse instabilities

In low energy proton machines, where the bunches are generally relatively long (low frequencies) the
responsible impedance for the onset of these coherent instabilities, is the vacuum chamber resistive
wall which is peaking around zero frequency .
A necessary condition for the instability is5

Re[Zx(co)]h(co)<O

Where Re[Z^(co)] is the real part of the impedance Zi(co) and h(co)is the beam power spectrum

envelope, that is a positive value depending on intensity, bunch shape, machine parameters and
chromaticity in particular.
In other words the instabilities appear, in frequency domain, at lines with frequencies fn for n < 0
and | n | > Q x y with

4)

where fn = frequency of the instability
n = coupled-bunch mode = ...-2,-1,0,1,2,...
Qx „ = betatron tune
f0 = revolution frequency
m= oscillation mode = 0,1,2,...
fs = synchrotron frequency
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In the PS, instabilities with n = -7 and -8 and m = 0 and 1 are typical for beam intensities larger than
- 0.5 JO13 p/pulse in 20 bunches (tb~ 50 ns).
Classical cures for these instabilities are transverse feedback's and / or octupoles12.

2.3.3 Single bunch head-tail instabilities

Usually driven by the broad band vacuum chamber impedance, single bunch head tail instabilities are
cured by an accurate chromaticity control along the accelerating cycle. A negative chromaticity is
required below transition energy and a positive one if above. Nevertheless, for very long bunches,
higher modes of oscillation as m = 5, 6 and 7, excited by the resistive wall impedance, have been
observed in the PS beam for LHC with bunches of tb -200 ns and 2 1012 p/bunch13.

2.4 Tpe PS beam for LHC

An example of cautious transverse emittance conservation is the results of an experiment recently
made iri the PS Booster (PSB) and PS14-15. In this experiment a single bunch beam was accelerated in
the P5># from 50MeV to 1 or 1.4 GeV(kinetic energy) then injected into the PS. After having spent
1.2s on a flat bottom at injection energy, the beam was then accelerated, in about Is, to 26 GeV and
finally fast extracted on an external dump. The characteristics of such a beam were the following:

Nb = 2 1012 p/bunch, E* = E J = 2.5^m , £| = 1.2 eVs

A careful optimization of working point, chromaticity, transverse feedback, longitudinal parameters
etc. allowed to transfer the beam with a negligible transverse emittance blow-up. See Fig.7.

E
CD

6

5 26
0

(0 4

Fig 7: Results of transverse emittance measurements, at 1 and 1.4 GeV inj. energy, during

"LHC test" experiment. Vertical axis : Averaged normalized emittance value: fex +e y J/ 2

Horizontal axis: measurement points during the acceleration, that is:
1: in the PSB before extraction, with "Beamscope"
2: in the PS at injection, with SEM grids



3: " " " just after injection, with wire scanner
4: " " " at the end of the 1.2s injection flat bottom, with wire scanner
5: " " " at 2.7GeV, with wire scanner (NB: large dp/p)
6: " " " before extraction at 26 GeV, with wire scanner
7: extracted beam in transfer line, with SEM grids

3.1 Longitudinal emittance issues

3.2 Longitudinal emittance measurements

Longitudinal emittance measurements in circular machines are in principle relatively easy. The
classical method consists in measuring the bunch current line density, or bunch shape. This gives the
bunch length or equivalently the maximum phase excursion inside the RF bucket. The integration of
the phase space trajectory of the extreme particle, obtained by tracking or by analytical
approximation, gives finally the emittance. In the computation one can even take into account
collective effects like potential well bunch lengthening or shortening depending on the impedance
value and if above or below transition energy. However usually these effects account for less than
10%. From the hardware point of view, the detector commonly adopted is a wideband (e.g. 0.1-1000
MHz) resistive wall monitor connected to a fast transient digitizer16. Today digital oscilloscopes, with
analog bandwidth larger than 1000 Mhz and sampling frequencies larger than 5 GHz, are excellent
for measuring of 1-100 ns long bunches. An example of such measurements, done in the PS
machine, is in Fig.8.

28

C- 229
HO »« i-i
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Fig.8: Various bunches measured in the PS machine, making use of a wideband (0.1-2000 MHz)
resistive wall monitor connected to a TEKTRONIX® 7912AD transient digitizer (analog bandwidth
0-1200 Mhz).
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3.3 Longitudinal emittance manipulations

3.3.1 Controlled longitudinal blow-up

Frequently it is not absolutely necessary to preserve the longitudinal emittance but it is always very
important to deliver a beam which is stable and reproducible from bunch to bunch and from pulse to
pulse. Blowing up longitudinal emittance increases Landau damping and strongly enhances beam
stability. However such beam manipulations, also called "controlled longitudinal blow-up", must
satisfy some requirements: the amount of blow-up has to be adjustable, reproducible and keep the
original distribution unchanged, in particular without generating long tails.
The classical recipe adopted since a long time in the PS17-18, is the following: at a given constant
energy, during a time At, on top of the normal RF system (h0, Vo) , a second RF system is applied
with a much higher harmonic number (hp V^. This second RF voltage is phase modulated with a
sinewave of adjustable frequency fm and amplitude 9m.
The amount of blow-up is generally adjusted by changing the ratio V|/ Vo or At, while the
distribution is optimized by varying fm. Typical numerical values in the PS at lGeV injection energy
are the following:

h0 = 20;V 0 = 50kV
h, = 478 ; V, = 6 kV ; At = 30 ms
fm~ 6 kHz (~3fs where fs is the synchrotron frequency); 0m = n

the resulting blow-up is efinai / ̂ initial " 3 • See Fig.9.

?$ Tb-initial = 38 ns
''. Tb-final = 68 ri&,';; ::H-' -

• 95.5-
E1B

20 ns/div

VvlitiVirn'fP^tf^^

Fig.9: Bunch shape before and after blow-up

The results on beam stability are striking, see Fig.10.
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Fig. 10: Detected wide band resistive wall monitor signal (amplitude proportional to the bunch peak
current) during the first -200 ms of acceleration.. The noisy signal corresponds to a bunch without
blow-up, that is a higher peak current (i.e. lower emittance) but with some bunch shape instabilities
(noise). The clean signal corresponds to a blown up beam done in the first 30 ms after injection. The

emittance is larger (lower voltage) but the beam is stable: the final result is better.

3.3.2 Bunch splitting

To facilitate transition crossing and to improve debunching at high energy a bunch splitting RF
gymnastic has been tested in the PS beam for LHC19. The method consists in slowly reducing the
main RF voltage while increasing the voltage on a second RF system at double frequency. If the
operation is done adiabatically (with respect to synchrotron period), the bunches split in two equal
part and the longitudinal emittance of each of the final bunches is just half the emittance of the initial
bunch. SeeFig.ll.

Fig. 11: Mountain range display of the PS resistive wall monitor signal shewing bunch splitting at
lGeV. From top to bottom: one trace every 800 turns (~2 ms). Hor. scale: 50 ns/div.
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3.5 e+- emittance control

The PS machine belongs to the chain of the LEP injectors and accelerates also e+- from 500 MeV to
3.5 GeV.
The main beam parameters are:

E = 0.5 => 3.5 GeV
Kb= 8 (= number of bunches)

n

b

VRF1 = 200 kV, h, = 8
VR F 2 = 500kV,h2 =

The machine combined function lattice generates a negative horizontal partition number: Jx=-1
(while J =1 and L=4) leading to an unstable (expanding) beam in the horizontal plane. The use of a
Robinson wiggler*0 permits to vary Jx and JE within the following values:

- 1 < J X < 3
0 < J E < 4

J y = l

The wiggler not only stabilizes the beam but also allows to set the beam energy spread, before
extraction, according to the equation21

5)

where — is the bunch rms energy spread
E

E is the beam energy
Eo is the electron rest energy (= 0.511 MeV)
Cq = quantum constant (= 3.84 10'13 m)
p = radius of curvature of the machine

To achieve good beam stability in the receiving machine (SPS) usually the energy spread is set as

— ~ 1. 10"3 by adjusting JE ~ 0.2 and the rms bunch length as crt - 0.8 ns by regulating V R F 2 .

3.4 Longitudinal emittance conservation

Similarly to the transverse plane, apart obvious problems of RF matching, collective effects are the
phenomena that most affect longitudinal emittance conservation. We mention here the most
common.

3.4.1 Coupled bunch instabilities

The main ferrite RF cavities have a bandwidth large enough to show a rather high impedance still at
harmonics close to the main one (e.g. 19 and 21). They can excite, for example, longitudinal coupled
bunch instabilities on mode 19. Recently a fast feedback22 has successfully been installed on each one



of the ten cavities. The feedback, working similarly to a notch filter, reduces the impedance at these
nearby harmonics by a factor ~5.

3.4.2 Microwave instabilities

They appears when, in longitudinal phase space, dense particle concentrations with small energy
spread are formed 23(for example during a debunching or some other special beam gymnastics, etc.).
They normally provoke an uncontrolled longitudinal emittance blow-up. To prevent this phenomena,
a controlled longitudinal blow-up, as described in par. 3.3.1, is a viable cure.

3.4.3 Quadrupole oscillations

Quadrupole oscillations are efficiently reduced by a simple feedback acting on the amplitude (or on
the phase during the acceleration) of the RF voltage.
Moreover improved beam stability by increasing Landau damping is done by carefully adjusting the
RF voltage all along the accelerating cycle to obtain a bucket acceptance just larger than the beam
emittance.

3.5 Reduction of the bunch peak current

A way to reduce the incoherent space charge tune shift is to reduce the bunch peak current. This can
be done by reducing the RF voltage or blowing up the longitudinal emittance or by making use of a
2nd harmonic cavity24-25. Recently a new method has been successfully tested in the PS19where the
particle distribution is modified by depopulating the core of the bunch without increasing
significantly the bunch longitudinal emittance. The method requires the use of a second higher
harmonic cavity, similarly to the controlled longitudinal blow-up. In this case the main RF system, h0

= 20 and Vo = 44 kV, in the PS, is phase modulated, during a time t = ~7/fs, by a sinewave with a
frequency fm ~ fs ~ 1.6 kHz and an amplitude Afm ~ O.57t. The consequence of this modulation is to
depopulate the bunch core. Shifting the frequency of the higher harmonic cavity, h, = 479 and V, =
6.5 kV, by Af ~ 10 kHz helps to "smooth" the final distribution. See Fig. 12.
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Fig. 12b: Reduction of the bunch peak current. Total bunch length ~ 200ns.

The flat-topped bunch shape is conserved during the acceleration and even after a transition crossing.
Another advantage of this method, compared for example to a 2nd harmonic cavity method, is that in
transferring a beam to a another accelerator, the longitudinal matching in the receiving machine can
be more easily achieved.

Acknowledgments

I have incompletely reported on the work made, during many years, by many people. Most of their
names appear in the list of References. The good present PS performance are the result of their
dedication.

References

1. R. Cappi, R. Garoby, S. Hancock, M. Martini, N. Rasmussen, T. Risselada, J.P. Riunaud, K.
Schindl, H. Shonauer, E.J.N. Wilson, The CERN PS Complex as Part of the LHC Injector Chain,
IEEE Particle Accelerator Conference, San Francisco, 1991, p. 171.

2. M. van Rooij, Ch. Steinbach, A Scanning Wire Beam Profile Monitor, Proc. of 1985 PART. ACC.
CONR, Vancouver, BC, Canada, IEEE Trans. Nucl. Sci.: 32 (1985), p. 1920-1922.

3. S. Hancock, M. Martini, M. van Rooij, Ch. Steinbach, Experience With a Fast Wire Scanner for
Beam Profile Measurements at the CERN PS, Proc. of the workshop on Advanced Beam
Instrumentation, Tsukuba, Japan, Ed. by A. Ogata and J. Kishiro. -KEK, Tsukuba, 1991, p. 126-130.

4. Ch. Steinbach, "Emittance measurements with the CERN wire scanner", these Proceedings or
CERN-PS-95-04.

5. B. Zotter, F. Sacherer, Transverse Instabilities of Relativistic Particle Beams in Accelerators and
Storage Rings, Proc. of the First Course of the Int. School of Particle Accelerators, Erice, Nov. 1976,
CERN 77-13, p. 176.

6. M. Arruat, M. Martini, The New Standard Method to Measure Emittance in the PS Transfer
Lines, CERN-PS 92-59 PA.

- 2 5 -



7. M. Martini, H. Shbnauer, E. Ivanov, Methods to Compare and to Obtain Representative
Emittance Values From Fundamental Different Measurement Devices, Froc. of 1st. European
Workshop on Beam Diagnostics and Instrumentation for Particle Accelerators, DIPAC '93,
Montreux, Switzerland, 3-5 May 1993, Ed. by C. Parthe, CERN, Geneva,1993 (CERN PS 93-35 BD),
p. 146-150.

8. M. Martini, Influence ofSEM-grid Wire Spacing and Signal Noise on the Precision of Emittance
Measurements, PS/PA Note 92-03, May 1992.

9. M. Arruat, M. Martini, Deconvolution of Momentum Distributions from Measured Beam Profile
Data, PS/PS Note 92-13, Dec. 1992.

10. A. Hofmann, Tune Shifts from Self-Fields and Images, Proc. of 5th CERN Accel. School, Univ. of
Jyvaskyla, Finland, 7-18 Sept. 1992, CERN 94-01, Jan.1994, Vol. I, p.329.

11. R. Cappi, R. Garoby, S. Hancock, M. martini, J.P. Riunaud, Measurements and Reduction of
Transverse Emittance Blow-up Induced by Space Charge Effects, Proc. of 1993 PAC, Washington,
DC, USA, ed. by S.T. Corneliussen.- IEEE Service Center, Piscataway, 1993, p. 3570.

12. D. Boussard, E. Brouzet, R. Cappi, J. Gareyte, Collective Effects at Very High Intensity in the
CERN-PS, Proc. of 1979PAC, San Francisco, USA, 12-14 Mar 1979, IEEE trans. nucl.sci.:26
(1979), p. 3568.

13. R. Cappi, Observation of High-Order Head-Tail Instabilities at the CERN-PS, to be publ. in the
Proc. of the Workshop on Collective Effects in Large Hadron Colliders, Montreux, 17-22 Oct. 1994,
or CERN/PS 95-02 (PA).

14. R. Cappi, R. Garoby, M. Martini, J.P. Riunaud, K. Schindl, The PS as LHC Proton Source:
Results of the Two-Weeks Test in December 1993, CERN/PS 94-11 (DI) or LHC Note 266.

15. The PS Staff (rep.by K. Schindl), Partial Test of the PS Complex as LHC Proton Injector, Proc.
of EPAC94, London, UK, 27 June 1994, World Scientific Ed., Vol. I, p.500.

16. R. Cappi, G. Cyvoct, J. Durand, M. Ruette, E. Schulte, Single Shot Longitudinal Shape
Measurements of Nanosecond Particle Bunches, Proc. of 1987 PAC, Washington, USA, 16-19
Mar.l987,IEEE,NY,p.643.

17. D. Boussard, The RF Noise Theory Applied to the PS Longitudinal Controlled Blow-up,
SPS/arf/note 85-7, 12th July 1985.

18. R. Cappi, R. Garoby, E.N. Shaposhnikova, Experimental Study of Controlled Longitudinal Blow-
up, CERN/PS 92-40 (RF).

19. R. Garoby, S. Hancock, New Techniques for Tailoring Longitudinal Density in a Proton
Synchrotron, Proc. of EPAC94, London, UK, 27 June 1994, World Scientific Ed., Vol. I, p.282.

20. Y. Baconnier, R. Cappi, J.P. Riunaud, H.H. Umstatter, Emittance Control of the PS e+- Beams
Using a Robinson Wiggler, Nucl. Instr.& Methos in Physics Research A234 (1985), p.244-252.

21. M. Sands, The Physics of Electron Storage Rings, SLAC -121, Nov.1970.

- 2 6 -



22. F. Bias, R. Garoby, Design and Operational Results of a "One-turn-delay Feedback" for Beam
Loading Compensation of the CERN PS Ferrite Cavities, Proc. of 1991 IEEE PAC, San Francisco,
USA, 6-9 May 1991, IEEEed, NY, 1991, p. 1398.

23. D. Boussard, CERN Lab II/RF/Int. 75-2 (1975).

24. A. Hofmann, F. Pedersen, Bunches With Local Elliptic Energy Distribution, Proc. of 1979 PAC,
San Francisco, USA, IEEE Trans. Nucl. Sci.: 26 (1979), p.3526.

25. J.P. Delahaye, G. Gelato, L. Magnani, G. Nassibian, F. Pedersen, K.H. Reich, K. Schindl, H.
Shonauer, Shaping of Proton Distribution for Rising the Space Charge Limit of the CERN PS
Booster, Proc. of 11th Intern. Conf. on High Energy Accelerators, geneva, 7-11 July 1980, Ed. by
W.S. Newman, Birkhauser, Basel, 1980, p.299.

- 2 7 -



Anomalous Emittance

KATSUNOBU OIDE

KEK, National Laboratory for High Energy Physics

Oho, Tsukuba, Ibaraki 305, Japan

An anomalous change of the equilibrium emittance due to the chromaticity in x-y coupling

has been studied*. The electron stroage ring for a high-luminosity collider such as B-Factory

has a strong source of the x-y coupling-the solenoid for the detector. Although its effect can be

compensated with skew-quadrupoles around the interaction point, the compensation is valid only

for the design-momentum particles. Since the strong chromaticity of the final focus lenses within

the x-y coupled section produce the chromatic x-y coupling. Since the transverse map of the

ring becomes a function of the momentum, the equilibrium transverse beam distribution is not

a simple distribution, but depends on the longitudinal variables. The equilibrium distribution

has been obtained by solving a transversely-linear approximation of the Fokker-Planck equation.

The analysis is very similar to the calculation of spin-depolarization in an electron ring. As the

result, a strong raise of the emittance is seen at several resonance lines vx ± vy ± muz = N,

2vx ± mvz = JV, and 2vy ± mvz = N. This phenomenon can be serious for machines with high

chromaticity and high synchrotron tune.

Fig. 1. The equilibrium of the vertical beam size (squared) at vx — vy = vz = N (left) and

2uy + 2IA. = N (right). This example is in the case of one of the lattice designs for KEKB.

K. Oide and H. Koiso, Phys. Rev. E49,4474(1994).
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1 Introduction

Tau-charm factory (TCP) has been proposed by J. Kirkby [l] for high precision studies of
r-leptons, of r-neutrinos, and of charmed particles. It is a two-ring e+e~ collider, operating
in the centre-of-mass energy range 3.0-5.7 GeV. The luminosity

of the TCF is of 1033cm~2s~1 at the energy E=2.0 GeV and decreases slowly above and
below this value (Fig. 1). Here 7 = E/mc2,1 is a total beam current, fi£<y are beta functions
at the interaction point (I. P.),

^ 2TT7 (** + o * ) ^ {l)

are beam-beam parameters, N& is a number of particles in a bunch, ro=e2/mc2,

J 1 / 2 , (3)

eXiV are horizontal and vertical emittances, DI)tf is a dispersion function, <r̂  is a relative
energy spread.

The numerous requirements for TCF physics put hard constraints on the machine. They
are summarized as follows [2], [3]:

• The peak luminosity must be around the tau-lepton production threshold energy of
E~2 GeV (E being the beam energy) and higher than 1033 c m ' V 1 ;

• The TCF must provide a high average luminosity, of the order of half the peak lumi-
nosity;

• High luminosity must be provided in a wide energy range from E~1.5 GeV (J ftp physics)
up to 2.85 GeV (charmed baryon physics);
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• Around specific energies (i.e. J/t/> resonance and tau pair production threshold) a
centre-of-mass energy resolution of 100 keV or less is desirable which requires beam
monochromatization;

• Polarized beams simultaneously with monochromatization are also of a special interest.

2 TCF lattice requirements and possible solutions

For the most of experiments conventional scheme is quite suitable. The first TCF design,
proposed by J. Jowett [4], was based on it. The collider includes integrated detector and
two vertically distanced rings for electrons and positrons. The choice /^=1 cm was adopted.
The further decreasing of the vertical beta at I. P. is limited by RF voltage, required to
make bunch length small enough to fulfil a3 < /3£, as well as tolerable dynamic aperture.
According (1), another possibility to increase a luminosity is to operate with higher total
current I=&&Ii,. The number of bunches in TCF is defined by separation scheme and is
kf, ~ 24-r32. The single bunch current I& is limited by condition of absence of turbulent
bunch lengthening (Keil-Scnell-Boussard criterion)

<

Here Ip=ecN&/\/27rGr5 is a peak current, a is momentum compaction and Zn is a broadband
impedance. For the most of TCF proposals I& cz 15 -r 20 mA, that requires emittance
ex ~ 300-r400 nm.

On the other hand, for some of the experiments a small energy resolution is required. It
is possible to get it with a monochromatization scheme [5], [6]. The monochromatic optics
creates a finite dispersion of opposite signs for electron and positron beams at I. P.

(D*y)e+ = -(D*y)c- . (5)

In this case positron with energy E+AE collides with electron whose energy is E-AE, as
seen on Fig. 2. For such a scheme the total energy is 2E in first order, and energy spread in
the centre-of-mass

V2aE cM ...
(6)

is limited by finite betatron beam size cr*^= (e^/^)1^2. The gain in energy resolution A is
proportional to the value of the dispersion function at I.P. Maximum of D* is defined by
optical matching and is 0.35-0.40 m. The betatron beam size at I.P. can be made very
small, because of small natural vertical emittance ey ~0.3 nm, generated mainly by weak
vertical bending magnets. However, for the monochromatization scheme beam lifetime is
defined first of all by Touschek effect, and becomes too short, especially for low energies,
with small emittance. Hence, for TCF vertical emittance should be of 2-f-3 nm. It is possible
to get required vertical emittance by use of sqew quadrupoles, or, with more flexibility, by
wigglers, located in vertical separation region. The typical value of A is 15. Note, that
for TCF parameters it is preferable to make the monochromatization in the vertical plane,
compared with the horizontal one for B-Factory, as it has been proposed in Novosibirsk
design [7].
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In the monochromatization case £x remains constant, while £y dropB in A times due to the
larger vertical size. Accordingly (l), the luminosity decreases in A times too. To overcome
this difficulty, it is necessary to put $£=1 cm and £x = £max instead of fi$=l cm and
£y = £max (as it is with conventional optics). In a versatile lattice (i.e. in a lattice, suitable
for both conventional and monochromatization scheme) this is obtained by reversing micro-
beta quadrupole strengths to get low ^ instead of low /?£. The value £mBI being accepted
for the most of TCF designs is 0.04.

Finally, using (2) and supposing £y < ^x, one gets restriction for the horizontal emittance
in monochromatic case

Hy

For typical TCF parameters one gets ex < 20-7-30 nm. Hence, TCF magnet lattice should
be designed to be able to change an emittance from 400 nm to 20 nm, i.e. in 20 times [8]. The
ability to change an emittance in a wide range is the main specific feature of TCF magnet
lattice. Few variants of lattices have been proposed which realize this versatility. Two of
them are based on FODO cells. In JINR design [9] horizontal phase advance /zi = 7r/3 in arc
cells is used in high emittance option. For low emittance option, horizontal phase advance
^2 = TT/2 in arc cells is used. The phase advance change gives the factor (/^//^l)3 —3 for
emittance readjusting. To cover the interval 15-T-20, two types of wigglers are used. They
are dipole wigglers and Robinson wigglers. Wigglers are located in each of 4 dispersion
suppressors. Under this way, high emittance lattice parameters have been chosen to get
horizontal emittance without wigglers of order es ^100 nm. Each arc consists of nc=14
regular cells. The length each of nm=56 bending magnets is 1^=0.99 m and magnetic field is
Bm=0.67 T at energy E=2.0 GeV. To increase the emittance to 400 nm wigglers are switched
on. Simple estimate can be made for the strength of dipole wigglers. The emittance ex in a
ring with wigglers is related by the one e° in a ring without wigglers [10]

.vt — .0 f

£ € ( ? ) / W ) 6 ° q 7 I2JX

ds T / 1 - 2n _ , r f Eds

with Twiss functions a, /?, 7, H=7 \ + 2o>DXD'X + /3D'x
2
y bending radius p, Cg=3.84-10-13 m,

and damping partition number Jx = 1 — h/h- Locating n^=4 dipole wigglers 1.0 m long
with Bu,=3.6 T at E=2.0 GeV in each dispersion suppressor, one gets

e"~e°x
 nml

r
m^T = 3-9Qe° ~ 400 nm. (10)

In this estimation we suppose the value of H at the wiggler is close to those at regular
cell. Along with enhancement of the emittance, relative energy spread is increased too, when
dipole wigglers are switched on,

dsf ds
•* J p3

For the parameters listed above crj5=1.97o-£ ~ 10~3. This leads to high RF voltage
required to keep bunches short, hence, to related problems (bigger impedance, stronger
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feedback system etc.). From this point of view, the combination of dipole and Robinson
wigglers seems to be preferable. Four Robinson wigglers with gradient G=4.7 T/m, magnetic
field B=0.37 T and length 0.92 m, located in arc half-cells adjacent to dispersion suppressor,
produce a change in damping partition number so that J^ ~0.6. In this case dipole wigglers
become weaker, and with the same emittance of 400 nm the relative energy spread is smaller
crB = 6.7 • 10~4. The value of RF voltage in this variant is Vjy?=8 MV, that is more
acceptable.

In a low emittance option small emittance is reached by change of horizontal phase ad-
vance per arc cell to 7r/2, switching dipole wigglers off and readjusting Robinson wigglers
properly to have J2=2. Finally in JINR design we have ex=17 nm.

In the lattice, proposed by A.Zholents [11] and also based on FODO cells, high emittance
is reached by proper choice of number of arc cells with the horizontal phase advance fxx = 7r/2
without use of wigglers. The conversion of high emittance option to low emittance one is
made by dividing each arc cell in two cells, as shown in Fig. 3, and keeping horizontal phase
advance the same. This gives approximately factor 8 in emittance decreasing. To decrease
it further, Robinson wigglers are used to obtain Jx=2. One sees, two described lattices are
practically identical in low emittance mode, but based on different horizontal phase advances
in high emittance one.

Another way to cover wide range emittance readjusting is to use DBA or TBA cells in
arcs (Fig. 4)[12]. These types of lattices are quite suitable to get low emittance and can be
easily readjusted to high emittance. This is achieved by decreasing quadrupole strengths in
the dispersive doublet and by mismatch the dispersion in an achromat.

The lattice based on a sequences of quadrupole triplets and bending magnets with a small
defocusing gradient needed to minimize beatings of the vertical beta function was proposed
by Yu. Alexahin [13]. The phase advances per regular cell are with fj.x = 57r/4, p.v = ?r/4. To
make the lattice versatile, combine-function magnet was changed by dipole with defocusing
quadrupole inserted in the center (Fig. 5) [14]. To change low emittance mode to high
emittance one, horizontal phase advance /ix = 3?r/4 is used and dipole wigglers are switched
on.

Recently preliminary designs of TCF have been performed at IHEP(Beijing) [15], BINP
(Novosibirsk)[16] and ANL(Argonne) [17]. The proposal of IHEP is based on conventional
scheme. The BINP proposal is based on monochromatic optics and consider to use the tunnel
of VEPP-4. The ANL proposal considers monochromatic option as first stage of design but
uses high emittance lattice for its realization. To fulfil (7), small ^ = 3 . 7 cm and relatively
high D*=0.50 m have been chosen. This choice seems to be difficult for optical matching
between the interaction and the separation regions, hence leads to strong chromaticity of beta
functions and small dynamic aperture. Note, that similar problems of strong chromaticity
and small dynamic aperture was encountered under investigation of round beam scheme for
the TCF [18].

No comparison of different lattices for TCF has been performed yet. Few remarks on this
subject, concerned chromaticity correction and related problems, will be done here. FODO-
based lattice has good dynamic aperture Ap/p=1.8% in high emittance option [19]. For low
emittance option it is smaller, Ap/p^l.0% [11]. The beam lifetime in low emittance option
is defined mainly by Touschek effect, hence, depends strongly on longitudinal acceptance

' £(x)(Ap/p) x=-(--—). (12)

Here ry is Touschek Me time, C is a circumference, and function D(x) — (1 -t- 4) • 10- 2
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CERN(Spain), 1992
JINR(FODO), 1993
LAL (DBA), 1993
LAL (TBA), 1993
IHEP, Beijing, 1994

E
GeV

2.0
2.0
2.0
2.0
2.0

L/1033

c m - V 1

1.0
1.0
0.9
0.8
1.0

C
m

360
378
322
387
368

aw

MeV

1.3
1.8
1.5
1.9
1.5

I
A

0.57
0.56
0.49
0.47
0.50

h

30
30
30
36
32

nm

300
406
297
286
251

0.
0
0
0
0

039
.04
.04
.04
.05

Table 1: Main parameters of conventional TCF designs

CERN, 1992
JINR (FODO), 1993
JINR (triplet), 1992
LAL (DBA), 1993
LAL (TBA), 1993
Argonne, 1994
Novosibirsk, 1994

E
GeV

2.0
2.0
2.2
2.0
2.0
1.5
1.5

L/1033

cm"2a"1

0.7
0.9
1.0
1.0
1.0
1.0
1.0

C
m

360
378
336
322
387
360
700

aw
MeV

0.16
0.14
0.1
0.12
0.12
0.16
0.02

I
A

0.5
0.45
0.52
0.59
0.56
0.96
0.77

h

30
30
36
30
36
36
140

e*
nm

16
17

12.5
19
19

247
4

€.

0.03
0.04
0.04
0.04
0.04
0.025
0.05

Table 2: Main parameters of monochromatic TCF designs

for typical parameters of monochromatic scheme [11]. Note that specific feature of TCF
monochromatic scheme is a big contribution of interaction region to beam losses due to
intra-beam scattering. Under the scattering particle acquires a momentum Ap and, due to
big dispersion function, may goes out transverse acceptance. To increase Touschek lifetime,
along with thorough chromaticity correction, special efforts can be made to increase beam
sizes over the ring. As a result, ry = 1 -j- 3 h at E=2.0 GeV [11], [13].

DBA- and TBA-based lattices provide very big dynamic aperture in low emittance option,
but for high emittance one dynamic aperture reduces drastically [20]. The triplet-based
lattice has good dynamic aperture in low emittance option too, Ap/p=1.5% [13]. However,
high einittance option hasn't been studied.

Summarizing, lattices with FODO regular cells are suitable for TCF, although larger
longitudinal acceptance at low emittance option is desirable. Additional studies for high
emittance option with DBA and TBA regular cells are necessary to overcome small dynamic
aperture. The main collider parameters of conventional and monochromatic designs are
presented in Tables 1 and 2.

To upgrade tau-charm facility, finite crossing angle scheme has been considered, as an op-
tion of versatile design. It can be implemented in conventional design by rearrangement of
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JINR, vert. cros.
angle+mon., 1993
JINR, hor. cros.
angle, 1994

E
GeV

2.2

2.0

L/1033

cm~2s~1

2.5

3.5

C
m

334

378

aw
MeV

0.13

1.8

I
A

2.5

2.0

nm cm

13 15/2

274 1/50

mrad

0.04/0.02 15

0.04/0.04 12

Table 3: Main parameters of finite crossing angle TCF designs

interaction region and separation region, while keeping the arcs and the long straight section
opposite to I. P. untouched [21], [3]. Crossing angle scheme can be based on monochromatic
optics also, thus taking an advantage of small energy resolution as —130 keV. But in this
case two risky factors are encountered simultaneously (both monochromatization and cross-
ing angle schemes have never been tested). Additional difficulties appear in chromaticity
correction. They are defined by strong asymmetry of interaction region optics. Asymme-
try arise because of necessity to have finite dispersion of the same sign at I. P. in scheme
with non-zero crossing angle. As a result, the value of beta function at I. P. is increased
from 1 cm to 2 cm, hence leading to smaller luminosity L=2.5-1033 cm~2s~1 [14] but with
greater current comparing to L=3.5-1033cm~2s~1 for the conventional scheme. Note, that
relatively small crossing angle <j> ~ 12 -r 15 mrad required for TCF, may be, allows to avoid
of using crab cavities. Nevertheless, special places with appropriate phase advances are fore-
seen for their location in designs. The gain in luminosity in finite crossing angle schemes
is due essentual increasing of number of bunches. For horizontal crossing angle scheme the
number of bunches k&=150, for the vertical crossing angle scheme it is k&=224. Hence, in
both schemes a number of particles in one bunch is chosen smaller compared with schemes
without crossing angles in order to relax requirements to the impedance, HOM losses etc.
For the conventional crossing angle option in versatile lattice with untouched arcs required
horizontal emittance is 274 nm. It can be easily obtained with each type of versatile lattice.
The main parameters ot these two designs are presented in Table 3.

3 TCF at its maximum energy 2.85 GeV

Emittance control at TCF permits to get relatively high luminosity at maximum energy
Emax=2.85 GeV (D-meson investigations) under condition RF power being the same as
at energy 2.0 GeV. Keeping radiation losses constant, one should reduce total current in
(EmaI/Eo)4 —4.1 times. To keep beam-beam parameter at its maximum value, it is necessary
to reduce emittance in (Emoa;/Eo)5 ~5.9 times, i.e. from 400 nm to 70 nm. It can be easily
made with DBA and TBA versatile lattices in a way, described above. In FODO lattice it
can be made with 7r/2 horizontal phase advance and wigglers switched off, and with 7r/3
horizontal phase advance and properly adjusted Robinson and dipole wigglers. As a result,
luminosity falls as E~3 (see Fig. l) , i.e. to 0.35-1033cm~28~1. This consideration shows that
TCF should be designed with possibility to work not only with marginal values of emittance
(high and small), but intermediate too.
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Fig. 1. Luminosity versus energy with constant emittance below nominal energy and
constant RF power and beam-beam parameter above nominal energy. Dotted lines show

natural luminosity variations without emittance control.

E+AE E-AE

E-AE E+AE

Fig. 2. Monochromatization scheme
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Fig. 3. High emittance (a) and low emittance (b) options with regular FODO cell.
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Fig. 4. DBA (a) and TBA regular cells for versatile lattice.
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Fig. 5. Arc cell for versatile lattice, proposed in [14].
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Abstract

The main body of the SRRC facility is a 1.3 GeV electron storage ring ded-
icated for synchrotron radiation. The lattice of the storage ring is optimized to
be a low emittance, high brightness light source.The emittance is 1.92 x 10~8

m-rad at 1.3 GeV. This value is considered adequate for a low emittance re-
quirement and yet the the resultant requirement for the various error tolerance
of the magnet field is reasonable. Various measurements related with the de-
termination of the emittance have been done using in particular a CCD camera
on one of the beam line port with optics arranged in such a way that 1-1 image
of the electron beam size is achieved. The measurement is in rough agreement
with theoretical predications
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1. Introduction

The value of the emittance for a storage ring is the result of the interplay
between the radiation damping and the quantum fluctuations of the stored
eletrons(or positron). In the third generation electron (or positron) storage ring
dedicated for synchrotron radiation , in order to achieve for a high brightness
light , it is desireable to design the lattice with a small emittance. This is
usually achived by a low value for the horizontal beta function and the eta
function in the bending magnets where the source of the light originated. With
combined function dipole magnets the change of the damping partition function
may also help to reduce the emittance. In the designing phase we must take
into account the effects of the needed strong sextupole strength to correct this
high chromaticity which will result in limited dynamic aperture due to the
contritutions from the non-linear components in the equation of motion. In
reality the actual value of the emitance will usually be blown up due to various
sources of non-linear effects including imperfections in the construction of the
magnets and the misalignments of the dipoles and the quadrupoles The ripples
of the magnet power supplies for the magnets will further introduce complicated
time varying effects into the motion of the electrons. The collective effects of
the electrons due to horizontal and longitudinal coupled bunch instabilities and
ion trappings will also blow up the beam and increase the emittance. These
effects need all be carefully taken into consideration in order to maintain a low
emittance operation for the storage ring.

2. SRRC lattice

The SRRC (Synchrotron Radiation Research Center) is a 1.3 GeV electron stor-
age ring dedicated for synchrotron radiation. The lattice of the storage ring
is optimized for a low emittance, high brightness light source for users in the
VUV and soft x-ray region. Long straight sections are reserved for the instal-
lation of undulator and wiggler magnets, injection elements and installation of
the insertion devices and the accelerating RF cavities. The actual design for
the lattice consists of 6-fold superperiods. Each cell of the superperiod con-
sists of an achromat arc of Vignolla type TBA lattice which provides a 6-m
long dispersion free straight section for each of the 6-fold symmetry achromat
arc. The achromat arc is formed by three bending magnets and two focusing
quadrupoles. These quadrupoles are used for achromat matching. The dipoles
are gradient bending magnets with vertically focusing components. The value
of the field index is n = 4.52. The use of combined function bending magnets
also helps in ease for the achievement of small natural emittance by modifying
the horizontal partition function.

In Fig 1, we show the modeled values of the betatron function /3 and the
dispersion function 77 on both plane for a typical working point from the actual
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control panel of the application program of SRRC. These values are calculated
directly using the current settings of the power supplies from the control data
base for the magnets in the machines. Evaluation from these twiss functions
yields an emittance of 1.92 x 10~8 m-rad at 1.3 GeV.

To check the prediction of this modeling we have measured the betatron
function by measuring the changes of the tunes due to the changes of the current
settings of the trim coils in the quadrupoles. The measured beta function is
shown in Fig. 2 and Fig. 3 for the horizontal and vertical plane respectively.
The general measured errors are less than 10%. The dispersion functions have
also been measured by measuring the changes of the values of the closed orbit
distortions at the BPM due to the changing of the RF frequence. The result
of the measured 77 function is shown in Fig. 4. As can be seen from the figure,
the measured values of the dispersion functions are close to zero in the straight
sections, in agreement with the prediction of the modeling. The calculated tunes
of the machine from the modeling have also been checked with the spectrum
analyser. The measured difference of the tunes are within 0.01 in both planes,
and indicate that the modeling of the machine is close to the real value.

As a further confirmation of the twiss functions from the modeling, the
betatron functions have also been checked by looking at the transfer function of
the BPM monitors due to the changing of the strength of the dipole correctors
and comparing with the theoretical prediction. The change of the BPM readings
xm due to the changes of the corrector strengths is given by

where S{ and fc are the strength of the corrector and the beta value of the
corrector i respectively. An example of such a comparison is given in Fig. 5
and in Fig. 6 for the transferfunctions in the horizontal plane and the vertical
plane respectively. The agreement between the measured one and the modeling
is impressive. With these measurements and also measurements of the chro-
maticities of the working optics, we believe that the real performance of the the
linear optics of the storage ring at SRRC is close to the designed value.

3. Result of the emittance measurement

To measure the the emittance of the SRRC storage ring a CCD camera is placed
in one of the beam line. Fig. 7 gives the experimental set up for the emittance
measurement. The optical set up have been calibrated carefully so that there is
a one to one correspondence of the size of the beam source and the CCD camera.
The beam size can then be checked by looking the image of the CCD camera
from the synchrotron radiation. Fig 8. gives a typical result for the image. A
Gaussian fit was carried out from the data of the image. From the Gaussian fit,
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the beam size is estimated as ax = 236/im and ay = 105/xm for the horizontal
plane and the vertical plane respectively. Taking into account the betatron
functions and the 77 function at the source point which is at the biginning of the
third bending magnet BM3 in one of the superperiod, it is estimated that the
horizontal emittance of the ring is 72 nm-rad. The vertical beam size obtained
yields a value for the vertical emittance of 1.13 nm-rad. which is about 1% of
the horizontal emittance. This emittance coupling from the horizontal plane is
in good agreement with the coupling constant as measured from the crossing of
the horizontal tune and the vertical tunes which yields a bandwith indicating
the coupling to be of the order of 1% . The value of the measured horizontal
emittance is about twice as large as the theoretical value. However this value
is based on taking the theoretical value for the energy spread of 6.6 x 10~3.
The real value for the energy spread of the machine will be increased by various
sources including in particular the presence of trapped ions in the electron beam
and also by the presence of various collective effects of the electrons.

At present, we believe that there are problems with ion trapping in the
machines. From the measurement in the mass spectrameters, the majority of
the ions are mostly H? ions due mainly to the high humidity of the atomosphere
in Taiwan. The presence of the ion trapping of the machine can best be inferred
in Fig. 9 where difference of vertical tune shifts and tune spreads can be seen
with and without DC cleaning electrodes. At present in SRRC we leave a gap in
the bunch train of the electrons for the synchrotron light source users to reduce
the effects of the ion trapping.

In the SRRC storage ring we are using the Doris cavity with a resonant
frequence of 500 MHz. This gives a value of the harmonic number of 200.
Due to the large number of the bunches present and the high impedance of
the higher harmonic in the cavity the longitudinal coupled bunch instability
is a serious one at SRRC. The threshold is in the range of a few mA. This
longitudinal coupled bunch instability can be observed using a streak camera.
The beam is stable due to Landau damping. But the observed emitance will
definetely be influenced by this coupled bunch instability. Taking into account
this complication, the measured value for the emittance at SRRC which is twice
as large as the theoretical one, may probably be closer to the designed value.
A feed back to cure this longitudinal coupled bunch instability is planned and
will be inserted in the SRRC storage ring.
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Figure captions

Fig. 1. Twiss functions from the control panel of SRRC.

Fig. 2. Measured values of the betatron function in the horizon plane.

Fig. 3. Measured values of the betatron function in the vertical plane.

Fig. 4. Measured values of the eta function in the horizontal plane.

Fig. 5. Comparison of the Measured and the modeling transfer function in the
horizontal plane.

Fig. 6. Comparison of the Measured and the modeling transfer function in the
vertical plane.

Fig. 7. Experimental set up for the measurement of the emittance.

Fig. 8. Image of the synchrotron light.

Fig. 9. Tune shifts and tune spread in the vertical plane with and without DC
cleaning.
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SRRC Storage Ring: Dispersion Function Measurement
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Emittance Measurements in Electron Rings

A. Ogata
National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki, Japan

Abstract

Emittance measurements in electron or positron rings are comprehensively reviewed. Priority is
given to small vertical emittance measurements (less than O.lnm). Although the use of synchrotron
radiation is mainly discussed, other methods are also mentioned.

1 Introduction
This paper reviews emittance measurements in electron and positron rings. Priority is given to
small vertical emittance measurements. This is because rings with ey < O.lnm are appearing in
the world, and, thus, how to measure the emittances is of great concern. Specifically regarding
KEK, the TRISTAN MR. used as a synchrotron radiation source (refferred to as MR-SOR in this
paper), and two rings of the KEK-B will have such emittance values.

What to measure is a physical problem. The emittance (e) is defined as the area of a phase
ellipse. Although in some cases we can measure the area directly, in most cases, we are not so
fortunate. A measurement of the beam size (a), however, is possible in most cases. We need the
help of beta functions (and dispersion functions) to derive the emittance in this case, because

(1)

Another way is to measure beam divergence (a'), which uses the relation

a' = [«7]»/». (2)

Subscript a; or y used to differentiate the horizontal or vertical directions is omitted when the
expression is applicable to both directions.

Althugh the beam-beam parameters can give the emittances, this method is somewhat indirect
and applicable only for the colliders. It is interesting that the purpose of an accelerator gives the
characteristic measure; that is, a light source enables the use of undulators, or a collider enables
the use of beam-beam parameters.

The issues concerning emittance measurements include the resolution, the time required for a
measurement, the reaction of the beams, the independence of the measurement, the definition of
the spatial point of measurement, cost, reliability, etc.. The time required for a measurement may
be included in the resolution. A slow measurement suffers from instabilities, current decay, etc.,
which result in resolution degradation.
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We can classify the methods into two types; passive and active. The active methods use
wires, lasers, etc. A typical passive method uses sunchrotron radiation. The reaction of beams is
conspicuous in active methods. Some bring about beam blow-up and some hasten beam decay.

Neither the beam-size measurement nor the beam-divergence measurement is classified into
independent methods in deriving the emittances. They need definite positions of detections and
lattice parameters there. A measurement of the area of the phase ellipse is, to the contrary, an
independent measurement. When we use synchrotron radiation, the spatial position of the light
source must be definite. This requirement is not easily fulfilled in many cases.

The arrangement of this paper is as follows. The entire next section concerns a description of
the measurement using synchrotron radiation. It is divided into six parts. The first subsection
describes the phase ellipses of beams and that of synchrotron radiations, putting empahsis on
their difference[l]. The next subsection describes the measurement of the area of the phase ellipse
using the x-ray component. A subsection describing the beam-size measurement then follows. The
fourth subsection describes a newcomer, the use of edge radiation. The fifth subsection treats the
heat load, which is a technical problem. A topic excluded in the above-mentioned subsections, the
measurement of the longitudinal emittance, is treated in the last subsection. Other methods are
described en bloc in the third section. The last section summarizes the paper.

2 Use of Synchrotron Radiation
The light sources which are available for the emittance measurements differ in rings. Although
some rings have dedicated light sources,most don't. The most popular light source is a bending
magnet. Some rings are equipped with wigglers and/or undulators. The use of edge radiation
has also been studied. The wavelength of radiation ranges from visible to x-ray regions. Though
synchrotron radiation not only has parallel,- but also perpendicular-, polarized components, the
latter is usually filtered out.

2.1 phase ellipse
Two problems in using synchrotron radiation are the angular divergence of the radiation and
diffraction. If the divergence is negligibly small compared with the beam divergence, and if the
diffraction caused is negligibly small compared with the beam size, the area of the radiation phase
ellipse directly gives the emittances[2]. Figure 1 gives an example of the phase ellipse measured
under such a favorable situation[3], which is the (y, y') phase-space profile obtained during 6.5GeV
operation of the TRISTAN Alt by an x-ray pinhole camera.

First of all, the angular divergence of synchrotron radiation is often greater than that of the
beam in present-day rings. We now consider the radiation from normal bending magnets. Though
the angular divergence is rigorously expressed by using modified Bessel functions, we approximate
it here by a Gaussian distribution. Note that this approximation is only valid for the parallel-
polarized component. We follow the expression of Green[4],

*; = 0.565(A/Acf'125/7,

K U C - 1/7. (3)
Here, Ac denotes the critical wavelength. Subscript p denotes the synchrotron radiation, while
subscript beam is used in the following to denote the beam. The angular divergence of a group of
photons emitted by a beam then becomes

+ KeaJ2]1 / 2- (4)
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Figure 1: Example of a phase ellipse measured, (y,y') phase space profile obtained
during 6.5GeV operation of TRISTAN AR. by an x-ray pinhole camera.

In the present-day low-emittance rings, <y'yjbeam is much smaller than I /7 . The MR-SOR will
have cy = O.lnm at 2% coupling, where a'y beam = 2 - 5/jrad, while I /7 = 51/uad[5]. Another
example is the KEK-B, which will have ey = 0.2nm at 2% coupling, where <r'ybeam = 3 - 7//rad,
while I /7 = 63 — 145/jrad[6]. If we want radiation with a small angular divergence, one solution
is to use radiation with a wavelength shorter than the critical value. However, the number of
photons becomes extremely small beyond the critical wavelength.

Figure 2 shows the phase ellipses of the beam and the radiation of the MR-SOR. It shows
that the angular divergence of the radiation at the critical wavelength is far larger than that of
the beam. What is more, the ellipse of the visible radiation is far larger than that of the critical
radiation. The ellipses of the radiation are almost straight in the (y,y') plane.

The use of undulator radiation solves the problem of divergence, where

a'v = (A/I)1 /2 . (5)

The MR-SOR will have an undulator with a length L = 5.4m. If we use radiation with E = lOOkeV
or A = 12.4pm, we will have a'p — 1.51/tm at the lattice, where cr'beam = 8.66/«n[7].

The second problem is diffraction. Even if the divergence of the photon group emitted by
the beam is greater than that of the beam, the size of the photon source is the same as that of
the beam. However, the observed size of the light source is inevitably larger than that of the
beam. This is due to the uncertainty in the wave measurement. One should recall the fact that
we cannot decide both the direction and the source position of the wave; i.e., although a plane
wave has a definite direction, it has an indefinite source position; a spherical wave, however, has a
definite source position, but an indefinite direction. If we limit the direction of the spherical wave,
uncertainty is caused in the position. This is a phenomenon called diffraction.
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Figure 2: Phase ellipses of the beam and radiation with X — Xc and A = 600nm in
the MR-SOR.
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Figure 3: Two ways to sweep the phase ellipse. The dashed ellipse shows that at the
source position, and the solid shows that at the detection point.

Another example which exibits uncertainty is the spot size of the Gaussian beam[8]. If one
focuses a laser beam whose angular distribution is Gaussian with the characteristic opening angle
(0), one can only obtain the size w = \/(x6), which is far larger than the wavelength. This size is
called the waist size.

The resolution (CTP) in the beam-size measurement is approximately given by the relation

(Tp = A/(47TCTp), (6)

if the angular distribution of the radiation is approximated by a Gaussian with an rms angle of a'p
and if the detector covers the opening angle of the radiation almost completely. In the case that
the second condition is not satisfied, resolution degradation results, which is called truncation.

If we use visible radiation at A = 600nm in the beam size measurement at the MR-SOR, CTP

will be ~ 50/;m, while the beam size (ay) ranges between 20 and 50/nn. They have the same
order of magnitude. A possible correction of the beam size measurement will be discussed later.
However, the best way to achieve high resolution is the use radiation with a shorter wavelength.

2.2 phase ellipse area measurement using x-ray
As previously mentioned, this measurement is possible when two conditions are satisfied: first,
the angular divergence of a photon must be much smaller than the beam divergence; second, the
diffraction effect must be much smaller than the beam size. The use of any x-rays usually satisfies
the second condition, while only the use of x-ray from undulators satisfies the first condition in
many cases.

There are two ways to attain the measurement: one sweeps the angle in phase space; the other
sweeps the position there. They are shown in Fig. 3. In the first case, one measures the spatial
distribution of photons as a function of the rotating angle of a crystal monochromator (Bragg
angle). In the second case, one measures the angular distribution as a function of the slit position.
The techniques are described elsewhere[7,9]. One should not forget the fact that the slit width
(ACT) and the angle step (ACT') are constrained by an already given relation;

ACT ACT' = A/47T. (7)
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Figure 4: Phase ellipses of synchrotron radiation at the light source and at the detector
position, when the distance between two points is long.

This means that a decrease of the slit width or the angle step does not necessarily improve the
resolution.

The fifth harmonic of the K = 0.3 undulator radiation will be used in the MR.-SOR. The
position will be swept in phase space. A difficulty lies in the resolution of the angular-distribution
measurement. To ease the heat load on the detection devices, the distance from the source must
be very long. This makes the ellipse at the detector point flat and the anglar width to be measured
small, as shown in Fig. 4. A quantitative discussion can be found elsewhere in these proceedings[7],
A scan is time-consuming; more than one hour is necessary to depict a phase ellipse.

In the KEK-B, the angular divergence of the beam is too small to perform this type of mea-
surement. The only possible point is the collision point; however, there is no room to install
beam-diagnostic devices there.

If the angular divergence of the beam is moderate, it is also possible to derive the emittance
from the angular divergence of the radiation with the help of the lattice parameter[10].

2.3 beam-size measurement using visible radiation
Becuase the large angular divergence of visible radiation masks an angular distribution of the
beam, an area measurement of the phase ellipse of visible radiation does not mean anything.
However, focusing of the visible radiation is easy, which enables a beam-size measurement. With
the help of the lattice function, we can derive the emittances[ll,12]. We cannot believe the beta
values of optics files in the derivation. Instead, the beta values must be measured.

If the beam sizes are available at three points inside the same bending magnet, and if we can
regard the space inside the bending magnet as being a free space, we can solve the following three
simultaneous equations:

i= 1,2,3,

(8)

to derive ao,/?Oi7o (two of them are independent) and e, where /,• denotes the distance between
the point of detection and the lattice point with Q'o,/?O)7o-

There are some points concerning the measurements. First, the effect of diffraction, the depth
of the fieldetc. should be corrected. Second, only the parallel-polarized component should be used.
Third, monochromatization is required to attain high resolution.
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Figure 5: Error in the horizontal size measurement by the depth of the field.

The use of a shorter wavelength reduces the diffraction effect. However, demands on the optical
elements become severer instead. One should recall a fact, for example, that the smoothness of
mirrors is expressed by A/4,A/8,e/c.

Figure 5 shows how the field of depth introduces an error (e) in the horizontal beamsize
measurement. It is given by

e = L9/2 = P92
(9)

where L is the depth of field, 9 the opening angle and ps the radius of the curvature of the particle
orbit. We can measure the beamsize as a function of the opening radius (a). The true beam size
is the value at a = 0. However, a simple interpolation does not give it, because the diffraction is
distinct when a is small[12]. The error is proportional to the ring radius, as given in the above
equation. It is thus serious in large rings.

The focused light-intensity distribution is related to the particle distribution of a beam as

/•oo roo

= / n{x,y)K(x,y,x*,y*)dxdy, (10)

where * shows the coordinate on the plane of observation. We must solve this integral equation in
order Lo derive the particle distribution {n(x,y)), whose rms width is the beam size. K{x,y,x*,y*)
should include not only the diffraction effect, but also the field-of-depth effect, dispersion, defor-
mation of optical element caused by the heat load, etc..

The easiest solution is to regard the diffraction effect as a Gaussian error. This is true if the
angular distribution is Gaussian. It is justified to use this method as an approximation in the case
of undulator radiation[13]. Calculations show that this method is a good approximation even for
the radiation from normal bending magnets.

Figure 6 shows the Fraunhofer diffraction caused by a one-dimensional slit in the light with
a triangular distribution, a Gaussian distribution, and real distributions of synchrotron radiation
with parallel and perpendicular components[14]. Gaussian fits to the photon-intensity distribution
at the focus are also given. It is evident that the fit is superior for parallel-polarized synchrotron
radiation.

At least three more serious approaches have been attempted by Hofmann and Meot[15], Kim[16]
and Chubar[17]. Hofmann and Meot were the first to convolute the angular distribution of syn-
chrotron radiation to derive the spacial distribution at the focus.

Kim took into account the statistical property of the electric field. His treatment was based
on partial coherence theory[18]. The Fourier transform of the electric field associated with a
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Figure 6: DiiTraction caused by a one-dimensional slit for different angular distribu-
tions. The light source is the LEP mini-wiggler with p = 876.7m, E = 55GeV. The
slit opening is ±30mm. UV light (A =200nm is focussed at 60m. Three distributions
are shown; ***:wave amplitude through the slit, +.++:phton intensity at focus and
"':Gaussian fit with the same \sigma to the phton distribution at the focus.
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fast-moving electron is given by

where z = a; or y. It is related to the real field by pair of equations:

E(z) = I Eeikz'zdz',

(z)eikz'zdz. (12)

He introduced the brightness (B(z,z')) in analogy with the Wigner distribution in quantum me-
chanics,

B(z,z') = const. I dAz' < E*(z' + Az'/2)E(z' - Az'/2) > e-
ikAz'z

= ^ ^ / dAz < E'(z + Az/2)E{z - Az/2) > eikz'Az. (13)

An analogy concerning undulator radiation with the Gaussian laser beam is also given in the
paper of Kim. An undulator which emits an exact Gaussian beam is discussed elsewhere in these
proceedings[19]. The effect of a finite aperture, truncation, has also been discussed by Kim.

These two treatments only calculated the convolution; in other words, they give methods to
calculate the lefthand side from the righthand side of eq. (9). Chubar has shown a method for
solving the integral equation in order to derive the particle distribution. Figure 7 gives a set of
simulation results; the original particle distribution, the light intensity distribution at the focus,
and the particle distribution restored.

2.4 edge radiation
The edge radiation is emitted at the edge of normal bending magnets when charged particle feels
a sudden change in the magnetic field (Fig. 8). It reveals some curious properties which are useful
in emmittance diagnostics[20].

It is in some aspects different from the usual synchrotron radiation from the bending section
of normal bending magnets. First, the spectrum of the edge radiation is shifted to the long-
wavelength region. Second, the angular distribution in the A > Ac region is smaller than that in
the A < Ac region. Third, each parallel and perpendicular component has two peaks in the angular
distribution in either direction if A > Ac; the parallel component has two peaks in the horizontal-
angular distribution, while the perpendicular component has two peaks in the vertical-angular
distribution. The position of the peak exists at ±1/7 in either case.

Only the interference pattern of radiation from two edges is observable in ring accelerators, as
can be understood from Fig. 8. The particle distribution in a bunch smoothes out the interference
pattern. Simulations were carried out to find the parameter a' -\-a/L = e(/3-\-~(L2) which gives the
best fit to the smoother interference pattern, as given in Fig. 9, where L is the distance between
the detector and the edge nearest to it. Using the Twiss parameters, we can derive the emittance.
A detailed description can be found elsewhere in these proceedings[21].

2.5 heat load problem
Heat load caused by synchrotron radiation onto detectors, especially onto the first mirror, is a
serious problem. This has been studied extensively by synchrotron-radiation users, especially in
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Figure 7: Results of computer simulation to restore the original particle distribu-
tion from the light-intensity distribution; (a) particle distribution, (b) light-intensity
distribution at the focus deviated by noise, (c) restored particle distribution.
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Figure 8: Generation of edge radiation.

Intensity

-0.6 ' 0.6 7], mrad

Figure 9: Edge radiation distribution in the median plane, 77 is the horizontal angle
with respect to the straight-section axis. 1- a'x + ax/L =0; 2- a'x + crx/L =0.17mrad,
3- o'x + ax/L =0.2Smrad, 4- <r'x + crx/L =0.91mrad, 5- a'x + ax/L =1.54mrad.
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the x-ray region[22]. We can estimate the radiation power density rf(m) downstream of a normal
bending magnet by

P/A(Wmm-2) = 13.8£(GeV)J(A)/[f/(m)2/9(m). (14)

If the KEK-B High Energy Ring is operated at E = 8GeV and / = 1A, the power density will
be 54.5Wmm~2 at d =10m. In delicate devices, water cooling can cope with only lWmrn"2; even
cryogenic cooling or liquid metal can cope with lOWmrn"2. As structures of cooling channels,
pin-posts gives better performance than either slots or holes[22].

The above expression does not take account of either the radiation energy spectrum or the
thickness of the optical element. It should be noted that the heat-load problem is rather serious
in low-energy rings; low-energy radiation is abundant in these rings, which cannot penetrate the
optical devices, but turns into heat instead.

We still have some solutions besides cooling. One is to use only the periphery of the light
cone; another is to correct for the effect caused by heat: i.e., to detect any deformation of optical
elements due to heat, and then to cancel its effect by software or hardware. However, the results
have not yet been confirmed for either method in the field of beam diagnostics. Another, more
simple method is to make the angle of incidence into the first mirror as large as possible in order
to reduce the power density.

The first method to use the periphery of the light cone is effective when visible radiation is
used. Approximately 80% of the radiation power is concentrated within an angle of l/7[4]. This
angle is negligibly small compared with the angular divergence of visible radiation in such a rings
as the MR-SOR and the KEK-B. The situation of the MR-SOR is given in Fig. 2. In the KEK-B
case, I /7 = 145/trad, while <7p(600nm)=2.54mrad in the Low Energy Ring, and I/7 = 63/trad,
while o^(600nm)=1.46mrad in the High Energy Ring. Even if we cut off the center part of the
light cone introducing a narrow vertical slit in the first mirror, no serious problem will be caused.

Some may expect a resolution improvement by using the periphery of the light cone. This
would be true when the spherical wave is observed through a narrow annular opening. Figure 10
shows the diffraction of an annular opening, which is the difference of diffractions caused by a
large circular opening with the outer radius, and that caused by a small circular opening with the
inner radius. The light intensity of the annular opening is less than that of the circular opening.
If the two intensity distributions are normalized at the peak, as in the figure, one would find that
the annular opening forms a smaller spot size, or, in other words, that it gives a better resolution,
though the higher order components are enhanced.

This shows that an annular opening functions as a high-pass spatial filter. A narrower annulus
gives a better resolution. This tequnique is known as super-resolution. It was found on 194O's[23].
It is now going to be used for a resolution improvement of the optical-disc data readout[24].

Though the super-resolution technique is applicable when the light source is spherical, we must
be very careful in the case of synchrotron radiation; it is expressed by an ellipse on the phase space.
A large annular opening around the original point would mask most of the ellipse, which would
make it difficult to determine the beam size.

It is one of common techniques among synchrotron-radiation users to image x-rays by using
total reflection with grazing incidence[25]. The heat load is reduced by twofold using this method.
This is because, first, the large angle of incidence reduces the power density and second, the use of
only the perophery of the light cone reduces the abosolute power. However, because it uses only
the periphery, we will encounter the above-mentioned problem if we apply it to image the light
source.

The second method dynamically cancels the effect caused by a deformation of the first mirror.
By applying the "adaptive optics" technique used in astronomy[26], it is possible to undo the
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Figure 10: Super-resolution by an annular opening.

effect of atomospheric turbulence. Figure 11 shows the system. A randomized wavefront in the
atomosphere is detected by a sensor. This information is processed and fed to a deformable mirror
so that the corrected wavefront is supplied to an imaging device. In our case, the wavefront
randomized by the deformed first mirror will be fed into a deformable second mirror.

The adaptive optics used in astronomy has been performed only in the infra-red region; how-
ever, we must use it in the visible range. Technical difficulties are forseen in the fabrication of a
deformable mirror with a better spatial resolution. The required responce has only to meet the
speed of deformation instead, which can be much slower than that required in the astronomy.

2.6 streak camera measurement

The hitherto described methods only measure transverse emittances. The images of a streak
camera contain information concerning the longitudinal emittance. A streak camera gives two-
dimensional distribution of the synchrotron radiation, either I(x,s) or I{y,s), where s denotes
the coordinate along the beam orbit. The use of a Dove prism would enable us to obtain both
distributions on a same picture[27]. It is the I(x,$) distribution that is related to the longitudinal
emittance by eq.(l).

A dualtime-based streak camera gives these distributions as a function of the revolution or
bunch numbering, which is useful for studying beam dynamics[28]. A camera with a 600fs fwhm
resolution is commercially available today.
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3 Other Methods

The most straightforward methods used to measure beam sizes must be mechanical methods, such
as a wire scanner[29] or a scraper[30], though the resolution is limited, and it sometimes evokes
a reaction in the beam behavior. Besides these, introduced here are the use of the beam-beam
parameter and laser Compton scattering. Electron beams have also been proposed as a probe of
the beam sizes, and were tested using low-energy (~500keV) electron beams[32]. Resolution on
the order of nm may be possible[31].

The beam-beam parameter is defied by

C(y) = Z' -lu' "{a*\a*Y ( 1 5 )

Once the beam-beam parameters are known, the emittances are derived by the following relations
if the beams are flat:

T ~ W^T

The tune shift in the 7r-mode betatron oscillation caused by the coherent beam-beam oscil-
lation is proportional to the beam-beam paramter. There have been discussions concerning the
coefficient. Piwinski gave[33]

A;/ = 2£, (17)

while Hirata gave[34]

A// = £. (18)

Yokoya made a more exact caluculations, giving[35]

A// = 1.330f. (19)

It has been experimentally proved that this coefficient gives reasonable results in the TRISTAN[36].
This method gives good resolution: one can gain the resolution of the tune measurement by
increasing the time of the measurement. The appicability of this method has been established for
symmetric colliders where N+ = N~ and 7 + = 7" . There is room for discussion concerning the
applicability to asymmetric colliders, such as B factories.

The laser Compton-scattering method collides a laser beam with energy EL with a beam and
detects backscattered photons with energy E~f = 2-y7E[J. There are several schemes[37]. The first
is to scan a tight focal point in the beam region and to count the number of backscattered photons.
A resolution better than 10/tm can be attained without difficulty. Some trade-off is required in
measuring the vertical size of a flat beam with a better resolution. Although a tight focusing can
give a better resolution, too tight focusing makes the Rayleigh length or the depth of focusing
shorter than the horizontal beam size.

Another method is to measure the spatial distribution of backscattered photons[38]. The rms
width of the distribution {a) is related with the emittance as

a = [e(/3 - 2a l + 7 i 2 ) ] 1 / 2 ~ ^ N 1 / 2 , (20)
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where L is the distance between the scattering and detecting positions. The resolution is limited
by the angle of scattering, which introduces noise of ~ £ / 7 E , where ~/E is the Lorentz factor. We
cannot apply this method in case in which the angular divergence of the beam is much shorter
than 1/JE-

The two-laser method developed for beam-size measurements at the FFTB has resolution in the
nm range[39]. The fringe period produced due to the interference of two laser beams determines the
resolution in this method. It can also be used in the rings if the laser wavelength and interference
angle are relevantly designed.

4 Summary

Emittance measurements in electron/positron rings were reviewed in this paper. A comparison
of performances of different methods on the same ring can be found in a paper written by LEP
staff[40]. We list below several methods which eneable the measurement of emittance below O.lnm:

1. A scan of phase ellipse of undulator radiation can directly give the phase ellipse of the beam.
Emittances are readily derived.

2. Beam-size measurements using visible radiation can give the emittances. Corrections of
the diffraction, field depth and other effects, however, are required in deriving the vertical
emittance.

3. Technology has to be developed to countermeasure heat flowing onto the optical devices
loaded by the synchrotron radiation in rings with low energy and high current.

4. Beam-beam parameters can give emittances in colliders. Though this method is established
in symmetric colliders, there is room for discussion concerning its application to asymmetric
colliders where beam intensities and beam energies are different.

5. The laser-wire method may attain a resolution better than that using visible radiation in
the beam-size measurement. It scans the tight-focused focal point in the beam region, an••'
counts the number of back-scattered photons in 7 ray region.

6. Streak-camera measurements give the light-intensity distribution on a two-dimensional plane
(a,s), from which one can derive the longitudinal emittance.

7. Some new methods were proposed in this workshop including the use of edge radiation.
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Emittance Measurement in the Proton Accelerators at
DESY

Kay Wittenburg
Deutsches Elektronen Synchrotron DESY, Hamburg, Germany

1. INTRODUCTION
The accelerator complex at DESY consists of a number of linear and circular accelerators for acceleration
and storage of electrons, positrons and protons. Most of the accelerators are used for the injection scheme
of the proton-electron/positron collider HERA. The layout of HERA with its preaccelerators is shown in
Fig. 1.
The protons arc injected into the proton synchrotron DESY III with a momentum of 310 MeV/c. They are
bunched and accelerated to 7.5 GeV/c within 2 s. 8 fills of DESY III can be accumulated in PETRAII,
resulting in 70 Bunches and a design current of 150 mA. They are accelerated up to 40 GeV/c within 2.5
minutes and injected into HERAp. HERAp can accumulate 200 bunches. The acceleration to 820 GeV/c
takes about 30 minutes where the lifetime of the proton beam is a few hundred hours.
The electrons/positrons are injected with an energy of 450 MeV from the LINACII and the intensity
accumulator PIA into the electron synchrotron DESY II. They leave the synchrotron with an energy of 7
GeV into PETRA1I which accelerates them up to 12 GeV. After injection into HERAe the electrons are
accelerated up to 30 GeV and stored for a few hours. The counterrotating electron and proton beams
collide head on in three interaction points.
To achieve a high luminosity in the HERA ep collider, it is necessary to control the emittance of the
proton beam through the entire chain of preaccelerators while the electron beam has its natural emittance.
This talk concentrates on the transverse emittance of the proton beam through the chain of proton
accelerators DESY III, PETRA II and HERAp. The performance of the profile monitors used in the
accelerators is discussed and the different types are compared. Also results of the emittance behavior in
the accelerators are presented.

1.1. Emittance
A number of different definitions of emittance can be found in the literature. We define the normalized
2a-cmittance en in the following way:

In in mdl.

where: D = Dispersion1, p = momentum, [i = beta-function, PY= relalivistic parameters, x,z = transverse
directions, a is the measured beam width. In the following, 'cmittancc' refers to this definition.
The beam width a is calculated by measuring the full width at half maximum (FWHM) and
a=FWHM/2.355; a is not determined from a fit of a gaussian to the data. This method ensures that the
part of the beam which is important for luminosity determination (collisions with the electron beam) is
included. If the beam is gaussian, which is the normal condition, 86.5% of the beam particles are included
in ±2(5 (true only for 2 dimensional gaussian).

see also Ref. 1. The author agrees with a quadratic addition of the dispersion term.
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2. DESY III
Detailed information about DESY III can be found in Ref.2. DESY III is a proton accelerator with a
circumference of 316 m and a cycle time of about 4 s. Protons with a momentum of 310 GeV/c, a current
of more than about 15 mA in 50 u,s and a normalized emittance of 8 it mm mrad (2a-emittance) in both
directions is accumulated using multi-turn charge exchange injection from the Linac III. The circulating
DC beam is formed into 11 bunches by adiabatic capture. The bunches are accelerated to 7.5 GeV/c,
extracted in a single turn and transferred to PETRA. Gamma transition crossing is avoided because Yt =
9.5 is well above Ymax- The first protons were accelerated in the beginning of 1989. The design intensity of
1.02 -101' protons per bunch (160 mA at 7.5 GeV/c) is routinely reached.
Two types of profile monitors are used in DESY III: wire scanners and residual gas ionization profile
monitors. Both devices were constructed (1988) in view of their later applications in the PETRA and
HERAp storage rings. Therefore a fast readout was not foreseen, and a few hundred turns are needed to
measure a beam profile.

2.1. Wire scanner
Wire scanners for measuring beam profiles have been used for many years around the world. They are
very precise devices and resolutions of a few microns have been achieved (Ref. 3). The scanner used at
DESY III is a mechanically simple device which moves the wire linearly through the beam (Ref. 4). The
motion is made by compressed air, therefore no special start and stop (hard- or software control) is
necessary which avoids accidents. The compressed air cylinder starts and stops the wire smoothly and a
maximum speed of more than 1 m/s is possible. In our case it is not necessary to manipulate the speed. A
carbon filament with a diameter of 8 microns is stretched with 12 g over a 7 cm wide ceramic fork. The
profile measurement is performed by detection of scattered particles by using a scintillation counter with
photomultiplier readout. The signal is integrated over all bunches in the machine which can be from 1 to
11. The resolution of the profile measurement is limited by the uncertainty (a = 59 microns) in the
position of the carbon filament which is measured with a linear potentiometer. Fig. 2 shows the signals
during a scan. The signals from the photomultiplier and from the potentiometer are sampled at the same
moment by an analog to digital card added into a PC. The beam profile is derived from the signal versus
the (fitted) position. The profile is displayed in the control-room, together with the calculated beam
FWHM, <y and emittance en. Only a single horizontal scanner in DESY III is installed because of the
limited space for diagnostic instrumentation.
We expect an cmittancc blow-up of 0.01%/scan at 7.5 GeV/c and a beam loss of less than 0.1%/scan. No
effect has been measured. At 160 mA beam current, the maximum temperature of the wire is estimated to
be 4400 °C without taking into account the loss of about 70% of energy through secondary particles. No
wires have been broken or burned since 1988.

2.2. Residual gas ionization profile monitor (IPM)
In contrast to the wire scanner, the IPM is designed for continuous beam observation. Fig. 3 shows a cross
sectional schematic of the monitor (Ref. 5, 6).
The electrons and ions created by the proton beam are accelerated towards a grid by an extraction voltage
applied at the grids. Depending on the polarity of the voltages, one can accelerate (1) electrons, (2) ions or
(3) secondary electrons created by the impact of the ions on the cathode towards the phosphor screen. The
third method is the most reliable and most sensitive (Ref. 7). The path of the low energy ionization
electrons arc much more strongly affected by the space charge of the bunch than the heavier ions. A direct
measurement of the ions is not possible because a thin (100 A) aluminum layer covers the phosphor
screen in order to provide a homogeneous field between the grid and the screen.
A video camera readout of the phosphor screen offers a number of advantages:
• Continuous view of the beam via TV-screen
• Simple and standard signal transfer
• No additional vacuum feedthrough
• Adequate resolution
• Image acquisition by standard frame grabbers
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With standard video the refresh rate of a picture is 25 Mhz which is adequate for accelerators with a cycle
time of more than a few seconds. To improve the trigger rate and precision fast shutter image intensifier
cameras can be used. Tests of such cameras are planned at DES Y III for the near future. CCD cameras are
not radiation resistant; two CCD cameras have failed after 2 weeks of operation while the SIT tube
cameras have been in operation since 1988 without problems.
The sensitivity of the IPM has been calculated (Ref. 7) and found to be in good agreement with the
measurements. The sensitive SIT cameras give reliable signals at beam currents from 7 - 200 mA with a
vacuum pressure of 10" mbar. At these low light levels, the phosphor screen and the video cameras have
been shown to be linear (Ref. 7).

2.3. Measurements and Comparison
The profile monitors in DESY III are located at positions with similar optical parameters. Therefore the
beam profiles measured with the wire scanner and the IPM can be easily compared. Unfortunately there is
no vertical wire scanner, so that the comparison is restricted to the measurements in the horizontal plane.
In the first measurements we found that the profile measurements with the IPM was larger by a constant
amount than that from the wire scanner (Ref. 8). The cause was found to be the angular distribution of the
secondary electrons emitted from the cathode. With this effect taken into account, the agreement of the
measurements is very good (Fig. 4). No space charge distortions have been observed for currents of up to
200 mA because of the relatively long bunches (DC to 3 m).
The beam width increases with increasing beam current as result of space charge forces; this effect is seen
in the measurements in Fig. 4. The cmittance behavior during the acceleration cycle for a medium current
in DESY III is plotted in Fig. 5. In the horizontal plane one observes an emittance blow-up during the
beginning of the acceleration. The following decrease might be a result of vertical beam scraping (losses)
and some small beam coupling. This coupling may also be the reason for the opposite emittance behavior
between the horizontal and vertical planes during acceleration. A detailed analysis of the coupling has not
yet been done. Note that the horizontal dispersion term contributes about 50% to the measured beam
width, especially at top energy. The uncertainty in the emittance at high currents is very large because of
the large dispersion and the unknown momentum spread, and in addition because of a longitudinal phase
instability. The instability is damped using a feedback system at flat top (Ref. 9).

3. PETRAII
PETRA was a electron/positron storage ring with a circumference of 2.3 km, which has been redesigned
to be used as an electron/positron and proton booster for HERA. Up to 70 proton bunches can be
accelerated to 40 GeV/c within about 2.5 minutes. The design maximum current is about 150 mA. The
protons bypass the high impedance electron RF cavities in an extra beam line. The profile monitors are
located in this bypass to avoid causing higher order mode losses of the electron beam. Unfortunately the
dispersion in the horizontal plane reaches nearly 7 m so that a reliable emittance calculation needs a
precise value for the momentum spread. For the profile measurement we have installed two IPM, one for
each plane. It is foreseen in the near future to install two additional wire scanners and a prototype profile
monitor utilising beam induced gas scintillation (Ref. 10).

3.1. Residual gas ionization profile monitor
We improved the IPM of the DESY III type by adding a micro channel plate (MCP)2 in front of the
phosphor screen (Ref. 8). This has three advantages: first; the ions are accelerated directly to the MCP
where they are converted into electrons with a gain of up to 10 /ion. This eliminates the uncertain path of
the secondary electrons from the cathode. Second; we can match different current conditions (from 1 - 60
bunches) by adjusting the gain of the MCP and third; a simple and much cheaper Newvicon video camera
can be used which has a better resolution and is less noisy.
The aging of the MCP could have a big influence on the measured beam width (Rcf.12). We have
measured the influence by moving the beam to an unused part of the MCP. Up to now, no effect has been
detected. Otherwise we have to exchange the MCP.

2 Reference about MCP see e.g. Ref. 11.
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The bunch length in PETRAII is shorter than 3 m therefore the space charge of the bunches is larger than
in DESY III. The collection of ions is distorted by the space charge forces. The increase of the measured
beam width due to space charge forces is a single bunch effect, and the correction can be described by the
following formula (Ref. 13):

where: F\VHMmeas x; measured full width at half maximum (in x direction), o\cam- actual beam width,
I: beam current, Ua: circumference of the accelerator, rp: classical proton radius, dg: space between the
grids, e: elementary charge, N5: number of bunches, c: velocity of light, mp: proton mass (for H2 ions),
Vg: voltage between the grids, (3X: value of the beta function at the monitor (direction of measurement),
|3Z: value of the beta function (perp. to direct, of meas.).
a is a fit parameter = 1.96. The second summand is the correction orcorr. The good agreement between
the formula and simulated data (by ion tracking in the presence of a short bunch) can be seen in Fig. 6.
The resolution of the IPM is determined mainly by the space charge distortion, but also by the following
effects (Ref. 12):
Thermal velocity of the ions: o~t = 0.29 mm ,
Resolution of the camera: a c = 70 - 200 microns, depending on the camera,
Effects such as optic, calibration, ionization kick, MCP and Phosphor screen can be neglected.
The width of the beam is then given by:

2 2 2
beam = a meas" a corr

2
" a t "

3.2. Measurements
There are currently no wire scanners installed in PETRA II, therefore the correction of the beam width
measurement using the IPM are checked using the following method: At top energy (40 GeV/c) the beam
width is measured before and after debunching the beam (i.e. coasting beam) by switching off the RF.
This has no effect on the actual beam width, therefore both measurements should be equal after including
the correction for the bunched beam. This is shown in the following table:

beam

horizontal
vertical

I/Nb
[HA]

510
510

bunched
CTmeas
[mm]
±0.1
2.27
1.62

°beam
[mm]
±0.1
1.98
1.34

coasting
acoasting

[mm]
±0.1
2.08
1.34

Within the errors (due to readout by oscilloscope) the agreement is very good.
The emittance behavior and the beam profiles are displayed in the control room (Fig. 7). The normalized
vertical emittance is constant during the acceleration cycle while the horizontal emittance grows with a
constant slope between 30 and 40 GeV/c. This effect is probably a result of an increase of the momentum
spread, but no detailed measurements of this are available. In the beginning of the acceleration the
emittance decreases a little simultaneously with small beam losses. This might be a result of loss of
untrapped beam particles. The same behavior is observed with higher currents, but the initial emittance of
the beam coming from DESY III is larger (see Chap. 2).

4. HERAp
On May 31,1992, protons and electrons were first collided at energies of 820 GeV and 26.6 GeV,
respectively, and HERA began delivering luminosity to the experiments Zeus and HI. In 1994 an average
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proton current of about 40 mA in 170 bunches were stored with a lifetime exceeding more than a few
hundred hours. The proton beam can survive a few refillings of HERAe because of this long lifetime.
Hera3 consists of an superconducting proton ring and a conventional electron ring with a circumference of
6335 m. In total, about 1000 superconducting coils are needed to bend and focus the proton beam in the
four arcs of HERA. Three of the four straight sections were designed to incorporate high energy physics
experiments while the fourth (Hall West) was designed for injection, acceleration, dumping and
diagnostics of the proton beam. Two wire scanners and two IPM for the horizontal and vertical planes are
installed in this region. Both systems do not provide a very fast profile measurement. The wire scanner
crosses the beam in about 1 ms, and the integration time of the IPM is 20 ms. A synchrotron radiation
profile monitor based on the edge effect (Rcf. 6) will be set in operation in 1995 which will provide a
single pass profile measurement.

4.1. Wire scanner
The wire scanners in HERA are of the same type and have the same parameters as those used in DESY III
(see chap. 2.1). They arc used for precise emittancc and beam shape measurements as well as for
predictions of the specific luminosity. Fig. 8 shows the good agreement between the predicted specific
luminosity and that determined by the experiments. Routincously the emittancc of the proton beam is
measured after injection of the beam and before refilling the electron beam, and if the expected luminosity
is too small the beam is dumped.
The wire scanners were installed in 1990. Since this time no wires have been broken or burned, and there
has been no detectable beam losses or cmittance blow-up due to wire scans. An increased background rate
is measured by the experiments during a scan.
A new gating system is now in operation. It allows profile measurements of single selected bunches.
Detailed studies of bunch-to-bunch shape variations can be performed.

4.2. Residual gas ionization profile monitor
The vacuum pressure in HERA is about one order of magnitude lower than that in PETRA. The number
of bunches is between 1 (for machine studies) and up to 200 for luminosity runs. Very low intensities can
be observed when using a SIT-camcra. The first circulating beam in HERA in 1991 was observed using
the IPM; the beam current then was about 0.01 |J.A(!), the vacuum was about 10'8 mbar and the beam
width was FWHM = 10 mm. A high dynamic range is achieved by adjusting the gain of the MCP. Beam
currents of more than 50 mA in 170 bunches have been measured.
A continuous monitoring of the beam by the IPM is most helpful during machine manipulations. Fast
changes of the emittance can be observed directly with this monitor. Fig. 9 shows an cmittancc blow-up of
the proton beam due to the exitation caused by the electron feedback system as a result of the beam beam
interaction.

4.3. Measurements and Comparison
Fig. 10 shows a comparison between measurements of the wire-scanner and the IPM in HERA. The
agreement is very good at low bunch currents. The IPM underestimates the beam width a small amount
(=150 [im) especially in the horizontal plane and at high currents. This is a result of the space charge
correction; the vertical p-function at the location of the horizontal IPM is very small and therefore the
correction is very large (=100%). At higher bunch currents and with smaller beams we expect thai the
uncertainty of the IPM becomes too large for reliable measurements of the emittance.
An example of the cmittancc behavior of the HERA proton beam is plotted in Fig. 11. Typically there is
no cmittance growth during acceleration, but ocassionally a transversal beam instability (probably a head
tail instability) is observed, which can lead to an emittancc blow-up. It can often be avoided by a large
negative chromaticity.
During collision, we can observe an emittance groth of around 0.5 n mm mrad/h which is in very good
agreement with calculations (Rcf. 15). For small beams the cmittance increase is dominated by intra-bcam

3 A lot of detailed information about HERA can be found in Ref. 14.
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scattering; for example, a growth of =0.48 n mm mrad / h is expected for en = 16.4 7t mm mrad at 820
GeV/c(Ref. 15).
For larger beams the beam beam interaction becomes dominant and the rate of emittance growth becomes
larger (Ref. 16).

5. SUMMARY
Two profile measurement systems are used in the proton accelerators at DESY: wire-scanners and
residual gas ionization profile monitors (IPMs). Both systems have been found to work very reliably. The
measurements with the two techniques are in good agreement in all machines when the space charge
distortions present in the IPM are taken into account.
Typical emittance behavior in the proton accelerators is summarised in the following table:

Transfer

Linac - DESY III
DESY HI
DESYin-PETRAII
PETRAII-PETRAII
PETRAII - HERApc

HERAp - HERAp accel.
storage

Momentum
[GeV/c]

0.3 - 0.3
0.3 - 7.5
7.5 - 7.5
7.4 - 40
40-40
40 - 820
. 820

horizontal

en(h)
\K mm mrad]

8.0
8-13
13-18
18-30*
30° - 12

12-12(17b)
0.5 /hd

vertical
En(v)

[7cmmmradl
8.0

8-11
11-15
15-15
15-12
12-12
0.5 /hd

Design
en (h,v)

[;t mm mrad]
8.0

8.0 - 9.6
9.6-11.5
11.5 • 13.9
13.9 -16.9
16.9 - 20.0

a: large error due to unknown momentum spread, b: with instability,c: about 20% beam losses,d: in-tra
beam scattering

The vertical cmittanceis close to the design assumptions, except for the small decrease due to particle
losses in the transport from PETRA II to HERAp. The error in the momentum spread is probably the
reason for the large implied horizontal emittance values in PETRA II; the relatively small losses in the
transport from PETRA II to HERAp cannot explain the large decrease in the cmittance. The emittance
biow-up at 820 GeV/c in HERAp during luminosity run due to intra beam scattering is small enough to
keep the beam for more than a day without significant luminosity reduction.
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Description of Emittance Growth Effects due to Stochastic Processes

Jiirgen Struckmeier
Gesellschaft fur Schwerionenforsciiung (GSI)

Postfach 11 05 52, D-64220 Darmstadt, Germany

Abstract
From the combined Liouville-Fokker-Planck equation, ex-
tended beam moment equations are derived. Compared to
previous approaches that are based on Liouville's theorem,
these moment equations contain additional terms that de-
scribe both a temperature balancing within the beam as
well as a damping of envelope mismatch oscillations. From
the moment equations, fai'.ly simple expressions are ob-
tained that allow us to estimate the emittance gtowth rates
due to intra-beam scattering effects.

1 INTRODUCTION
Beam dynamics calculations that are based on the assump-
tion that Liouville's theorem applies, treat the beam's
charge density distribution as a smooth function of the
spatial coordinates. Since any charge distribution is in fact
"granular", related effects - such as intra-beam scattering
- cannot be tackled on this basis. Instead, we must find
an appropriate model that describes a phase space dilu-
tion process. If particle-particle collisions can be assumed
weak, we are allowed to use the Fokker-Planck equation to
describe the increase of the phase space volume the beam
occupies.

We do not attempt to integrate the Liouville-Fokker-
Planck equation directly. Rather than, we apply the
method presented first by Lapostolle[l] and Sacherer[2] to
describe the beam in terms of root-mean-square (RMS)
moments and their derivatives[3].

2 FOKKER-PLANCK APPROACH

2.1 General Setup

If we want to include effects in our beam dynamics analysis
that do not conserve the beam's total phase space volume
("non-Liouvillean effects"), we can write formally

di
\

dt\
NL

(i)

Herein, / = f(x,p;t) denotes the normalized 6-dimen-
sional //-phase space distribution function that represents
a charged particle beam. Explicitly, the l.h.s. of (1) can
be expressed in terms of the Vlasov equation

*>' = f I I W
L al J NL

The r.h.s. of (1) formally stands for the non-Liouvillean
effects to be included in our analysis. If these effects con-

stitute a "Markov" process, we can describe it with the
help of the Fokker-Planck equation:

[-1 = £ -
L Qt J NL ,- &l

The remaining task is to determine its coefficients in an
appropriate way, namely the "diffusion tensor" elements
Dij as well as the "drift vector" components /?/;,-.

2.2 Moment Equations

In order to derive equations of motion for the RMS beam
moments from Eq. (2), we must set up as usual the second
order central moments of / and their respective deriva-
tives. As an example, the time derivative of (x2) is given
by

i<
Applying this procedure to Eq. (2), switching to labora-
tory "trace space" coordinates, and using the longitudinal
position s instead of the time t as the independent vari-
able, we end up with the following coupled set of moment
equations:

The similar sets of equations can be written for the y- and
^-directions.

2.3 Envelope Equation

Defining the RMS emittance ex(s) as

d(s) = (*2)<*'2}-(x*')2 (4)

and combining the first and the second equation of (3),
we can set up a differential equation for i/(a;2), which is
proportional to the actual beam width in the x-direction:

= 0 (5)

Comparing Eq. (5) with Sacherer's "RMS envelope equa-
tion"^], we observe that one additional term containing
the first order derivative of \J{x2) appears.
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2.4 RMS Emittance Equation

On the basis of Eqs. (3), the derivative of the rms-
emittance (4) is readily calculated to give

Id,,. 2<7

(6)

The moments on the right-hand side of (6) that contain
the electric self-fields of the beam will be neglected in the
following. It has been shown that these terms are related
to the change of the "excess field energy". For intrinsically
matched beams, this quantity is approximately a constant
of motion. The remaining terms are related to the Fokker-
Planck coefficients to be discussed now.

2.5 Temperature Relations
For a coasting beam circulating in a storage ring, the "local
momentum compaction factor" is given by[4]

c*(*) = D(s)/p{s) ,

with D(s) = Ar/(Ap/p) denoting the dispersion function
and p(s) the local radius of curvature of the centra! tra-
jectory. Using the abbreviation 6 = Ap/p, we can define
the equilibrium temperature T as

kT 1
mc2p2y ~ 3" (7)

with Tj(s) = y~2 — Q(S) as the "local slip factor".
If the diffusion as well as the friction effects can be ap-

proximately treated as isotropic, then only one diffusion
coefficient D in conjunction with a single friction coeffi-
cient 0j appears in our equations:

D = (Dxx) = {Dyy ) = (£>„) , / ? , = / ? ; . , = / ? / „ = / ? / „

Under these circumstances, D turns out to be propor-
tional to the "dynamical friction coefficient" /?/, yielding
the Einstein[5] relation:

D = (3, • ykT/m . (8)

As the result of the averaging procedures, /?/ is given by [6]:

V / m T c 2 \ 3 / 2

fj •{ikf-) - ' n A - (9)

In these expressions, kT denotes the equilibrium beam
temperature in energy units, m the particle rest mass, q
its charge, and 7 the relativistic mass factor, n stands for
the average particle density and In A for the Coulomb log-
arithm.

Then Eq. (6) reduces to a simple form involving only
second order beam moments[7]:

<z2) ds
- 2k'

(J/2)
(10)

with the abbreviation kj = /3j/cfiy. Again, similar equa-
tions apply for the y- and 2-directions.

3 GROWTH RATES
If we define the ratio rxy of the y- to the Z-"temperature"

Eq. (10) can be written in an alternative form:

- 2 ) . (11)

Depending on the actual sum of the temperature ratios,
the gradient of e2(s) can be positive as well as negative. In
contrast, the product e2e2 (62) can only increase during the
balancing process. If we add (11) to the similat equations
for In e2 andln(<52)

2kj
3 |

( 1 -
rxz 'V*

we observe that the right-hand side is always positive. It
increases as long as the temperatures within the beam are
not balanced - which indicates that lnetot(s) constitutes
a measure for the the beam entropy[4].

Integrating Eq. (12), we find

(13)
-tot

Herein Ixy, / r 2 , and Iyi denote the integrals of the three
temperature ratio functions. For example, the dimension-
less quantity Ixy is given by:

•ds> 0 (14)
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Figure 1: Envelopes and emittance growth functions of a
mismatched beam passing through a Continuous Focusing
Channel. (The scale on the right-hand side applies to the
dimensionless emittance growth functions.)
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From Eq. (13), the average e-folding time ref for the
emittance ratio £tot(0/£tot(0) is calculated to give

7-eT1 = f f t (/«y + I*z + lyz) • (15)

We see that a temperature balancing process - which is
driven by the fluctuating component of the interaction po-
tential - is always accompanied by an increase of the total
beam emittance etot- If in a periodic system the tempera-
ture imbalance is restored periodically due to the specific
beam handling, the integrals Ixy, Ixt, and Iyz are positive,
hence a repeated, not saturating growth of the emittance
occurs.

4 NUMERICAL EXAMPLES

4.1 Continuous Focusing Channel
To get an impression of the dynamics of a thermally un-
balanced beam, we first integrate Eq. (5) together with
Eq. (10) for the simplified case of a continuous focusing
device (kx = ky = const.; kz = 0). The results are plotted
in Fig. 1. In order to render the friction phenomena more
obvious, we increased (3j numerically by a factor of 104.
Consequently, the damping of the mismatch oscillations is
evaluated to take place much more rapidly and the growth
rates to be much larger, compared to a real beam.

The envelope oscillations are accompanied by a net in-
crease of the transverse beam emittances. As already
stated in the context of Eq. (14), the emittance growth
vanishes together with the mismatch oscillations, i.e. when
a circular symmetric beam evolves.

4.2 TheKEK-PS

In principle, the same effects are observed if we simulate a
real structure. The transformation of an ion beam through
one superperiod of the KEK-PS is plotted in Fig. 2. The
specific beam and structure parameters for this calculation
are listed in Tab. 1.
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Due to the temperature balancing process, a continuous
increase of both the transverse emittances as well as the
longitudinal momentum spread is calculated. The amount
of increase depends strongly on the specific initial beam
conditions.

Table 1: List of Parameters for the
ion species
energy
period length 5 (1/4 orbit length)
horizontal tune Qh
vertical tune Qv

Vav = 7 " 2 ~ 7l"2

beam current I
number of particles
initial RMS emittance ez(0)
initial RMS emittance £y(0)
initial RMS momentum spread Ap/p
ellipticity Ixy

ellipticity Ixz

ellipticity Iys

friction coefficient f3j
horiz. emittance e-folding time rXie(
vert, emittance e-folding time ryief
long, emittance e-folding time rZ|er
total emittance e-folding time ref

SIS simulation
II1*
12GeV
84.84 m
7.25
7.25
-0.0168
1.694 A
3.0 x 1012

8.25 x 10~8 m
5.25 x 10-8 m
2.0 x 10~3

1.858
3.055
2.043
1.5 x l O ^ s " 1

4.0 x 107 s
7.8 x 106 s
2.6 x 106 s
8.7 x 106 s

Figure 2: Envelopes and emittance growth functions of a
matched beam passing through the KEK main ring. (The
scale on the right-hand side applies to the dimensionless
emittance growth functions.)

In contrast to the "Continuous Focusing Channel", the
gradients of the emittance functions do not relax. Since the
imbalance of the transverse beam temperatures is restored
by each quadrupole, no equilibrium can ever be reached.
We thus do not find a relaxation of the growth rate, but
always a positive gradient for the total emittance.

5 CONCLUSIONS

The moment description of a charged particle beam has
been demonstrated to be useful even if additional non-
Liouvillean effects are to be included. We thus obtain ex-
tended RMS moment equations that describe - at least in
principle - any Markov process within the beam.
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Conservation of High Current Beam Emittance in a Nonlinear
Focusing Field

Y.K.Batygin
The Institute of Physical and Chemical Research (RIKEN)*.

Hirosawa, 2-1, Wako-shi, Saitama, 351-01, Japan

Abstract

Beam dynamics in a nonlinear uniform focusing channel is studied from the viewpoint
of keeping emittance of a high current beam. Conservation of beam emittance is treated as a
problem of proper matching of the beam with the uniform focusing channel. To obtain matching
conditions for a beam with an arbitrary distribution function, it is necessary to accept that the
potential of the external focusing field contains higher order terms than quadratic. The solution
for external potential is obtained from the stationary Vlasov's equation for beam distribution
function and Poisson's equation for electrostatic beam potential. An analytical approach is
illustrated by results of a particle-in-cell simulation.

1. Introduction

The nonlinear space charge field of a beam is a serious concern for beam emittance growth in
the low energy part of an accelerating facility. This effect is most pronounced in the injection
region where particles are slow and space charge forces are significant. The problem of beam
emittance growth due to nonstationary beam profile in a focusing channel with a linear focusing
field was treated in many papers (see ref. [1-9] and cited references there). The general property
of space charge dominated beam behavior is that a beam with an initial nonlinear profile tends
to be more uniform and this process is associated with strong emittance growth and the
appearance of beam halo. In Fig.l an example of beam dynamics with an initial Gaussian profile
in a uniform focusing channel is presented. After a few transversal oscillations, the mismatching
of the initial beam profile results in the appearance of a uniform beam core accompanied by
halo formation.

The beam emittance is conserved if the beam is matched with the channel. The problem of
matching of the nonlinear density profiled beam with linear uniform focusing channel was
studied in detail in ref. [9-12]. The analytical approach is based on the fact that the Hamiltonian
of the matched beam is a constant of motion, and therefore the unknown distribution function
can be expressed as a function of the Hamiltonian:

f(x,px,y,py) = f(H) , (1)

H = P x + P y + k?-(x2 + y2) +qUb(x,y) . (2)
2m 2

In eq.(2) parameter k2 describes focusing of particles in solenoids or smoothed external focusing
in alternative-gradient structure and Ub(x,y) is the space charge potential of the beam.
Combination of eqs.(l), (2) with Poisson's equation gives the integral equation for self-
consistent space charge potential of the beam in a focusing channel:

+qUb]dP;tdpy , (3)

* e-mail: batygin@rikvax.riken.go.jp
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where q is a charge of particles and e0 = 8.85-10"12 F/m is the permittivity of vacuum. After
finding the space charge potential of the beam Ub, the self-consistent distribution function can
be found using eq. (1). A general property of the solution to problem is that with increasing
beam current, the profile of the matched beam has to be more and more flat while the phase
space projection (beam emittance) has to be more and more close to a rectangle.

Laboratory beams are usually far from the above solution and suffer serious emittance
growth as shown at fig.l. The purpose of this paper is to check whether it is possible to match
the beam with a given distribution function with the uniform focusing channel. As is shown
below, it is possible if we assume that the focusing field includes higher order terms than
quadratic [13].

2. Matching of the beam with arbitrary distribution function

To find the matching conditions for a beam with an arbitrary distribution function, let
us assume as in eqs. (1),(2) that the beam is matched with the channel. Hence, the Hamiltonian
is a constant of motion but no assumptions about linearity of focusing forces are adopted:

2 2
H = P x + P y + q U (x,y) = const. (4)

2m

The total potential of the structure is a combination of the external focusing potential, Uext,
the space charge potential Ub of the beam, U = Uext + Ub. The time-independent distribution
function of a matched beam obeys Vlasov's equation:

f^JLQ Jm , (5)
dt dx dy opx ox dpydy

where the partial derivative of the distribution function over time is omitted due to initial
matched conditions. The distribution function of the beam is supposed to be given from the
source of particles of the beam. Therefore, the self potential of the beam Ub is also a known
function derived from Poisson's equation:

(6)(
dr dr

where p(r) is the space charge density of the beam. Combining solutions of Vlasov's equation
for total potential of the structure, U, and space charge potential of the beam, Ub , obtained from
Poisson's equation, the external potential of the focusing structure can be found:

= U- Ub.. (7)

The solution of this problem is unique for every specific particle distribution.

3. Example 1: Gaussian Beam Matched with the Channel

Let us consider a z-uniform beam with a Gaussian distribution function in four -dimensional
phase space which is close to the experimentally observed beam distribution:

2 2
f = foexP(-2^ty^-2-P^L) . (8)

R2 PO
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This distribution makes an elliptical phase space projection at every phase plane with
normalized root-mean-square (RMS) beam emittance:

Substituting the distribution function (8) into Vlasov's equation yields an expression for the
total unknown potential of the structure:

ypy ) = ̂ - IPx ^ - + Py ̂  ] • (10)

Vlasov's equation can be separated into two independent parts for x- and y- coordinates
respectively:

v

, y .
3x qR4 ^ qR4

Combining solutions of eq. (11), the total potential of the structure is a quadratic function of
coordinates which creates linear focusing:

U(x,y) = m ^ i | ( i ^ ± f - ) . (12)

The appearance of quadratic terms in the total potential of the structure is quite clear because
phase space projections of the beam have elliptical shape and an ellipse is conserved in a linear
field. The space charge field of the beam Eb is calculated from Poisson's equation using a known
space charge density function of the beam pb:

Pb= -JVexp(-2 4 ) . (13)
rccp R2

 R 2

L_L[l-exp(-2£)] , (14)
P r 2R2

where I is the beam current and P is the longitudinal velocity of particles. Subtraction of the
space charge field from the total field of the structure gives the expression for the external
focusing potential of the structure which is required for conservation of beam emittance:

[ ^ ( p (
qR R3 Icp r R

where I c = 4rc£0 moc
3/q = A/Z 3.13-107 amp is a characteristic value of the beam current. The

relevant potential of the focusing field is given by the expression:

! - £ - + 21 )r2) (

2R4 I cpR2 !cP 2R4 9 R 6 2kk!R2k
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Let us note that the external potential of the structure consists of two parts: quadratic (which
produces linear focusing ) and higher order terms which describe nonlinear focusing. The linear
part depends on the values of beam emittance and beam current while the nonlinear part
depends on beam current only. This means that the external field has to compensate the
nonlinearity of self-field of the beam and produce required linear focusing of the beam to keep
the elliptical beam phase space distribution. Fig. 2 illustrates the relationships between space
charge field of the beam, total field, and focusing field of the structure. The external focusing
field obtained from the above consideration is a complicated function of radius which is linear
near the axis and becomes nonlinear far from the axis. One of the ideal ways to create the
required focusing potential is to introduce inside the transport channel an opposite charged
cloud of heavy particles (plasma lenses) with the space charge density:

Pext=
R2 plc

(17)

In fig. 3 the charged particle density of the transport beam and the external focusing beam are
presented.
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4. Example 2 : "Water Bag" Beam Matched with the Channel

The analogous result can be obtained for a beam with "water bag" distribution in four-
dimensional phase space which corresponds to a uniformly populated 4D hypersurface :

P2

r.a i. (18)
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The coefficient 2/3 in eq.(18) is chosen from normalization of the distribution and reflects the
fact that the maximum beam sizes for such a distribution are V372~ larger than RMS beam
parameters R, and p0. This distribution is characterized by a parabolic space charge density
function in real space:

(19)
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The solution of Vlasov's equation is the same
as for the potential described by eq. (12). The
space charge field of the beam is a two-term
function of radius:

Ub = - 4
R2

(20)

The corresponding potential of the external
focusing field is given by the expression:

(21)
6R'

In fig. 4 the space charge potential, total field
and required focusing field of the structure are
presented. As in the case of a Gaussian beam
the required focusing field is close to a linear
function of radius near the axis and drops
nonlinearly far from the axis.

5. Results of Particle-in-Cell Simulations

To verify the possibility of conservation of beam emittance in a nonlinear focusing field, a
beam dynamics simulation using particle-in-cell code BEAMPATH [14] has been performed. A
beam of particles is represented as a collection of 10000 trajectories. Equations of motion are
integrated using a second order integrator with constant time step At:

vi+i/2 =vui/2+ Ei -At , r i+1 =ri + v i+1 /2 -At (22)

The space charge field of a z-uniform beam is found from two-dimensional Poisson's equation
in Cartesian coordinates:

3x2 Eo
(23)

The Dirichlet boundary condition for potential Ub is imposed on the surface of an infinite
rectangular pipe with transverse sizes a x a. The region occupied by an ensemble of particles is
divided into uniform rectangular meshes of dimension NX x NY = 256 x 256. The charge of
every particle is distributed among the nearest four nodes inversely proportional to the distance
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of the particle from each node. To obtain solution of Poisson's equation, the space charge
density of the beam and the unknown potential functions are represented as Fourier series:

NX-l NY-1

Pij=X X
u=l v=l

NX NY

NX-l NY-1

= X X Uu,vSin(ML)sin(HL).
u=l v=l

NX NY

(24)

(25)

Calculation of the series is performed using a Fast Fourier Transformation (FFT) method. Space
charge and potential expansion coefficients are connected by an algebraic relationship following
Poisson's equation:

U u v = " •'uv (26)

which gives the solution of the space charge problem. Electric field components are calculated
by numerical differentiation of the potential grid function .

In figs.5 and 6 the results of the beam dynamics study with initial Gaussian distribution in
linear and nonlinear focusing channel are presented. The external focusing potential for the
linear focusing channel was chosen as

(27)
2 R R2

which corresponds to the matched conditions for an equivalent KV beam with the same RMS
beam emittance, e, and RMS beam size, R.
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Fig. 5. Emittance growth of the Gaussian
beam in linear focusing channel (upper
curve) and emittance conservation in
nonlinear focusing channel (lower curve).

In the case of nonlinear focusing, the
external potential is represented by eq.
(16). Let us note that quadratic terms
in potentials (16) and (27) are different.

From results of simulations, it
is seen that in both cases the sizes of
the beam in real space are close to
constant which is typical for matching
of the beam, taking into account RMS
beam sizes. But in the case of linear
focusing, the beam is mismatched in
the phase plane which results in 50%
emittance growth accompanied by halo
formation. At the same time, the beam
is completely matched with the
nonlinear focusing channel, and this
results in conservation of all beam
characteristics and does not suffer any
serious emittance growth.

9 4 -



f .

.•1

t .

•.•Jj »'.'

Q
•i

IT

I"0 Q
Fig. 6. Mismatching of the Gaussian beam in linear focusing channel
(left column) and matching of the same beam with nonlinear focusing
channel (right column).

6. Conclusions

Conservation of beam emittance was treated as a problem of proper matching of the beam
with a uniform focusing channel. Matched conditions for the beam with elliptical phase space
projections but nonlinear space charge forces in a uniform focusing channel require the
focusing field to include nonlinear terms of higher order than quadratic. The solution for the
external potential is attained from the stationary Vlasov's equation for beam distribution
function and Poisson's equation for electrostatic beam potential. The focusing field produces
linear focusing near the axis of the structure but has to change non-linearly away from the axis.
Different examples of Gaussian and "water bag" distributions in 4D phase space are
considered. Results of a particle-in-cell simulation confirms the conservation of beam
emittance in a nonlinear external fieid. Further efforts are required to consider different ways
to create a nonlinear focusing potential distribution which maintains beam emittance constant.
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Measurements of the Parameter Dependence of

Synchro-betatron Resonances in LEP (Jaiticles/eeal>94.doc)

by

S. Myers
SLDiv. CERN

Abstract

The strength of synchro-betatron resonances of the type kQh + mQv + nQs = p have
been measured by recording the variation of the transverse beam size while traversing these
resonances. The strength of the resonances has been measured as a function of the bunch
intensity, the dispersion and orbit offsets at the RF cavities, the optical imperfections
introduced by the "pretzel" acheme, and the betatron coupling. The condition for resonances
of the type Qv = mQs is compatible with all tunes being incoherent provided the incoherent
synchrotron tune increases with intensity. This dependence has been confirmed by
independent measurements.

The strongest driving mechanism for exciting synchro-betatron resonances is
dispersion and vertical orbit offsets in the RF straight sections. Artificially increasing the
dispersion and the orbit offsets had a dramatic influence on lower order resonances and a
significant effect on higher order ones.

Introduction
In all electron-positron storage rings, synchro-betatron resonances are a potential

source of loss of performance due to emittance increase or even beam loss. In LEP these
resonances have been a source of intensity limitation at injection energy and cause of beam
loss at collision energies. This has necessitated careful control of the tune values at injection,
during energy ramping and in collision.

There are many well known mechanisms for coupling the longitudinal and transverse
motion of the particles. Of these, usually the most severe is momentum dispersion at the
location of the RF cavities. Consequently LEP was designed with zero horizontal momentum
dispersion in all the RF straight sections and of course zero vertical dispersion everywhere.
However measurements have shown that the residual dispersion, produced by machine
imperfections is significant and particularly dangerous in the vertical plane.

The performance of LEP is fundamentally limited by the transverse mode coupling
instability which limits the current per bunch. In order to raise the threshold of this instability
it has been proposed to significantly increase the synchrotron tune (Qs) at injection energy.
Since these high values of Qs cannot be maintained during the energy ramp it is inevitable
that synchro-betatron resonance must be crossed. This experimental study was initiated in
order to understand the resonance behaviour and to allow a proposal for crossing synchro-
betatron resonances during the energy ramp.
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Measurement Technique
The measurement technique is rather simple and automated by use of the "tune scan".

The horizontal and vertical tunes are incremented in a prescribed way by variation of the
main quadrupole chain. At each incremental step the tunes are measured along with the
beam sizes (as measured from the synchrotron light monitor), the bunch currents and the
current lifetime. In order to differentiate between coherent and incoherent resonant
conditions the tune dependence on current was measured beforehand under identical
operation conditions.

Dependence on Beam Current
The vertical tune scans were made at three intensity levels. The results are shown in

Fig. 1 where the vertical beam size is plotted as a function of the measured vertical tune
value. For ease of viewing a base line offset was added to each scan.
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Figure 1 Vertical beam size (arbitrary units) as function of the measured vertical
tune value.

The vertical and horizontal tune shifts due to the LEP transverse impedance were also
measured as a function of intensity. (See Fig 2.) These results were used to evaluate the
incoherent or zero current tune values (Qvinc) In addition it is known for LEP, that although
the coherent (measured) synchrotron tune remains constant with intensity, the incoherent
synchrotron tune increases with bunch current. If the hypothesis is made that for example the
resonance Qv = 3QS is a single particle resonance and therefore occurs at incoherent tune
values then by varying the value of Qsinc, a perfect resonant condition can be found for
various values of bunch current. This was done and the results are shown in Fig. 3
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Figure 2 Vertical tune shift as a function of bunch current.
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Figure 3 Vertical Beam size plotted against incoherent vertical tune shift normalised
to a set value of the incoherent synchrotron tune which reproduces the resonant condition.

From Fig 3 it can be seen that there are resonances which are not at constant
Qvinc/Qnnc- In order to try to identify the resonance condition for these, the blow-up was
plotted as a function of the difference in the measured horizontal and vertical tunes
normalised to the measured synchrotron tune (Qhm-Qvm)/Qan- The results of Fig 4 show weak
resonances which satisfy the condition Qh - Qv = Qs- Measurements done several years ago
(on an optics with different phase advance per cell) showed these resonances to be much
more dangerous and in fact could even provoke beam loss.
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Figure 4 Vertical beam size plotted as a function of the measured differences in
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From the results of Fig 3 the shift of the incoherent tune as a function of the bunch
current have been calculated and are showm in Fig 5 and are in reasonable agreement with
independent measurements of the same parameter using a different technique.
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Figure 5 Estimated incoherent synchrotron tune shift as a function of the bunch,
current

Influence of Vertical Dispersion
The residual vertical dispersion in the RF straight sections is the main mechanism for

coupling longitudinal motion into the vertical phase plane. In normal operation of LEP this
dispersion is minimized by careful correction of the closed orbit. The dispersion can be
measured by subtracting closed orbits measured with energy deviations. For the results
presented thus far the measured rms dispersion was 8 cm. It is also well known that the
application of "asymmetric" orbit bumps through the interaction region creates a dispersion
bump all around LEP. For this reason fairly large "asymmetric" bumps were applied in all
even interaction regions to increase the rms dispersion. By this technique the measured
residual vertical rms dispersion was increased from 8 to 44 cm. The tune scan with this
increased dispersion caused loss of nearly all the beam current as the tune was swept across
the "second side-band" (Qv = 2Qs). The tune scan in going from high tune values
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downward towards and eventually across the second side-band is shown in Fig. 6 along with
the tune scan at lower dispersion.
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Figure 6 Tune Scans with Two Values of Dispersion (The vertical tunes are corrected for
the intensity and the Qs is modified so as to meet the incoherent resonant condition).

Influence of Betatron Coupling
On several occasions during 1991, (on the 60° phase advance per cell optics) it was

observed that the synchrotron side-band of the main coupling resonance (Qj,- Qv = Qs) could
impose a limitation on the bunch intensity. In LEP the strength of the main betatron coupling
resonance is measured by the "closest tune approach" whereby the vertical and horizontal
tunes are swept through each other and the tune range over which the tunes lock onto each
other is taken as a measure of the strength of this resonance. In all the experiments reported
thus far the measured value for this parameter was .009. Skew quadruples were then
excited so as to increase the coupling by more than a factor of 2 to .021. Figure 7 shown the
tune scan under this condition and for comparison the standard tune scan. The bandwidth of
the main coupling resonance is substantially increased. From the point of view of synchro-
betatron resonances however it is clear that the increased coupling does not significantly
increase the second order resonance or even the sidebands of the main coupling resonance.
However it is interesting to note that some other effects seem to be enhanced by increasing
the betatron coupling. During this workshop it was made apparent that one possible driving
source of the synchrotron side-band of the main coupling resonance is the chromatic
coupling, i.e. the change in the strength of the betatron coupling with energy deviations. It is
intended to attempt to measure the influence of this parameter in the near future.
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Influence of Orbit Displacement in the RF Cavities
It has been known for some time that orbit displacements in RF cavities is a driving

mechanism for synchro-betatron resonances. In this experiment the closed orbit through the
RF cavities around interaction points 2 and 6 was well corrected so as to produce the
minimum displacement through the room temperature cavities. A vertical closed orbit
"bump" (of amplitude 10mm peak) was then applied to these straight sections. The tune
scans for these two different situations are shown in Figure 8. Examination of these plots
show that the second sideband (Qv = 2QS) is very slightly less excited whereas the excitations
of the third, fourth and fifth sidebands are significantly enhanced.
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Figure 8 Influence of Orbit Displacement in the RF Cavities
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Influence of the Imperfections due to the Pretzel Scheme
During part of 1993 and all of 1994 LEP was operated with a horizontal "pretzel"

scheme. In this experiment a comparison was made of the situation with and without the
pretzel separators excited. The results of Figure 9 show that the bandwidths of all
resonances are enhanced by the pretzel orbit. In particular the second sideband (Qv = 2QS) is
significantly enhanced. The increase in the vertical dispersion produced by the pretzel
scheme was measured to be from 8.4 cm rms to 9.5cm.

Qs Measured - 0.06
• » -»10 Ul\ *C.:0. and PRETZEL ON.

- • - 06. ah =0.20, Q < ' = I . O , ay '= i .o

0.0

Qvinc/Qsinc

Figure 9 Influence of the Pretzel Scheme.

Influence of the Synchrotron Tunes (Qs).
In order to increase the threshold for the Transverse Mode Coupling Instability it is

foreseen to operate LEP at very high values of Qs at injection energy. For this reason an
experiment was performed in which the value of Qs was increased to nearly double its value
used in the previous experiments. The results of these tests, shown in Figure 10 indicates
that the excitation of the synchrotron sidebands increases but only slightly as a function of
the synchrotron tune.
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Figure 10 Variation of the Synchrotron Tunes
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Summary of Results
From inspection of the experimental results presented here the following comments

can be made.
• There was no measurable effect of horizontal synchro-betatron resonances.
• The strongest and most dangerous resonance measured was the Qv = 2QS where the

tune values are incoherent or single particle tunes. The bandwidth of this resonance
increased with bunch intensity, with increased vertical dispersion, and with increased orbit
offsets. In addition the orbit offsets increased the importance of higher order resonances.

• In order to fit the resonance condition for Qv = 3QS the incoherent synchrotron tune
must increase with intensity as shown in Figure 5.

• The sidebands of the main coupling resonances (Qh - Qv = nQs) are not strongly
excited on this configuration. However the resonant condition for these resonances is clearly
satisfied by the coherent (measured) tunes.

• Although increasing the dispersion has a strong effect on the second sideband it has
much less influence on the higher order sidebands. Nevertheless there are resonances whose
resonant condition has not yet been identified and which are amplified by increasing the
vertical dispersion.
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Abstract
Bunch lengthening was measured as a function of the beam current. When the beam

current increased, a sudden blowup of the bunch length was observed together with strong
coherent oscillations. The bunch shape did not clearly change just before and after the blowup
except an increase by 30% of the FWHM. It was observed that the blowup exhibited
hysteresis when the beam current decreased. The hysteresis also occurred as a function of the
accelarating voltage. The threshold currents of the blowup depended on the accelerating
voltage. These experimental observations are described in detail.

1. INTRODUCTION

Bunch lengthening is one of the most important issues in electron/positron rings from the
aspect of beam dynamics. In the AR, bunch lengthening actually occurs. It is expected that
the bunch length should be measured dynamically to understand the bunch lengthening. The
bunch length has been measured using the synchrotron light by a streak camera. This method
has an advantage of detecting a charge distribution. However, it is difficult to follow
dynamical change of the bunch length. Therefore, a real-time bunch-length monitor based on
detecting the beam spectrum has been developed in the AR.

The bunch length monitor(BLM)[l>2] has the following features:
(1) It has high resolution, and can distinguish a difference of 0.1 mm for 20 mm bunch length,
which corresponds time resolution of 0.3 ps.
(2) It has a wide dynamic range of 30 dB, minimum detectable current is 0.2 mA with an
accuracy of ±10%.
(3) It has wide bandwidth of 150 kHz, and can detect coherent oscillations including higher
modes, if excited.
(4) It automatically displays the bunch length in real time.

The AR stores only one electron or positron bunch. The RF system has two sections at the
ring. Each RF section contains four APS (Alternating Periodic Structure) type cavities.^
The main parameters of the AR are listed in Table 1.

Table 1 Main parameters used in the measurement.

Beam energy E = 2.5 GeV
RF frequency Frf = 508.58 MHz
Harmonic number h=640
Accelerating voltage Vc=0.5 - 4.0 MV
Synchroton energy loss Es=0.15 MeV/turn
Natural rms bunch length a]0 =0.8 - 2.0 cm
Synchrotron tune vs0=0.025 - 0.050
Momentum compaction factor a=0.0129
Energy spread AE/E=4.40xl0"4

Number of bunch Nb=1
Average Radius R=60 m
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2. OBSERVATIONS OF HYSTERESIS^

The measurement was carried out at the injection energy under constant Vc of 1.18 MV.
The natural rms. bunch length is 45 ps or 1.4 cm. The bunch length was measured using a
streak camera (SC) as well as the BLM. Bunch lengthening was observed without a clear
threshold. The measured lengthening was about 5%/mA. No coherent oscillation was
observed below 3 mA. On the other hand, a shift of the synchronous phase was observed
with a rate of 10 to 15 ps/mAt5!. Suddenly, the bunch length increased by 30% together with
strong coherent oscillations when the current was 4.8 mA. The jump of the bunch length
caused discontinuities in the other observed beam parameters. The synchronous-phase angle
jumped to a lower current side by about 2deg. Or lOpst^J. The excited coherent synchrotron
oscillations were different. Though only quadrupole oscillation was excited before the jump,
strong oscillations were excited with higher order modes after the jump. The frequency of the
quadmpole mode jumped to a lower value by 5%.
The jump in the bunch length
exhibited hysteresis as a function
of the current as is shown in Fig.
1. When the current was
decreased from point <C> after the
jump, the bunch length did not
return at the same current of 4.8
mA. The bunch length pursues
line <C>-<D>. As the current
was further decreased, jump-down
occurred from point <D> to <A> at
the curent of 3.0mA. At the same
time, no coherent oscillation was
observed, and the hysteresis
disappeared. The region between
the two jumps is called the
hysteresis region, where two
bunch lengths are possible. The
data in the longer bunch-length
scatter, which may be caused by
the longitudinal instability.

Beam Current (mA)

Fig. 1 Hysteresis of a jump in the bunch length
as a function of the current at Vc=1.18 MV.

The jump was also confirmed by the SC. Fig. 2 displays bunch shapes at just before and
after the jump-up. Each bunch shape indicates a shot in successive eight revolutions. One can
see a clear difference in the bunch length at the almost same currents. The FWHM mesured
using the SC agreed with the values obtained using the BLM. The disparity in the threshold
currents between Fig.l and Fig. 2 may be due to uncalibrated data of the accelerating voltage
and/or the beam current. An error of about 10% in the accelerating voltage is expected between
an actual value and a set one. One may notice a small shoulder near the top of the distribution
in Fig.2-(b).
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Fig. 2 Bunch shapes just before a jump-up (a), and after a jump-up (b). Time goes from right
to left, (a) Ib=5.48mA Vc=1.0MV FWHM=154.3ps

(b) Ib=5.56mA Vc=1.0MV FWHM=202.6ps
aL= 1.97 cm
oL = 2.58cm

The bunch length was also measured as a function of Vc under a constant beam current.
The Vc is not an actual value but a set one. The current at which the jump-up occurred with
Vc=l .OMV is kept constant except a decay of the current due to the beam life. The current was
5.6 mA. The Vc was increased from 1.0 MV with a step of 0.1 MV. The bunch length of 2.4
cm does not change as a function of 1/ ^V^, but is almost constant as shown in Fig. 3-(a).
But, when the Vc reached 1.8 MV the bunch length abruptly decreased from 2.4 cm to 1.75
cm. After the jump-down, it remained in the lower value around 1.8 cm even if the Vc
decreased to 1.0 MV. One can notice the bunch itself is unstable when the bunch length is
between 2.0 cm and 2.3 cm. The similar measurement was started from Vc=0.5 MV as shown
in Fig. 3-(b). The threshold current is 3.7 mA, which is lower than that at Vc=1.0MV. Then
the bunch length at just before the jump-up is 2.1 cm, which is longer than that at Vc=1.0MV.
The hysteresis region is narrower than that at Vc=1.0MV.
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Fig. 3 The hysteresis of the bunch length as a function ofVc at almost constant currents of
around 5.3 mA (a) and around 3.6 mA (b). The circles are measured by the BLM and the
squares by the SC.
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There are two jumps in the bunch
length, one corresponds to line <B>-
<C> and the other <D>-<A> as
shown in Fig.l. The threshold
currents for the jumps depend on Vc.
Fig. 4 shows the threshold currents
as a function of Vc. As the Vc
increases, these threshold currents
linearly increase. The hysteresis
region weakens when the Vc
decreases. When the Vc lowers to
less than 0.5 MV, the hysteresis will
not occur.
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Fig. 4 Jump-up and jump-down currents
in the hysteresis as a function ofVc.

3. DISCUSSION

The RF system controls the voltage, the phase-lock and the resontant frequency of the
APS cavities. The resonant frequency, the phase-lock and the voltage did not indicate a jump
at the blowup. The hysteresis phenomena are observed regardless of tuning the RF system
itself. The system employs neither an active beam feedback control nor a higher harmonic
cavity. Thus the hysteresis is not a peculiar problem on the RF system of the AR.

One may consider the jump in the bunch lengthening is related to the turbulent instability^].
The threshold current of the instability is given as

a.

Re
Z((o) (1)

The above equation shows that the threshold current increases with the bunch length. But, the
measured threshold current decreases when the Vc decreases as seen in Fig. 4. When the Vc
decreases the natural bunch length increases and the bunch length at the threshold also
increases. Thus this instability is not what is called the turbulent instability but is caused by
some other mechanisms.

P.B. Wilsonl7] has suggested that there be a relative maximum in the potential well
somewhere within the bunch as one threshold criterion. This condition means that there will
be two stable fixed points within the bunch and one unstable point at the position of the
maximum. Thus his conjecture lets the bunch have a two-peak distribution at the threshold.
Though the shift of the synchronous-phase angle also suggests double peaks, the measurement
dis not show such a two-peak distribution at the threshold as shown in Fig. 2.

K. Oidel^] recently calculated the threshold of a longitudinal instability. A jump in the
bunch lengthening is noticed in his simulation using a pure-resistive (8-function) wake. Such
a discontinuity in the bunch length would be caused by an unstable region between two
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relatively stable states. There is no guaranty to pursue a previous way in a process of a jump,
which may cause hysteresis. The wake of the AR is similar to a resistive wake rather than an
inductive one according to the data of the bunch lengthening and the synchronous-phase shift
below the jump. The bunch lengthening yields an estimation of the imaginary part of the

impedance. The estimated impedance is Zf. (0)) / n\ = 1.0 to 1.5 Q., which is not a high
value. On the other hand, the loss factor estimated from the shift of the synchronous phase is
k=70 V/pCt5] at the bunch length of 1.8 cm. This energy loss caused by the resistive part of
the impedance is bigger than the radiation loss of 0.15 MeV at the current of 3 mA.

4. SUMMARY

1. A jump in the bunch length was observed together with coherent oscillations. This jump
has hysteresis when both the beam current and the RF voltage change. The BLM is a useful
device to observe the hysteresis.
2. The threshold currents increase with an increase of the Vc and with a decrease of the bunch
length. Considering the jumps as the threshold of the turbulent instability, the threshold
current is inconsistent with the Boussard criterion.
3. The bunch shape did not indicate a clear change before and after the jump except a small
shoulder near the top in the distribution. A two-peak distribution was not observed.
4. The instability is caused by a potential-well distortion, not by a peculiar problem of the RF
system.
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Effect of Nonlinear Fields on the Beam Emittance.

D.V. Pestrikov
Budker Institute for Nuclear Physics

630090 Novosibirsk, Russia

Abstract

An instability of the beam phase space due to nonlinear fields results in the
dependence of the tune shifts on amplitudes of oscillations of particles and in the
excitation of nonlinear resonances. The beam cooling and stochastic processes result
in the population of the separatrixes of these resonances and in the modulation of the
beam distribution function in phases of oscillations. In the last case, the distribution
function of the beam becomes a many-parametric function and therefore, a concept
of the beam emittance can give only rough description of the beam.

1. In a storage ring with linear lattice an equilibrium between the beam cooling and
the beam heating results in a Gaussian distributions of particles in the phase space. For
instance, for horizontal oscillations such a distribution function reads

(1)

Here, N is the number of particles in the beam, 2nR0 is the closed orbit perimeter, u is
the (betatron) tune of a particle, while the path along the orbit is s = RQO. In this case,
the beam emittance e is defined as the average value of the action variable J

(2)

e = * + ( ^ / 2 ) < z2 > +fi < {z'f > -/?' < z'z >.

For a Gaussian beam without coherent oscillations this value gives the complete descrip-
tion of the beam in its phase space. In non-equilibrium cases, if say, we want to describe
the beam after its injection in the ring, the second part of Eq.(2) still can be used to
define an effective emittance of the beam. As is known, the last value will coincide with
the beam emittance only in the case, when the beam phase space matches the ring lat-
tice. The last requirement can easily be held only in cases, when the ring lattice does not
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contain elements with nonlinear dependence of deflecting forces on particle offsets (z, z').
Otherwise, due to dependence of betatron functions and tunes on amplitudes of particle
oscillations the beam is smeared in the phase space, which results in the increase of the
beam emittance.

2. Typically, two classes of nonlinear effects may cause the blowup of the beam sizes in
the phase space. These are various dependences of the particle tune shifts on amplitudes
of its oscillations, and the excitation of various nonlinear resonances. Nonlinear tune
shifts contribute to the Landau damping of collective modes of the beam and thus, may
change the equilibrium beam emittance, if unstable modes of the beam are stabilized by
Landau damping. In this case, the perturbations of particles by collective fluctuations of
the beam can be described in terms of their collisions and, generally, may not change the
geometry of the beam phase space. We shall not discuss these phenomena in this report.

On the contrary, one of the most important consequence of the effects from nonlinear
resonances is the formation of buckets in the phase space, which essentially changes its
geometry. Due to nonlinear dependences of tunes on oscillation amplitudes the buckets for
different resonances have generally different positions in the phase space. Due to a finite
phase space volume of these buckets certain amount of the beam particles can be stored in
these buckets. This effect definitely enlarges the volume of the beam in the phase space,
but has nothing to do with an increase in the beam emittance. Generally, the population
of the bucket is determined by the balance between the rate of incoming particles (due to
scattering in the bucket and the capturing of particles due to beam cooling) and the rate
of particle losses from the buckets. This means, that the kinetic equations describing such
processes must have the collision integrals different from that of the Fokker-Planck type.
In this case, the equilibrium distribution function, if it exists, apart from other factors will
depend on the position of the driving resonances in the phase space and therefore, will be
a many-parametric function. In particular, near resonances these distribution functions
will describe the beam with stationary coherent oscillations.

3. Since the straightforward analytic description of these phenomena is very com-
plicated, we studied a simplified numerical model of the beam-beam instability in the
weak-strong approximation. In this model the particles from the weak beam are per-
turbed at the interaction point by the nonlinear field of the strong beam. In contrast to
the case of the lattice nonlinearities, the space charge forces (due to beam-beam interac-
tion, or due to Coulomb space charge of a low-energy beams) can destroy the beam phase
space close to the beam core region. For the sake of simplicity we assumed zero disper-
sion function at the interaction point, zero length of the strong beam and no synchrotron
oscillations for particles in the weak beam. For the same reason, we adopted that the
beam-beam kick can be described by the following simple expression:

xf '\ A c x 1 dx

d{x ) = — 47r£ - , x = — .
1 -+• x -f zl ds

Here, £ is the beam-beam parameter (here, we took £ = 0.1 ), the betatron offsets of the
particle (a: and z) are measured in units of the radius of the strong beam (d = \/e/?),
while the longitudinal distance s is measured in units of the /^-function at the interaction
point (/3). The one-turn map starts from the middle of the interaction point. After the
passing of the first half of the interaction point, a particle is transported through the ring
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with the betatron phase advances /zx = \iz = 2iri> for horizontal and vertical oscillations,
then it is subjected by the cooling kick, which includes both synchrotron radiation cooling
(typically, we took equal vertical and horizontal damping times r = 104Tb, where To is the
revolution period of particles) and the fluctuations of the synchrotron oscillations. The
passing of the second half of the beam-beam kick finished the one-turn tracking. Initially
the particle was placed at the origin of the phase space at was tracked during necessary
amount of damping times. Usually, some time was spent to prerun the program in order
to randomize initial conditions. Typically these calculations showed an increase in the
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Figure 1: Horizontal phase space of a particle near the resonance v = 1/6. The plot
presents the last 2000 turns. ATrun = 3r.

modulation of the phase space density, when the particle tune approached a resonant
value (see, in Fig.l, where v ~ 1/6).

Figure 2 shows the dependence of the relative luminosity [£(£)/£(£ = 0)] on the tune.
Since in our model the transverse density of the strong beam p(x,z) is proportional to
1/(1 + x2 + z2)2, the luminosities for this picture were calculated using the expression

C

Co

m

fell
m

E l

1 + a

1 +

1
c2

1

+ A ]2

where n and m are the initial and final numbers of turns to trace the luminosity. During
these runs the offsets in the numerator were calculated taking the given value £ = £o,
while in the denominator these values were calculated taking f = 0. The cooling factors
and fluctuations were taken the same for both calculations. The effects of the resonances
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Figure 2: Dependence of specific luminosity on the betatron tune. ATrun = (5 + 5)r.

1/2, 1/4, 1/6, and 2/6 are clearly seen in this Figure.1 Since £/C0 gives the ratio of the
cross sections of the weak bunch without (So) and with the beam-beam interaction (£"(£))

£ _ So

o "-Hs,/

Fig.2 indicates the blowup of the weak beam cross section near the mentioned resonances
(this, certainly, agrees with a direct inspection of the beam phase space portraits). How-
ever, the Figures 1 and especially 3 show that this blowup has nothing to do with the
increase in the beam emittance because near the resonances the distribution of particles
in the phase space becomes very nonuniform. In this case, it is probably better to say
about the population of the buckets, which qualitatively can be described by the values
of harmonics of the beam density in betatron phases

/•OO /"27T (I'll)

= / dJ -^/(J,
JO JO L"K

AM,

Figures 3 indicate that near initial resonances the ratios ANm/N do not differ much
from unity. As is known, sharp right edges of peaks in these pictures are specific for the
beam-beam resonances.

As a conclusion we note that effect of nonlinear resonances makes insufficient the
description of the beam in terms of its emittances. In this case, the distribution function
of the beam apart from e has other momenta, describing the local symmetry of the phase

*A noisy behaviour of the ratio C/Co is not understood yet. The spread of this noise generally
decreases, when decreases either £, or the damping time of the particles. So that, if f = 0, the calculation
results in a straight line.
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space and corresponding excitation of stationary coherent oscillations of the beam. In
particular, these stationary coherent oscillations can modify the results of calculations of
the stability of coherent beam-beam oscillations in the strong-strong case.
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Figure 3: Dependence of amplitudes of the 2nd, 4th, 6th and 8th harmonics of the phase
density (AiVm) on the betatron tune. ATrun = (5 + 5)r.
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Microwave Instabilities in the Electron
Ring with Negative Momentum

Compaction Factor

S. X. Fang? K. Oide, K. Yokoya, B. Chen} J. Q. Wang*
KEK, National Laboratory for High Energy Physics

Oho, Tsukuba, Ibaraki, 305 Japan

December 28, 1994

ABSTRACT

Bunch lengthening (or shortening) caused by the potential well distortion and the mi-
crowave instability in electron rings with negative momentum factor is discussed in
detail with the resonator impedance model, and comparison with rings of positive mo-
mentum compaction is given. It was found that the bunch shape is less deformed and
the current threshold of the microwave instability is higher in the ring with negative
momentum compaction factor in a very wide range of impedance parameters. The
results also show that even in the range, where the threshold for positive momen-
tum compaction is higher than that for negative momentum compaction, the bunch
lengthening is still less seriously in most cases. The main reason is that the beam is
less deformed by its own wake field and some "negative feedback" mechanism play an
important role in the ring with negative momentum compaction factor. Finally, an
example of the bunch lengthening of the case a < 0 with the real wake field of SLC
damping ring is given in contrast to the case a > 0.

"On leave of absance from Institute of High Energy Physics, Academia Sinica, Beijing, China.
^Superconducting Super Collider Laboratory, Dallas.
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Introduction

The bunch length variation due to the microwave instability is a very interesting
problem for the electron-positron colliders[l], especially in most of the existing low
energy electron-positron colliders, usually, the positive momentum compaction (a > 0)
is adopted. The bunch lengthening in such machine is one of the most important factor,
which limits the luminosity performance and its upgrade.

The idea, to understand the bunch lengthening phenomenon in the ring with
negative momentum compaction factor (a < 0) was initiated by the desire to upgrade
the luminosity in the BEPC (Beijing Electron Positron Collider)[2]. For further lumi-
nosity upgrading, several approach was proposed, among which the mini-/? insertion
was the most promising, but the crucial factor for BEPC mini-/3 is the bunch length.
At present, the average maximum luminosity BEPC is 6 x 1030cm2sec~1 at 2.0 GeV,
and the corresponding bunch length by the measurement is about 7-8 cm, which is
about twice large than the calculated value 4.16 cm. In order to shorten the bunch
length from 7 cm to ~ 3 cm, to fit the requirement of 3.6 cm mini-/? configuration,
by increasing the RF voltage from 1 MV to 2.4 MV, two more cavities, provided by
CERN SPS division have been added into the BEPC ring. However, recent experi-
ment results show that the bunch shortening by increasing the RF voltage is less than
the value predicated by theory. According to the scaling law of BEPC obtained by
the bunch length measurement[3], the bunch length is still about 4.5 cm at 2.0 Gev,
50 mA, with 2.4 MV of RF voltage. Hence, finding different approach to shortening
the bunch length becomes a very important issue. By using the negative momentum
compaction is one of the hopeful approach.[4]

In this paper, the method and computer program developed by K. Oide and
K. Yokoya[5] is used to study the longitudinal bunch behaviour. First the equation
of motion is reviewed in simple. Then the potential well distortion (PWD) and the
threshold of microwave instabilities with resonator impedance model for both a > 0
and a < 0 cases is discussed and compared in detail in the second and third section.

Finally, as an example, the bunch lengthening in a ring with the real wake field
of the SLC Damping Ring for a > 0 and a < 0 is demonstrated.

General speaking, the bunch lengthening is less seriously in the ring with a < 0.
All above results will not only be of benefit to upgrade the luminosity of BEPC,

but also of importance for future high luminosity collider designing.

1. Equation

The canonical variables used here are the normalized energy deviation p = —^
and normalized longitudinal distance q — -^~ from the synchronous particle. Here r) is
slippage factor, CTEO, crz0 is the rms natural bunch length and the r.m.s. natural energy
spread.

The single particle motion is described by Hamiltonian H:

H = IP2 + \<? - h,s I I WN(q - q")p(q")dq"dq' (1)
L L Jq Jq'
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Here Wjv(<7) is the normalized wake field, generated by the particle in the bunch and
equal to zero in the region q > 0 for causality. p(q) is the particle density in the bunch,
and Ik,s is the well known Keil-Schnell criterion parameter, which is dimensionless,

/ is the current intensity, Rs is the shunt impedance of a broad-band resonator, -̂  is
the nominal beam energy in unit Volts.

The relation between normalized longitudinal wake field Wjv(g) and usual wake
field Wiiffl) is:

For resonator wake field

K
WN(q) = | e ^ ? sin(V4g"2 - 1-feq + tan" V * Q 2 - 1)) , for Q > 0.5, q < 0.

here K = ur
£f-,LOT is the resonator frequency, c is the speed of light. So W\\(q) is fully

determined by only two parameters K and Q. The corresponding equation of motion
is:

£ f P () m
fs = - f = - ? - h,s J? WN(q - q')p{q')dq' (b) [Z)

here 5 = ujsOt, UJSO is the unperturbed frequency of the synchrotron motion, 5 is the
phase of the synchrotron motion. From Eq. (2), the Vlasov equation can be obtained:

tp — i/)(p, 9, s) is the distribution function in phase space (p, q), here Ao = 773—) ̂ o being
the radiation damping time and p(q') = fi>{p,q')dp

Splitting if>(p,q,s) into two parts

ip(p,q,s) =

and ignoring the nonlinear terms in ^a , we obtain the linearized Vlasov equation for

(4)
is a stationary solution of the Haissinski equation:

-q )Mp'?}=° (5)
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By transforming (p, q) to action angle variables (J,
can be rewritten as follows:

~ds~ = ~U~d$ + I k ' s~dI^ J

1 a./.

))

finally, the Vlasov equation

(6)

here, w( J) is the incoherent synchrotron oscillation frequency spread and u>( J) = —gj
Eq. (6) is an integral equation with intensity dependant term and frequency spread

term on the right side, and it is not easy to deal with. However, using the method
and computer program developed by O-Y, one can easily get the numerical solution,
and the convergence is good up to hlS ~ 20 for various Q and K < 2 of the resonator
impedance model.

2. Potential well distortion

When the beam intensity is not enough high, i.e. below the microwave threshold,
the bunch behaviour is determined by itself potential well field. The bunch shape is
deformed and its length is changed. The self consistent solution of the bunch shape is
found by applying numerical integration of Haissinski equation (5), or a more general
approach by solving a truncated coupled set of non-linear equations[7]. The results,
obtained by these two methods agree well with the closed analytic form of the pure
resistive impedance and pure inductive impedance for both a > 0 and a < 0 cases.

For resonator impedance model the typical distribution of the particles in the bunch
vs current are given in the Fig. l(a) and Fig. l(b) for Q = 1 and K = 1. One can see,
it is quite different between a > 0 and a < 0.
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Figure 1: Bunch shape for various intensities

1. As usual, the bunch leans forward to compensate the energy loss by the RF
voltage in the case a > 0, and more backward at a < 0.
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2. The bunch shape is seriously distorted for a > 0, in high intensity, sometimes
two peaks appear. However, it is less distorted for a < 0.

The reason is obvious, in the case a > 0, most particles are to be moved to the
front part of the bunch, then the wake field produced by them will hurt the tail part
of the beam, and large deformation happens at the tail part at high intensity. But in
the case a < 0, the situation is different, most particles are to be moved to the back of
the bunch, and the wake field generated by these particles are mostly located outside
of the beam, so only few part of the beam is to be hurt. Calculation shows the two
peaks never appear in the the a < 0 case, and beam always keeps in good order.

Fig. 2(a) and Fig. 2(b) show that the relative location of the wake field to the
beam distribution, it is just as what is explained at above.

(a) a < 0 (b) a > 0

Figure 2: The relative location of bunch and its wake field

In the Fig. 2(b) the minimum of the wake field is near the second peak of the
bunch, and it accelerates the tail part of the beam.

Another very interesting phenomenon is the bunch length variation vs current. It
is given in Fig. 3(a) and Fig. 3(b).

The bunch lengthening is much serious in the case of a > 0, at high intensity1 is
corresponding to 40 mA for BEPC, the lengthening factor is between 1.5 to 2.0. But it
is no more than 1.4 for a < 0. Although Fig. 3(a) and Fig. 3(b) are only for the case
Q = 1, similar phenomenon happens in different Q. It can be explained as follows:

For long bunch (K > 1) in the case a < 0, most part of the spectrum of the
bunch overlaps with the inductive part of impedance which makes bunch lengthened
further, and it generates more part of the spectrum overlapped with inductive part
of impedance. It like a "positive feedback" , which cause the bunch length increasing
exponentially with the intensity. However, in the case of a < 0, most part of the
spectrum of long bunch is overlapped with negative inductive part of impedance which
makes bunch shrunken, thus a "negative feedback" is formed. So, finally, the bunch
length increase is nearly linear and very slow.

For short bunch (K < 1) , the situation is similar in the case a < 0, most part of the
spectrum of the short bunch overlaps with negative capacitive part of the impedance

'For example, h,s — 16
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Figure 3: Bunch length vs current, Q = 1

which makes bunch lengthening, then the spectrum will move to the negative inductive
part of impedance, which will partly cancel the negative capacitive part and "negative
feedback" mechanism is formed, so the lengthening will be slow down, this is why the
bunch lengthening of the short bunch is always very slow, as shown in Fig. 3(a) curve
"A". However, it is quite different in the case of a: > 0, it seems there should be a
"positive feedback" mechanism to push the bunch length becomes shorter and shorter.
But it is not true, when the bunch is shortened to some extent, the wake field generated
by the head part of the bunch is so strong that it causes serious deformation of its tail
part, then the bunch shortening is stopped and lengthening start. Once the bunch
become lengthening, the "positive feedback" will play a important role, and the bunch
length will increase even more rapidly due to the intensity is already very high in that
time. This can be seen from the curve "B" in Fig. 3(b).

3. Microwave Instability

Above the current threshold of microwave instability, one can find the numerical
solution for the Vlasov equation Eq. (6) by putting the Haissinski solution ipo(J) of
potential wall distortion in it. The main results for resonator impedance model with
various parameters are described as following:

1. In the case of a < 0, the mechanism of microwave instabilities are mainly due
to the radial mode coupling within a single azimuthal band, but in the case of a > 0,
besides the radial mode coupling belonging to same azimuthal band, sometimes the
instabilities are excited by the combined function of radial mode and azimuthal mode
coupling . The reason can be explained qualitatively. Let's expand T/>I(J, <j>,s) in terms
of eigenfunction:

V>x(J,<M= " i f Rm(J)eim* • e~iUs (7)

m is the number of azimuthal mode, fi = - ^ is the coherent frequency in unit U>SQ.

Substituting Eq. (7) to Eq. (6), multiplying e~tm^ on both sides and integrating over
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$, then obtain:

- i(n - m)Rm(J) - imIkM± [ J2 Gmm,(J, J^B^.^dJ' = 0 (8)
OJ J m,

For discussing azimuthal mode only, the dependance of u;( J) on J and corresponding
radial mode can be neglected, so w(J) = 1, i.e. without frequency spread. The
radiation damping term on the right side of Eq. (6) is also neglected for simplicity,
here

Gmm,(J, J') = ~j d<t>e~im* j d<f<r'<U{q(J, fl - q(J\ </>')) (9)

Substituting the Fourier transform of U(q) into Eq. (9)

Z{Cb) is the resonator impedance.
Then

Gmm'(J, J') = i f°° doj-^-F^u, J)Fm,{u, J')
J-°°p.v. u

with
Fm{u,J) = ̂ - I d

Z7T J

Note for weak intensity q = \/2Jcos <f>, then

Fm(u, J) = rmJm(u;^V2J) (10)
c

Jm is the Bessel function.
One can introduce the spectrum of bunch am(ijj) as:

(11)

Multiplying Fm(u,J) on both sides of Eq. (8) and integrating over J , finally, we can
obtain:

m p=-oo V m'

oo

^—h, I ~Fm*(p, J)Fm(l, J)dJ (13)
m=-oo,m£0 "" "" " "

is the matrix element.
Here p, I represent & = pcuo+fiju)' = IUJO+D, respectively, w0 is the revolution frequency,
and / ^ is replaced by E£-co ^ -

For analysis, only two adjacent mode m, m + 1 is considered. Assume that the
impedance has a very simple form as shown in Fig. 4, its resonant frequency u>T =
prLj0 + Qu>s0 just lies between the maximum of two spectrum mode m and m + l
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Figure 4: Simplified resonator
impedance model

From Fig. 4, one can see that the spectrum am overlaps with the inductive part
of the impedance while the spectrum <xm+1 overlaps with the capacitive part. So for

— T \ "* * Z(p) u /

P=Pr,-Pr

(14)

similar relation can be obtained for p = —pT.
Where

m
U — TTt Qti ~~ \TYl \~ X. I

and £m(pr,Pr) = I —^gfFm(pr,J)*Fm(pr,J)dJ is a positive quantity due to —-
positive .
Notice that am(—pT) — (-l)mcr(p r), and
£m(Pr -Pc) = Cm{pT,pr),Cm+l{pr, -pr) = -Cm+l{pr,pr), when m is even.
Then the matrix equation can be reduced to

is

_ or
~ k'S

L mCn
Pr fi-n

; R, mCm
• p r n - m (15)

p r fi-(mH
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The eigenvalue are solutions of following equation:

ft2 - [(2m + 1) + 2IktS(mCm± - (m +

D2 _ r ft n T

+ m(m + 1)[1 + 4lk/CmCm+1
n , - 2JM(£m + 1- - £ m - ) ] = 0 (16)

Pr Pr Pr
Obviously, if Q, has two split real roots, If.,3 must satisfy

{1 - [(m + l ) £ m + 1 - + mCm-]2Ikt3} - 4m(m + l ) £ m £ m + 1 ^ • 4/fc
2
s > 0 (17)

Pr Pr Pr

Above transition, 77 > 0, Ik,s > 0,

Mtfc < 2(ro + l )£m + i£ + 2m£m£ ± 2̂ /mCm -t- l )£m£m + i ; ;

The severe condition is given by taking the positive sign in the last term of the
denominator. Because in this case, both inductive and capacitive impedance help the
resistive to lower the value of merging point. The physical meaning is clear, because
the spectrum of lower mode (m) overlaps with the inductive part of impedance, it
pulls coherent frequency up, and the spectrum of higher mode (m + 1) overlaps the
capacitive part of impedance, so it pulls coherent frequency down. Finally it will
increase the merging speed and lower the value of merging point.

Below transition, the situation is just opposite, the inductive part of impedance
will pull the lower mode m down and the capacitive part of the impedance will pull
the higher mode (m + 1) up, so the merging speed will be slow down, and the value
of merging point will be raised. It can be seen from condition (17), due to r/ < 0, and
hlS =-\h,s\ < 0,
the condition becomes:

**'th > 2 ( m + l ) £ m + i £ + 2 m £ m £ ± 2y/m(m + l ) £ £ ^

If the last term in the denominate takes positive sign, the right side of Eq. (19) is
minus. This means never merging together at all. But if taking minus sign, and when
(m + l )£ m + iC + m£m.L < yjm(m + l )£m£m + 1 i? s , merging will happen in somewhere.
However, due to the opposite effects of reactance and resistance, the value of merging
point is raised.

Although above explanation seems less persuasive, but it coincides with the practi-
cal case, in which the net result of the upper mode (m + 1) interacted with the resonator

. impedance always appears more capacitive (or less inductive) comparing with the lower
mode (m), so it is well justified by the numerical calculation results of Eq. (6). Fig.
5(a), 5(b) is an typical example for Q = 1, K = 1.

The adjacent azimuthal modes keep separately until very high current in the case
a < 0, but different modes merge together even in very low intensity in the case a < 0.

In the above analysis, we neglect the frequency spread w(J), then the value of
merging point is just equal to the threshold of azimuthal mode coupling. But if we
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Figure 5: Adjacent azimuthal mode merge with the intensity and the growth rate of
microwave instability

include the frequency spread, then the value of merging point is not equal to the
instability threshold. However the condition of merging together is the necessary but
not the sufficient condition for exciting azimuthal mode coupling instabilities. So,
in the case of a < 0, most instabilities happen between radial modes within same
azimuthal band, but in the case of a > 0 the mechanism of instabilities is more complex,
sometime it happens with the mixture of radial mode and azimuthal mode. Once the
azimuthal mode coupling instabilities happen, the growth rate will rapidly increase
with the intensity. It is also shown in the Fig. 5(a) and Fig. 5(b), the size of the cross
represents the magnitude of the growth rate.

2. In general view the threshold of microwave instabilities is higher in a rather wide
range of K value for the case a < 0. Even in the range where the threshold is lower
then the case of a > 0, in most cases, the bunch lengthening is still much less serious
than the case of a > 0, if the machine is operated in same intensity.

The comparison of current thresholds between both ct > 0 and a < 0 cases is
given in Fig. 6(a), 6(b), 6(c), 6(d), corresponding to four different Q for various K
respectively. For comparison, the growth rate 5 x 10~3( in unit u>s0) is chosen for all
the instabilities mode, and the radiation damping is omitted.

All these pictures have similar characters,so we can take the more typical one Q =
0.6, as an example for detail description. From the picture, one can divide three
different region,i.e.K < 0.7; 0.7 < K < 1.1; A' > 1.1.

1). K > 1.1. In this region the threshold of a < 0 is higher than the threshold of
a > 0, and the system appears inductive( or negative inductive) for a. > 0( or a < 0) .

In the case of a < 0, due to all the azimuthal modes is fully separated, a total of
four pure radial mode instabilities, each happens in its own azimuthal band, appear in
these region. All of these instabilities is not strong, and the increasing of the growth
rate with the intensity is quite slow, and even the intensity is much higher than the
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threshold value, for example, when Ik,s = h^th + 10, the corresponding growth rate
only increases five times, i.e. from 5 x 10~3 to 2.5 x 10~*2. The lowest threshold among
the four instabilities is Ik,s = 4 at K = 1.2.

In the case of a > 0, Two pure radial mode and one azimuthal mode instabilities
appear in this region. The azimuthal mode instability is the strongest, it happens in
the merging region of the mode 2 and mode 3 when the intensity is high. Nevertheless,
its threshold is not the lowest one. The lowest threshold which becomes the boundary
in this region is decided by one of the two pure radial mode which happen when the
azimuthal mode 1 and 2 are separated at low intensity. These two instabilities are
rather weak and the maximum growth rate is never over 2.5 x 10"~2 when the intensity
is above the threshold and finally both disappear at K > 1.8, and the mode 2 is also
disappear at K < 1.2. The corresponding threshold with different K is lower than the
one in the case of a < 0.

The bunch lengthening •£i- at the threshold are also shown in Fig. 6(a) within the
brackets. Obviously, the bunch lengthening is much stronger in the case of a > 0.

2). 0.7 < K < 1.1. The threshold of a < 0 is lower than the one of a > 0, and
in this region the resistive character is dominated, and meantime with little inductive(
or negative inductive) character when K > 0.9, with little capacitive( or negative
capacitive) character when K < 0.9 for a > 0( or a < 0).

In the case of a < 0, the four pure radial mode instabilities is still there, but the
threshold of the mode 2 decreases very rapidly with decreasing of K and arrives its
minimum at K ~ 1, it gives the lowest threshold value.

For a > 0, only the mode 1 is still there and it gives the boundary of the threshold
when K > 0.8. When K < 0.8, the threshold boundary is decided by the azimuthal
mode coupling, although its value is high,the bunch lengthening is very strong.

The maximum difference of the threshold value between a < 0 and a > 0 is about
twice at K = 0.8,the former is Ik,s = 5 and the later is Ik<3 = 10. If the machine with
a > 0 is operated at the same intensity as the threshold of a < 0, i.e., 7tt3 = 5, then
the bunch lengthening is 1.1, it is higher then 0.98 of the a < 0.

For raising the threshold of a < 0 in this region, the simplest way is to increase the
energy spread of the beam, one can roughly estimate the bunch lengthening at the new
higher threshold by the scaling. Calculating shows it is effective in most cases, only
about 10% energy spread increment is needed, one can easily to raise the threshold of
the a < 0 to the same value as in the a > 0, and meantime the bunch lengthening is
still less then the one in the case of a > 0. However, this way is not so effective in the
region where the 0.3 < Q < 0.8 and 0.7 < K < 0.9. Further study is necessary.

3). K < 0.7. The threshold of a < 0 is higher then the one of a > 0, and the
capacitive character is dominated in this region. The lowest threshold boundary in the
case of a < 0 is decided by the pure radial mode 2 instability and in the case of a > 0
is decided by the azimuthal mode instability, which is very strong and bunch shape is
deformed seriously and the two peaks appear.

It is surprising that the threshold is unbelievable high in this region. This may be
not true for a realistic machine ,first, the smaller K means the weaker wakefield, it may
be not reasonable in practical case. Second, because the real impedance can not be
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described correctly enough by the simple resonator impedance model, small K means
the system appears more capacitive for short nature bunch length, it may be also not
ture. It was pointed by [8], the wakefield of a realistic machine is always decided by
many small discontinuities: such as bellows, mashes, transitions, etc. and most of them
are inductive, it is quite different from the resonator impedance. So, in practice, most
realistic machine parameters is located at right side of the picture i.e. K > 0.9.

A real example is given here by using the wakefield of the old vacuum chamber
of SLC damping ring. Fig. 7(a), 7(b) give the threshold for both case, the result is
coincided with the analysis mentioned above.
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Figure 7: Threshold and bunch length behaviour for a < 0 and a > 0 with the wake
field of old chamber of SLC damping ring

Another very interesting phenomenon is that even above threshold the bunch length
behavior is very similar to the one described by pure potential well distortion, about
half of the bunch lengthening is contributed by PWD in most case.

Conclusion

The longitudinal bunch shape is less deformed and bunch lengthening is less seriously
in the electron ring with negative momentum compaction factor. A natural "negative
feedback" mechanism can explain the above phenomenon. Even above threshold the
intrinsic potential wall field shape will plays an important role.
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On Space Charge Limitations

D.V. Pestrikov and B.N. Sukliina
Buclker Institute of Nuclear Physics, 630090 Novosibirsk,

Russia

Abstract

In this report we discuss the effect of strong space charge forces of a nonrela-
tivistic bunched beam on the nonresonant stability conditions of its dipole betatron
coherent oscillations. In the case when the Laslett tune shift exceeds synchrotron
tunes of particles, the tune spreads clue to space charge forces result in the beam
break-up instability with corresponding increase in the beam emittance of the bunch.

1 Introduction

Presently TSL Laboratory of the Uppsala. University in Sweden and IUCF of the Indiana
University are designing ion boosters in order to increase an efficiency of the ion storing
in their ion storage rings [1]. An injection energy in these boosters will be in the region
of several MeV. As is known, the beam intensity in so low energy rings can be limited
due to effect of the beam space charge on the particle dynamics. The strength of this
limitation is specified by the so-called Laslett tune shift Ai/i.

The limitations on the beam intensity due to its space charge can be of twofold origin.
First, it can be due to resonance instabilities (incoherent, or coherent), which occur when
a combination of the oscillation tunes mxvx -f m-v- + msvs approaches integer numbers.
Although an analysis of these instabilities is typically very complicated (see, for instance,
in [2, 3]), the strengths of dangerous resonances (especially for higher mx, mz and ms) can
be decreased designing a ring with reasonable smooth betatron functions and keeping the
superperiodicity of the ring reasonable high. Moreover, desired region Aui — 0.2 -r 0.02
seems to be quite safe for boosters.

In this report we discuss the second class of the limitations on the beam intensity,
which occurs clue to interaction of the beam with surrounding electrodes. An effect of the
beam space charge on these phenomena can result

1. in an enhancement of the Landau damping, which is clue, to nonlinear depen-
dences of the space charge, force on particle offsets; and

2. in the beam break-up instability, which occurs when the Laslett tune shift
significantly exceeds the tune of synchrotron oscillations (;/s).
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We assume that (A///,) is reasonably high and significantly exceeds all other tune spreads
in the beam (the tune spread of betatron oscillations due to a lattice nonlinearity as well
as the tune spread of synchrotron oscillations clue to the nonlinearity of the accelerating
RF-field). We also assume that the ring works below transition, and therefore, the beam
intensity is not limited by the Z/n stability criterion. For transverse oscillations we assume
that bunch wakes disappear during a single turn of particles in the ring, so that we shall
discuss here nonresonant instabilities.

2 Stability Diagram
Let us first consider the case, when the betatron tune spread in a bunch is smaller than
synchrotron tunes of particles. Then, the frequencies of coherent modes of, say, vertical
dipole betatron coherent oscillations of the bunch due to its interaction with surrounding
electrodes can be calculated using the following dispersion equation (see, for example, in
Refs.[3, 4])

1 = -nm fd.JtdJs
 Jlf)/o/fJ;., Imw > 0. (1)

Here, Jo{-Jx,-h) is the stationary distribution function of the beam; the betatron oscilla-
tions of particles are described like follows

(hx_ _ J_ .Vx_ dxz _ 1 i'z

ds - & / ? < ) ' ds ~ Pz Ro'

s is the path along the orbit, 2-KRQ is the closed orbit perimeter. The value £lm is the
coherent frequency shift of the bunch, calculated neglecting the frequency spread. It
specifies the strength of interaction of the bunch with its surroundings and generally, may
differ for different bunch modes.

If we define the frequency distribution function of the beam (an example of this dis-
tribution is shown in Fig.I)

Eq.(l) can be rewritten in the form

1 = fiTO / dw—-——, Imui > 0. (3)
J LO — W

—oo

The solution of Eq.(3) yields the unknown frequencies of the collective modes u> = ujm

and thus, enables the calculation of the stability criteria of the coherent oscillations of the
beam.

Another way to use Eq.(3) is to plot stability diagrams of coherent oscillations - i.e. the
curves in the plane of the complex variable fim, which separate the region containing stable
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solutions (Imu;m < 0) from the region containing unstable solutions. The parametric plot
of this curve gives Eq.(3), when w tends to the real axes from above (u> -» u + z'0), and
when Eq.(3) yields

oo

' = [ dw 9H ,n. (4)

If the frequency spread of the beam is due to the nonlinearity of the. space charge force,
the calculation of the stability diagram encounters some computing problems. In order
to avoid this embarrassment below we use the following model expression for u>z(Jz)

 1 :

w= = w,0 - wo i j , . (5)

For the beam with round cross section and with a Gaussian transverse density A//^ reads

Here, e is the beam emittance, p = 7M1) is the particle momentum, ./V is the number of
particles in the beam, B is the bunching factor. Substituting this expression for Au>z(J~)
in Eq.(l) we obtain

y =

I'bb = H - 5 H ^— exp
y y v3 \ y

Ei(.r) is the exponential integral function

(7)

and

^X' ~~ \ 0, x < 0 .

As is seen from Fig.l, the interaction of the beam with its surroundings will limit the
beam intensity, when coherent tune shift (A;/m) reaches about 0.17A;^. Since both values
(J7m and A;^) are proportional to the beam current, the threshold condition

\nm\ < 0.

With a small modification:

A w . = w ; — w-n = —UJQ |
 u 1 z = —

this expression fits well an exact expression

Aw. = - t

where /0(-) is the Bessel function of the imaginary argument.
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Figure 1: Betatron (for instance, vertical [Jx = 0]) tune distribution in a round beam with
a Gaussian distribution due to its Coulomb space charge force (left), and corresponding
stability diagram of the betatron coherent oscillations (right); Ai/m = (w — mtoz)/u>0,
C = Re[fim/(woAj/L)], C" = lm[nm/(u0AvL)].

limits the beam sizes (the bunch density) and the value of the coupling impedance, but
can be held at any current of the beam. In this case, a limitation on the beam current
(N) can appear only due to nonlinearities of the guiding fields (the lattice nonlinearity
and the nonlinearity of the accelerating RF-field). Let, for example, the bunch interacts
with electrodes, which have approximately round geometry. The transverse impedance of
these electrodes can be estimated using

c iZ(u

If we assume that

and that the bunch length (as) significantly exceeds the wake duration (as > /,„), after
simple calculations (see, for instance, in Ref.[3]) we find that increments of the head-tail
instability can be estimated by

(8)
pv

<̂  = dv/d In w0, ins = 0, ± 1, ± 2 , . . .

Here, / = Neu>0/2ir is the beam current, (3 is the value of /3-function at electrodes and
marks the synchrobetatron sidebands. The substitution of head-tail increment fromm
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Eq.(8) and AZ/L in the threshold condition results in

Here, O0 = lw/Ro and a± = y/efi- We remind the reader that the combination vj2

determines the coupling impedance of a coasting beam in the perfectly conducting vacuum
pipe:

li?± = Zo=^ A = 2 1 n ( - ^ + l .

This enables rewriting of Eq.(9) in the following form

0.53 > —-±-62. (10)

Note, that this criterion holds easier for smaller beam radius (o"x).

3 Beam Break-up Instability

The stability criterion discussed in previous section holds, if A///, <C va. For rings with
the dominance of the space charge can be interesting also the case, when A///, ~^> ua.
In this region, the nonlinear dependence of the Coulomb force on amplitudes of particle
oscillations results in a significant excess of the Landau clamping decrements over the
frequencies of synchrotron oscillations of particles. It means that the synchro-betatron
sidebands of the bunch can strongly overlap and that particles in the bunch have not
enough time to exchange their azimuthal positions during the clamping time (or, the rise-
time) of coherent oscillations. As was shown in [3], in these conditions, the head-tail
instability of the bunch in the ring (or, booster) gets the features, which are specific for
the so-called beam break-up instability (BBU).

Since analytic calculations of the BBU for the beam with the space charge dominance
is very complicated, below we focus on the analysis of the results of the multi-particle
tracking. For the tracking we use. the following model. We assume that the bunch in-
teracting with some electrode system can be divided on several samples (typically, we
used as the number of samples Af = 20) with Nk particles in a sample (typically, we took
Nk = N = 50). We assume that each sample left the step-like wake field, so that particles
of the sample k passing the electrode feel the kick

r\ k—\ r\i k—\

Mere,

i V ^ a = l J V f c a = l

This expression takes into account that the transverse impedance of the electrode generally
has both reactive and active parts. The coefficients Q and Q' can be expressed in terms
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of coherent tune shift 2 and of the decrement of coherent oscillations of a bunch with zero
length. After the kick, we recalculate the betatron tunes of particles using Eq.(5) and
make a one-turn transformation for each particle of xa and of x'a using the transfer matrix

cos/ia sin/in

Mn = ^ _ sin^n cos/fnj> Mn = 2TT/V

Initial values for xn and x'a were generated as random numbers with zero dipole momenta.
The widths of these distributions were taken to fit initial beam emittance. Initial value
of dipole momentum of the beam was set shifting all particles of the beam on the same
amount in a;.

Each, turn we recorded the. amplitude of coherent oscillations of the last sample in the
bunch:

< x' >= ^ X"

Alh =< x >2 + < x' >2,
and its emittance:

*g (xa- < x >)2 + « - < x'

Without the beam wakes these calculations result in the Landau damping of initial deflec-
tion of the beam. The rate of this clamping is proportional to A///,. However, starting from
rather small transverse impedances (Q = 0.005) the effect of the beam wake becomes no-
ticeable especially for large time intervals (see in Fig.2 and 3). Such a behaviour is specific
for BBU-instability and is due to the resonant excitation of oscillations of tail particles by
head-on particles of the bunch. These figures also indicate that apart from an excitation
of the long-living (echoing) transverse coherent oscillations, the interaction of the beam
with its surroundings generally results in the beam emittance. blow-up. Generally, these
two effects determine tolerances for deflections of the beam during operation.

Figure 4 also shows that the stability of coherent oscillations is more sensitive to the
active part of the transverse impedance, if it results in the beam instability without BBU.
Note, however, that in spite of different mechanism, in both cases limitations on the bunch
current occur, when the coherent tune shift (A7/,n) becomes comparable to the Laslett
tune shift.

-'For example, taking the perturbing force in the form

where tf = ui^t + (j>, p is the particle, momentum and / the beam distribution function, after simple
calculations we obtain (see, for instance, in Refs.[3] and [4])

_ fim _ ftQ
'An — — T~ <

OJQ 4

Here, /? is the value of/^-function at the wake location (in our calculations ft = 1).
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Figure 2: Dependences of the amplitude of coherent oscillations (Acok, lower curve) and
of the beam emittance. (upper curve) on time; A//£, = 0.02, Q = 0.005, Q' = 0.0.
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Figure 3: Dependences of the amplitude of coherent oscillations (Acoh) and of the beam
emittance on time; AuL = 0.02, Q = 0.04, Q' = 0.0.
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Figure 4: Dependences of the. amplitude of coherent oscillations on time. Upper curve:
A;/L = 0.02, Q = 0.0, Q' = 0.015; lover curve: AvL = 0.02, Q = 0.015, Q' = 0.0.
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Modeling of Transverse Emittance
Growth Due to Ground Motion
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Abstract

Ground motion noise at frequencies around 1 kHz causes growth of transverse
emittance of the Superconducting Super Collider (SSC) collider beams. The effect
was quantitatively investigated using real-time signals from seismometers installed
at the tunnel depth and on the surface. The SSC beam was modeled as an ensemble
of oscillators with a spread of betatron frequencies. The effect of transverse feedback
on emittance growth was investigated.

1 Introduction

Vibrations of magnetic elements of the large hadron colliders, such as Superconducting
Super Collider (SSC), can seriously disturb proper machine operation. At first, such
vibrations cause distortions of the closed orbit. From this point of view ground motion
at frequencies below 20 Hz is dangerous because of large amplitudes. On the other hand,
the revolution frequency of the SSC, /o=3.44 kHz, will be the smallest among particle
accelerators, and vibrations at frequencies of approximately 1 kHz and above will lead
to direct emittance growth. Careful analytical investigation of the last effect [1, 2], has
shown that emittance growth is proportional to the value of the power spectral density
(PSD) of vibrations at resonance frequencies /o|/7 — u\, where v is the tune and n is an
integer. These oscillations resonantly drive the betatron oscillations of the beam. Due to
decoherence, these oscillations rapidly translate into growing emittance of the beam. We
will discuss only emittance growth issues.

Previous measurements of ground vibrations [3, 4] have shown that the PSD at the
resonant frequencies is less than the allowable level of 3 • 10"12[im2/Hz [1, 2] only under
quiet conditions. On weekdays and in the presence of nearby technological activities, the
vibrations can be far above this value. The transverse feedback system was suggested as
the most effective way.to keep emittance growth at an acceptable level [2, 5].

In this paper we present the results of real-time modeling of emittance growth due to
ground motion at the SSC collider. In this model the beams were represented as ensembles
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of oscillators on which the on-line measured signals of ground motion act for up to 24 h
(approximately the cycle time of the collider). The effects of tune choice and of transverse
feedback are considered.

In Section 2, a description of the computer model is given, together with an explanation
of the interaction of the software program with seismoprobe signals. Section 3 is devoted
to the principal results of the modeling described. In Section 4 we present brief conclusions
and a discussion of measurements.

2 Description of Measurements and Basic Computer
Model

To excite the computer beams we took on-line signals from two seismometers that were
used for measurements of vertical ground vibrations at the exploratory shaft of the SSC.
The seismometers are SM-3KV type velocity meters. The meter's quantitative character-
istics are described in detail in Ref. [4]. The probes served for measurements of vibrations
in the frequency band of 0.05 Hz to 1.5 kHz. One of the probes was installed in the hor-
izontal adit of the exploratory shaft at a depth of 66 m, and the other was set at the
surface. Hereafter they will be referred to as "down" and "top", respectively. Signals
from these probes were digitized simultaneously by ADCs with a sampling frequency of
3.44 kHz (equal to the revolution frequency of the collider) and then were sent to an
IBM 386 computer through a CAMAC-PC interface. All developed computer programs
were integrated in the ASSA [4] seismic station software package, and data was stored
in CAMAC memory or in PC files. While probes were pre-calibrated (see data in Ref.
[4]), the signals were easily transformed in units of displacement and used for calcula-
tion of the vertical kick of 20-TeV protons due to the same displacement of the SSC
quadrupole. For example, the sensitivity of SM-3KV probes at frequencies of 700 Hz-950
Hz is approximately 9.2 V//m?..

Our recent and previous measurements [4, 6] have shown that at frequencies above 100
Hz, vibrations of the ground at two points 90 m apart - the distance between neighboring
quadrupoles in the collider - are uncorrelated within the accuracy of measurements. This
allowed us to further simplify beam dynamics modeling and to replace the influence of
Ar ?» 1000 kicks from all quadrupoles around the ring by an effective one-turn kick with
amplitude \/N « 31.6 times larger.

Let us consider the main features of the computer model we used. The model solved
for two-dimensional phase-space motion of an ensemble of particles (up to 1000) in a
beam. The motion of each particle has been modeled as a sequence of mappings governing
evolution of the phase-space coordinates x and ;; :

X d X
li ( 1 )

where X stands for the particle deviation with respect to the closed orbit, 0 is the beta
function, and s is the path length along the orbit. First, the following one-turn linear
map described the particle motion in the lattice:
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where j = 1,2, ...,M numerates particles, and Vj is the tune of the j-th particle. During
modeling, tunes of beam particles were distributed according to the Gaussian law with
an rms value of 0.0003 (which describes well the decoherence process due to beam-beam
interactions with the parameter x=0.0018 [7]) and with the variable mean value. The
effects of ring non-linearity and synchrotron motion were neglected in our simulations.

The effect of kicks in all of the ring magnets due to ground motion on one turn was
modeled by the transformation:

p'j = pj + A, x'j = Xj (3)

here A characterizes the effective one-turn kick taken from the seismoprobe.
The presence of the feedback system was simulated in accordance with

j M

P'j =Pj-9*<P>, <P>=-77* £ P j (4)
1U j=\

where g denotes dimensionless gain of the feedback loop. As one can see from Eqs. (3)
and (4), all particles experience the same kick at the noise and feedback transformations.

Emittance of the beam has been computed as

e = 77 * £ ((*;- < * >)2 + (Pi- < P >)2) (5)

This definition of emittance reflects only sizes of the beam and avoids variations of
the emittance related to coherent beam motion. For modeling of emittance growth in the
presence of a feedback system, we chose the parameters of gain g and number of particles
M in order to make decrements of artificial stochastic cooling much smaller than the
observed emittance growth rate (see, for example, Ref. [1].)

3 Results of Modeling

Results of emittance growth simulations during a 20-s time period are shown in Figure
l(a). Figure l(b) presents input data from the seismometer placed at the tunnel depth.
The emittance growth modeling was done with a mean tune of beam of 123.265, or its
fractional part of 0.265; i.e., the first resonance frequency that led to emittance growth
is 0.265*3443 Hz = 912 Hz. Figure 1 shows that normalized emittance grows practically
linearly in time. Note that the design normalized emittance of the SSC beams is 1
mm*mrad. The data presented were measured at 15:36, July 14, 1993, under comparably
quiet conditions.

Figure 2 presents emittance growth modeling with the same beam parameters, but
under conditions when the experimenter struck the ground with a 2-kg hammer about 15
m from the "top" seismometer, which was used as source of ground motion signal for the
computers beam. Figure 2 (a) presents input signal from the gauge in time domain; Figure
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2(b) the emittance growth without feedback system; and Figure 2(c) the simultaneously
calculated emittance growth when the feedback system with #=0.05 was used. Step
behavior of emittance increments is clearly seen. One can see that the feedback system
allows a 250-fold decrease in emittance growth.

Results of long-term (24 h from 20:00, Saturday, August 28, until 20:00, Sunday,
August 29) observations of emittance growth in quiet conditions are presented in Figure
3. The fractional part of the tune was equal to 0.265, as in previous examples. Curves
1 and 2 correspond to the "top shaft" and "down shaft" conditions. Curve 3 presents
the growth of emittance under the influence of noise from seismoprobes, amplifiers, and
ADCs (probe was rigidly fixed); i.e., it speaks to the accuracy of our predictions. One can
see that at a frequency of approximately 900 Hz, signal-to-noise ratio was about 6, even
for the low-signal case. Log-log scale of Figure 3 also shows that, in general, emittance
grows linearly in time if one disregards minor details. While the increment of emittance is
about 60% (even without taking into consideration synchrotron radiation damping), one
can see that such an environment is not dangerous for the SSC beams.

Another example of emittance growth due to ground vibrations at the tunnel depth
during a working day (from 23:00, August 30, until 19:00, August 31, 1993) is shown
in Figure 4. There were the usual weekday conditions, with heavy machinery working
around the SSC Linac site. Figure 4(a) presents emittance growth without feedback (see
curve 1) and including in the computation 20-h clamping time for betatron oscillations
due to synchrotron radiation of protons in the SSC rings (see curve 2). One can see
that the effect of cultural noise leads iO as much as a 30-fold increase in emittance over
the design value for normalized emittance. Simultaneous modeling of beam dynamics
with a feedback system with <y=0.05 shows that the systems allow a 150-fold decrease in
emittance, down to an acceptable level of 20%. (See Figure 4(b).) The fractional part of
the tune in this modeling was equal to 0.14.

4 Discussion and Conclusions

Let us compare the effect of the feedback system on emittance growth with the theoretical
investigation ot the issue made in Refs. [1, 2]. In these articles it was shown that the
feedback system with gain g will decrease the emittance growth by a factor of R:

here Avrms is the rms tune spread. With parameters of our simulations Ai/rma=0.0003
and <?=0.05, /?=176, which is within 30% of the value of the simulations.

Let us list several conclusions of our work:

• Measurements of ground motion in an underground experiment in the exploratory
shaft of the SSC allowed us to simulate emittance growth directly in an on-line
regime. In quiet conditions (absence of man-made noises), the rate of emittance
growth was found to be a factor of about 3 below the acceptable level of 1 mm*mrad/20
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• We found that cultural (technical) seismic noise can cause unacceptably fast growth
of transverse emittance (about 30 times the 1 mm*mrad level during 24 h of beam
lifetime);

• There are few ways to solve the issue: a) to decrease these noises to a minimum;
b) to increase the value of the fractional part of the tune, because in this case the
beam will be sensitive to higher frequencies, which usually have smaller amplitudes;
c) to install a transverse feedback system to damp coherent betatron oscillations;

• In our simulations the feedback system strongly damped the emittance growth rate
below the acceptable level;
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Summary of the working group on
the sources of emittance growth

S.Y. Lee (IUCF) and Kohji Hirata (KEK)

• Working group members:

- R. Baartman
- Y. Batygin
- K. Bane
- S.X. Fang
- A. Gerasimov
- C.S. Hsue
- T. Ieiri
- D. Johnson
- A. Lebedev
- S. Myers
- S. Ninomiya
- H. Okamoto
- K. Ohmi
- C. Ohmori
- K. Oide
- E.A. Perelstein
- D. Pestrikov
- K. Sato
- Y. Senichev
- J. Struckmeier
- K. Yokoya
- M. Yoshii

During the two working days, there were 19 talks in the working group on the sources
of emittance growth [1-19]. We had two joint sessions with the proton and electron beam
manipulation and measurement working groups. Many interesting talks were presented.

We have divided our working group agenda into the following major topics : (1) space
charge effects, (2) emittance growth due to nonlinear resonances, (3) transition energy, and
(4) coherent instabilities. In the following, we summarize some topics of interest and high-
lights of our results.

Space Charge Effects

Space charge has been important in many low energy proton synchrotrons, such as the
KEK PSBooster, the AGS and AGS Booster, the CERN PS and PS Booster, the Fermilab
Booster, and ISIS, etc., where space charge Laslett tune shifts are about 0.3 - 0.4.
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In particular. Senichev discusses particle in cell method in the study of nonlinear reso-
nances on space charge dominated beams [1], Baartman uses KV envelope equation to show
that we need not worry about the closed orbit effect [2] and the tolerable Laslett tune shift
can be 20 - 30 % larger than what is expected, Ohmori presents a realistic calculation of
the space charge effects for the KEK booster [3], Struckmeier extends the envelope equation
to include diffusion effects, which can be important to the transport of heavy ion beams [4],
and Batygin has succeed in finding a compensating potential for a space charge dominated
beam potential [5].

For the transport of space charge dominated beams in LINAC. the beam distribution
function becomes nearly uniform. For a uniformly distributed beam, the envelope equation
formalism is a self consistent description for the evolution equation of the envelope function
[20]. Applications of envelope equation to circular synchrotrons, effects of dispersion function
should be included as well.

On the other hand, particle in cell (PIC) calculations [21, 22] are powerful tools in the
study of the evolution of space charge dominated beams. There are many advantages of
PIC calculations. To name a few: (1) The effect of linear and nonlinear betatron resonances
can easily be included; (2) a quick guide on the evolution of distribution function can be
obtained, and (3) an optimal operation condition for a synchrotron can be checked. However,
there are also drawbacks:

• Symplecticity is not very clear when the mean field is calculated. The accuracy of
calculations depends on the number of macro-particles used. In particular, a less
accurate mean field in the tail region may cause artificial emittance blow up.

• There is no clean criterion to indicate that PIC calculations are reliable and they are
time consuming. The perturbing kick to a particle depends on the effective charge of
macro-particles. Calculations should be checked against some soluble model.

Linear and Nonlinear resonances
It is well-known that the linear and nonlinear betatron resonances are harmful to particle
stability in synchrotrons. They cause beam loss, emittance growth, lifetime degradation
and background noise in experimental observation, etc. Linear and nonlinear stopbands,
linear coupling and synchro-betatron coupling resonances (SBR) are usually minimized in
storage rings. In particular, Myers presents detailed experimental measurements of SBRs in
LEP, where he has demonstrated that SBRs can be corrected and compensated by careful
beam manipulation. Pestrikov warns us about the definition of emittance near a nonlinear
resonance. On this note, Ohmi gave a detailed reformulation of emittance in terms of the
eigenvalues of the variance matrix around a closed orbit for electron storage rings [8]. This
algorithm has been installed in the Strategic Accelerator Design (SAD) program. This
method has also been used by Oide in his theory of the anomalous emittance growth with
chromatic coupling [23], which is in fact an intrinsic SBR, where Taylor series expansion for
the SBR potential is

VSBR = f{S) x (quadratic terms in transverse coordinates), (1)

where f(S) is a. function of the fractional momentum deviation 5 = Ap/p.
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Many of the nonlinear resonances, in the presence of damping force, exhibit hysteresis
[24]. The hysteresis arises from multiple attractors (or resonance islands) in the phase space.
Employing the hysteresis phenomena, one may deduce a nonlinear Hamiltonian, which can
sometimes be useful to understand the cause of the nonlinear fields. In conclusion, the only
known method in minimizing emittance growth is to avoid linear or nonlinear resonances,
and correct unavoidable resonances, which include linear coupling resonance and some SBRs.

Transition energy crossing
The transition energy is a unique problem for proton synchrotrons. Presently, beams are
routinely accelerated through transition energy in the KEK PS, ACS, CERN PS and SPS,
Fermilab Main Ring and Booster. For high intensity operations, CERN PS employs success-
fully 7T-jump scheme. In this workshop, Synchrotron beam dynamics near transition energy
is reviewed [9] for microwave instability and nonlinear synchrotron motion. Yoshii discusses
longitudinal dynamics at injection and transition energy [10], and Ninomiya illuminates the
longitudinal emittance manipulation in the KEK PS [11].

The beam dynamics at transition energy can be characterized by two time scales, i.e. the
adiabatic time,

where /3c is the velocity of the particle, m is the mass of the particle, UQ is the angular
revolution frequency, h is the harmonic number, V is the rf voltage, and r/>0 is the rf phase
angle of the synchronous particle, and the nonlinear time,

Tnl = — : ^ -<$, (3)

where a\ = —~~]xL-> a nd $ 's the maximum fractional momentum spread of the beam given

by * = 0 . 5 0 2 $ ^ ) ' / ' .
If r <|C Tn/, the phase space growth due to nonlinear synchrotron motion is important. On

the other hand, if T >̂ rn/, the microwave instability would be more important. Using the
parameters obtained from the KEK-PS, we obtained r « 3 ms and rn/ « 0.6 ms. Thus we
can conclude that the microwave instability is indeed more important in the KEK PS. Exper-
imental data discussed by Yoshii [10] and Ninomiya [11] show indeed that the longitudinal
emittance growth at the transition energy is due mainly to the microwave instability.

Coherent instabilities
Coherent instabilities play important role in limiting the beam currents in many synchrotrons
and storage rings. In the design of synchrotrons, impedances are usually carefully budgeted.
However, it is usually unavoidable. In this workshop, Myers presents measurements of
coupling from m = 0 to ???. = — 1 head tail modes. The threshold of beam current is well
predicted. Careful studies in LEP indicate that it is possible to achieve 0.8 mA/bunch in 8
bunches. The luminosity can reach 7 x 1031 cm~2s~' [12]. Gerasimov presents an interesting
calculation of coherent chaos from a kicked beam. His calculations indicate that beam echo
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may be used to measure the impedance. Some experimental data measured in Fermilab show
characteristics of echo.

Ieiri presents very interesting experimental data exhibiting hysteresis in at vs /, and at vs
V [14]. Bane's calculations hints that the hysteresis can be predicted by a proper impedance
model [15]. Baartman provides us a useful insight in the solution of the Vlasov equation
using the Oide-Yokoya method, where the discretized phase space coordinates are used as
the expansion basis for the second order integral-differential equation. The potential well
distortion has been found to play an important role in the threshold of instability. For the
pure registive impedance, Oide arrives the condition that w(J) has a minimum at some J > 0
for the onset of coherent instability [17]. This might be equivalent to say that the Landau
damping disappears then. Yokoya further extends the idea of potential well distortion to
include perturbation terms for achieving self-consistency [18]. Such a self-consistent evolution
of coherent instability may be necessary for instability in which the growth time is larger
than the synchrotron period (or decoherent time).

The method of solving the linearized Vlasov equation in terms of meshed matrix equation
is interesting. The coherent solution corresponds to the coherent states in many body prob-
lems, such as the random phase approximation used in the solid state and nuclear physics.
A few coherent states usually carry all strengths, which couple to the external excitations.
This method is indeed powerful in predicting the bunch lengthening. Are there sum rules
for the coherent instabilities? Can one use the hysteresis phenomena observed in the bunch
length to deduce information about the wake potential? Can one measure the bunch profile
and deduce the potential well distortion? Can one measure the evolution of bunch profile to
obtain the evolution of the potential well? The evolution of the potential well can shed some
light on a self consistent treatment of the Vlasov equation. This is indeed an interesting
subject for future studies.

Finally, Fang points out that negative momentum compaction lattice may be less suscep-
tible to beam current limitation [19]. Such an imaginary 7T lattices have also been considered
in many proton synchrotrons.
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ABSTRACT

Three devices: Synchrotron light Telescopes, Wire Scanners and non imaging
X-Ray detectors measure the electron and positron beam emittances in LEP. The
particular design features which allow to measure with precision the beam
emittance with the Synchrotron Radiation Telescopes are described. The results of
comparative measurements with the three instruments and an experimental detector
are given, and the importance of the measurement and knowledge of the betatron
functions is stressed.

1. INTRODUCTION

The standard deviation a of a beam profile, along a chosen direction, is given in a circular
accelerator by:

a2=|3S +(DAE/E)2 (1)

where (3 and D are the betatron amplitude and dispersion functions at the monitor location, S is
the beam emittance for the chosen direction and AE/E the energy spread of the beam. By
measuring a, the beam emittance S can be calculated directly from (1) if $ is known and if D is
negligible. If the second term of (1) is not negligible, then two locations are needed for
calculating £ and AE/E.

When ten years ago, in 1984, the measurement of Emittance for LEP was examined, three
detectors were considered for its measurement: Synchrotron Light Telescopes, Wire Scanners
and X-Ray non imaging detectors. It was assumed that the only unknown quantities for
determining S would be the beam size a and energy spread AE/E.

The Synchrotron Light Telescopes were the natural candidates for the observation of the
real time behaviour of the beams. For the precision emittance measurements, visible light
Synchrotron Radiation monitors were suspected to be limited in precision because of
diffraction, whereas Wire Scanners, which had given previously good results in the SPS p-p"
collider, and X-Ray detectors which had to be developed, were considered to be able to give
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far better results. A more precise analysis of the monitors was needed to assess their
respective potentialities.

The Wire Scanners [12, 13] sample the beam over a certain number of turns at successive
transverse positions. The signal acquired comes from the Bremsstrahlung photons generated
by the beam when interacting with the wire. Individual bunches are measured by proper timing
of the detector signals. The short bunches induce electromagnetic fields which can heat the
wire until destruction. The wire scanners are hence limited in use by the total circulating beam
current. The limit has been increased over the years from 1 mA to above 4 mA at a wire speed
of 0.5 m/s by careful improvements of the wire material, the supporting fork and the vacuum
tank. The secondary emission signals from the wire are impractical because of the short lepton
bunches and are not used. The precision of the monitor is determined mainly by the
mechanical construction and by the precision of the wire position readout device. The latter is
an optical ruler with a resolution of 4 jum. Stable beams are required over the measuring time,
typically equal to 60 revolutions, for best precision. At injection energy, i.e. 20 GeV, the wire
blows up the beam [12], which has to be taken into account. The Wire Scanners can also
create unacceptable background in the experimental detectors which limits their use. Within
these limitations, they provide high precision direct beam size measurements.

The Synchrotron Radiation (SR) Telescopes [9, 10] integrate the light coming from all
circulating bunches over a large wavelength spectrum, typically 400 to 1000 nm, and over one
mains cycle, i.e. 20 ms or 224 LEP turns, when using a standard TV type detector. Individual
bunches can be selected with the use of a gated light intensifier. The main limitations of this
detector are the possibly large diffraction patterns generated, the precise determination of the
light origin and the longitudinal acceptance. These limitations can be particularly severe in
LEP because of the large radius, 3099 m, of the beam trajectory in the main bending magnets.
They require a correction to be subtracted from the measured beam sizes. The precision of this
correction will determine the precision of the measurement. The advantages of the SR
Telescopes are that they are not beam interacting and that they provide a 2D image of the
beam at a frequency of at least 50 Hz.

The X-Ray detectors [14] had to be developed for LEP and were hence not guaranteed to
be available soon after the LEP start-up scheduled in 1989. The detectors sample vertically the
X-Ray beam at a pitch of 100 Jim. There is one detector for each particle type. As the
previous monitor, they are not beam intercepting and have the advantage to be able to provide
a vertical beam size of the individual bunches turn-by-turn. As they operate with X-Ray
wavelengths the diffraction broadening is negligible, but because of the non-imaging nature of
the detector, they experience an image broadening generated by the natural radiation
divergence. This broadening, estimated to be around 125 jim, has to be subtracted from the
measured beam size and its evaluation will determine the monitor precision.

Finally, only the imaging SR telescopes appeared to be able to provide a permanent
measurement of both horizontal and vertical emittances soon after the start-up. Under these
circumstances it appeared desirable to extend the performance of the SR telescopes to the
precision measurement of the transverse beam sizes, to develop the X-Ray detector for
providing fast and permanent vertical beam size measurements as soon as possible after the
LEP start-up and to improve further the SPS Wire Scanner to provide a reference monitor for
the other instruments.

Four SR telescopes are installed in LEP around IP8. There are two telescopes for each
particle type. One is located at the exit of the experimental straight section where the
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Dispersion is small and the other is in the arc where the Dispersion is large: Fig. 1. With this
set-up it is possible to calculate from the two telescope data the emittances and the energy
spread of the beam for both horizontal and vertical directions.

QS18e

d= 487 m.

telescope 863 IP8 telescope 837

QS12e

d = 300m.

QS12e ~

I3H = 24.7 m
BV = 91.3 m
D = 0.02 m

QS18e ~

BH = 27.3 m
BV= 116.6 m
D = 0.62 m

Fig.l: Synchrotron Light Telescopes layout in LEP.

In order to provide these measurements with good precision, at least three parts of the
Synchrotron Light Telescopes had to have a performance better than the one of available
beam monitors, i.e. the optical set-up, the detector and the image signal processing.

The Streak Camera [20] should also be mentioned. The light generated in mini-wigglers
close to IP 1 by both types of particles is brought to an accessible optical laboratory where it is
processed and brought to a commercial double sweep streak camera. The light processing
consists of splitting the SR in two parts and rotating one of them by 90° in a Dove prism. In
this way, the Streak Camera will display Top and Side views of the beam bunches of each
particle type. The four series of views are processed at 50 Hz for longitudinal and transverse
dimensions of the bunches. However, the main function of the streak camera is to measure the
length of the LEP bunches and to visualise beam instabilities. It is a very powerful tool for the
LEP operation and machine studies. It is a good complement to the emittance measuring
devices to assess the stability of the beam and to validate the emittance measurements, but it
is not yet a tool for precision emittance measurements.

2. THE SYNCHROTRON LIGHT TELESCOPE

The major optical limitations of the instrument are the diffraction, the presence of the
vertically polarised component of the SR, the precise knowledge of the longitudinal position
of the light origin and the longitudinal acceptance of the telescope. The design aim was to
minimise these effects and to be able to measure precisely and independently the remaining
contributions to the measured beam sizes for later correction. It was assumed that a gaussian
approximation of the various contributions was acceptable for the deconvolution of the
measurement. The validity of this assumption will have to be checked.

- 1 5 3 -



The diffraction in the vertical plane is first determined by the natural opening of the
synchrotron light cone, given by [1]:

W^OAl.QJp)113 (2)

where X is the wavelength of the radiation used and p the radius of curvature of the trajectory
in the bending magnet (3099 m). If no other aperture limit is introduced, this will result in the
minimum diffraction in the vertical plane. The diffraction pattern at the detector will be, in the
considered approximation, a gaussian with standard deviation:

(3)

At the light extraction point of the telescope, the SR is a horizontal band which will be
limited by the light extraction mirror. Assuming a uniform window, it will generate a
diffraction pattern, the width of which at the detector will be of the type:

aDH = kDHX/w (4)

where w is the width of the extraction mirror.
In both directions, the diffraction broadening of the light spot will decrease when

decreasing the light wavelength X, hence the smallest possible wavelength should be used.
A perfectly achromatic set-up using only mirrors has been chosen, despite its higher

complexity, so as to be able to measure precisely and without ambiguity these contributions.
The other optical limitations are the longitudinal extension and the precise selection of the

centre of the light source. This problem cannot be solved adequately with the conventional
telescopes. A telescope set-up designed and tested earlier on a low energy electron beam [2]
was used for this function. It uses a spherical mirror as imaging device and its principle can be
best understood in Fig. 2 using the horizontal phase-space defined in [3]. The center of the
phase-space is at the chosen origin of the light and the axes are the horizontal machine axis x
and the trajectory angle 0 with respect (o this point. In this phase-space, the beam trajectory is
a parabola, the extraction mirror is defined by a skewed acceptance band, and a vertical slit
located at the focal point of the spherical mirror is represented by a horizontal acceptance
band. As can be seen in this diagram, a slit located at the focal point of the imaging mirror
defines precisely the centre of the light source and the longitudinal acceptance. The slit is now
the aperture limit and generates a diffraction broadening given by (4) where w is the slit width.
By moving the slit, the whole acceptance defined by the extraction mirror can be explored.
This functionality replaces the steering of a conventional telescope. By changing the slit width,
the extension of the longitudinal acceptance is changed. It can be seen that the telescope
acceptance doesn't change when the position of the beam changes. The focal point is the only
location where this is true. At any other location, the slit would be a skewed band similar to
the extraction mirror band and the longitudinal acceptance would strongly depend on the
horizontal beam position. The limiting aperture is a horizontal slit and not an iris so as not to
introduce additional diffraction in the vertical plane [6]. Simulations have shown that the
longitudinal acceptance introduces an image broadening at the detector of the type:

OLA = kLA W (5)
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Extraction
mirror

Synchrotron light beam 2 a

Fig 2: Telescope horizontal phase space, with beam trajectories (Sx = -5,0, +5 mm),
extraction mirror and slit at the focal point of the imaging mirror.

The next limitation comes from the vertically polarised component of the synchrotron light.
The horizontal component is a single lobe containing all the information about the beam and
can be imaged as any gaussian beam onto a detector. To the contrary, the vertical component
has two lobes [1] which are critical for the precision of the measurement because they define a
very limited longitudinal acceptance before deteriorating the beam image on the detector
where they generate two light spots when only slightly out of focus. Even so the horizontal
polarisation component contains 3/4 of the total energy, it is beneficial to filter out the vertical
polarisation component. A first polarisation filtering using the difference in reflection
coefficients for the parallel and perpendicular (to the incidence plane) polarisation components
of metallic reflections on Beryllium and Chromium mirrors has been implemented [4].
Additional attenuation can be provided by polarisation filters.

The last critical component of the telescope is the extraction mirror. This mirror will be
submitted to heavy synchrotron radiation which will deform it. Calculations have been carried
out [8] which have demonstrated the necessity to use Beryllium mirrors of the simplest
parallelepipedic shape for minimum deformation. Calculations for mirrors with more elaborate
shapes resulted in larger deformations. In order to be outside the nominal LEP acceptance,
this extraction mirror has to be located at 21.7 m from the SR source to be measured.

The final design of the telescope is shown in Fig. 3. The imaging function is achieved with a
4 m focal length spherical mirror. A Magnification G = 0.2 is achieved with the help of the
folding mirrors. Chromatic filters, polarisation selection filters and density filters are inserted
to control the wavelength, the polarisation components and to match the light intensity to the
detector sensitivity for highest dynamic range.

- 155



PTn.SKD INTENSIFIER & CCD

en
en

era'

o
t-1

m

3
3

5
o

on
o

LINEAR DENSITY FILTERS

POLARISATION & SPECIAL FILTERS

e-

Be EXTRACTION MIRROR



The telescope is implemented on a standard 3.2 m optical bench which is placed inside a
stainless steel tube, for stability and protection. This tube rests on a stable support above the
LEP main bending magnets [9].

3. THE DETECTOR

A Frame Transfer CCD detector [5, 6] has been chosen for its perfect spatial precision of
23 urn square pixels, its high sensitivity and large spectral range (X from 400 to 1000 nm), and
the possibility to manipulate the information at the detector level for fast projections and rurn-
by-turn information. Cooling of the detector by Peltier cells has been implemented in order to
decrease the thermal charge generation, important for slow read-out and special operations.
Under these conditions, the detector chain has a dynamic range well above the usual video 8
bit converters. To go well beyond the 8 bit resolution, a slower ADC had to be chosen. A 12
bit, 1 MHz sampling ADC was retained as the best compromise for precision data acquisition.
The data is acquired pixel by pixel in a non video mode. The light pulses coming from the
circulating bunches are integrated between 2 and 32 ms, i.e. for 22 to 360 LEP turns, for best
sensitivity. Fast beam instabilities or power supply ripple are seen as apparent beam
broadening in this mode.

In order to measure single bunch emittances or to observe turn-by-turn variations, a fast
electro-optical shutter has been put in front of the CCD. Because of the nature of these tubes,
comprised of a photocathode, an amplification mechanism and a screen, it is possible to use
this device also as a wavelength shifter, matching the short wavelengths available after a
quartz window, i.e. above 180 nm, to the sensitivity curve of the CCD and hence decrease the
diffraction broadening, see formulae (2) to (4). A first generation 2-stage shutter/amplifier
diode gave disappointing results [10]. It made it nevertheless possible to observe single shot
events, but introduced a spot broadening which was higher than the gain in diffraction when
going from 450 nm to 254 nm. A second generation device, using a Multi Channel Plate
(MCP) intensifier is giving better results. It permits not only to observe single bunch
phenomena but produces also a much lower spot broadening which is beneficial for good
precision beam size measurements. The MCP is coupled to the CCD by a Fiber Optic plate for
compactness and efficient light transfer. It introduces a broadening which will be characterised
by a standard deviation:

OMCP = kivicp (6)

Next to the main functions of the monitor as described previously, other measurements can
be performed. It was realised at the initial stage of the project [7, 9] that the combination of
Fast Shutter and Frame Transfer CCD would also permit to observe the turn-by-turn
behaviour of the beams. The principle of the operation is depicted in Fig. 4 and works as
follows: the light is imaged onto the CCD, in this particular case near the limit of the image
and the memory areas. The shutter is opened at a time defined by the Beam Synchronous
Timing BST [16] for a time as short as 250 ns. When the shutter has been closed, the charges
representing the beam cross-section, are moved up into the memory area and are protected
there from overwriting. This takes less than one LEP turn, and the detector is ready to acquire
a new image. This operating mode has been called the "Burst Mode".
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Fig. 4: CCD in "Burst mode": The beam is imaged onto the image area. Between successive
light pulses, the stored profiles are shifted up into the memory area. At the end of the
process, the memory area contains up to nine profiles to be read out.

With the present beam sizes, it is possible to acquire and store up to nine successive
images on the CCD. This number can be doubled if the image is put at the other end of the
image area of the CCD and if both memory and image areas are digitised. This mode allows
to analyse instabilities and to quantify resulting transverse emittance changes. Wild turn-by-
turn non gaussian beam density changes have been observed on the 3D displays. They appear
to smooth out into regular gaussian profiles when integrated over many turns.

Another possibility is to extend the dynamic range of the detector for low density tail
studies. To achieve this, the central dense part of the beam profile is attenuated 100 times or
more with a so-called "corona filter", in analogy to the corona telescopes for the sun
observation, and the other filters adjusted for maximum signal out of the detector. Non
gaussian tails have been observed with the help of these filters.

4. THE IMAGE PROCESSING

Next to the usual real-time TV monitor observation, which is the preferred operational
mode, two processing methods are used.

First, the CCIR standard TV signal is digitised with video 8 bit converters on a VME board
[11] and the horizontal and vertical beam projections calculated every 40 ms. Due to the long
distance between the telescopes and the processing electronics located in the accessible
underground cavern close to IP8, see Fig. 1, this method is only used to visualise relative
variations of the beam sizes. It is extremely useful for the machine operating teams when
tuning LEP, and has been put on a TV monitor for permanent display. A new point is
generated every 600 ms after averaging: Fig. 5. It is used in general with the light integrated
over all bunches for 20 ms, but it can also be used for individual bunches.
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Fig. 5: TV display of the sizes of the e+ and e" beams with a point generated every 600 ms.

For precision measurements, the CCD frame is digitised with the 12 bit ADC, which
disturbs the TV image as the process takes presently ten TV frames to digitise the 105 pixels
of the CCD. The data can be displayed on a workstation as a spot as seen on a TV monitor,
with signal level colour encoding, as three dimensional displays for a better estimation of the
irregularities of the image density and as projections along the horizontal and vertical axes of
the CCD detector. The real useful data, i.e. beam emittance, is obtained from these
projections. Because of thermal charge integration on the detector, a slope appears on the
vertical projection [6] and has to be evaluated and subtracted. This slope decreases drastically
when cooling the CCD chip with Peltier cells. The beam standard deviation is calculated in a
two step process from the data of the projections. In the first pass, the rms of the profile
distribution, for the data above a given threshold, is calculated. In the second pass, this result
is used to calculate a gaussian fit with a %2 method for the data above a threshold fixed
empirically at 30% of the peak value. The beam size is then calculated from these results by
subtracting quadratically the contributions from the diffraction and depth of field.

5. EXPERIMENTAL RESULTS

As soon as circulating beam was available, the telescopes had their folding mirrors precisely
adjusted and could be used for beam observations. For achieving precision emittance
measurements, the telescopes have to be aligned onto the tangent to the beam orbit at the
theoretical light source and the contribution of the diffraction and depth of field measured.

The precision alignment of the telescope to better than 0.1 mrad is achieved with a "slit
scan". In this operation, the slit is closed to an angular acceptance of 0.25 mrad, and its centre
is moved across its ± 1.25 mrad range. During the scan, the Signal-Noise level, the horizontal
and vertical dimensions and the centre of the light spot are recorded: Fig. 6.
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These curves will define the telescope direction pointing towards the chosen light origin
point. This point, as indicated by simulations, is defined as the one with the minimum vertical
dimension and is close to the maximum Signal-Noise and to the minimum horizontal spot size.

2000

1 1

•rms H

-rms V

-S-N

-0.75 -0.50 -0.25 0.00 0.25

Angle [mrad]

0.50 0.75

Fig 6: Signal-Noise, Horizontal and Vertical Beam Sizes measured during a slit scan.
The horizontal slit position has been translated into angular direction of the telescope.

These slit scans are done regularly to check the telescope alignment. The telescope has to
be aligned to better then 0.2 mrad for an additional error of the measured emittance smaller
than 0.1 nm. This alignment is stable during normal running over quite long periods. The slit
scans have shown the long term relative ground motion, between the light source and the
telescope, during the period when tunnelling work for klystron galleries was carried out in the
vicinity of the main tunnel portion where the telescopes are located. Fig. 7 shows scans taken
over a three year period and demonstrating the relative drift of the telescope direction.
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Fig 7: Relative angular change of direction of a telescope comprising the period of tunnelling
of klystron galleries parallel to the main LEP tunnel.

- 1 6 0 -



Once the telescope is pointing in the desired direction, the effects of the depth of field and
of the diffraction are studied by changing the slit width and the wavelength of the light
incident on the detector and by measuring the Horizontal and Vertical beam sizes.

The vertical beam size is only affected by the depth of field when changing the slit size,
whereas the horizontal beam size is affected by both depth of field and diffraction, see (3) to
(5). The effect of the longitudinal acceptance is an image defocusing and is the same for both
directions. It will hence be estimated from the change in vertical beam size. In the horizontal
plane, the two effects vary in opposite directions and result in a slit width where the beam size
is minimum. The latter will increase sharply when the slit is closed because of diffraction,
whereas in the vertical plane it is decreasing with slit width because the longitudinal
acceptance decreases, except when coupling from the horizontal towards the vertical direction
takes place on the detector, which becomes significant in general for slit widths below 0.5 mm
or angular acceptances below 0.1 mrad. The result of such a scan is given in Fig. 8.
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Fig. 8: Horizontal and Vertical beam image sizes recorded during a Slit Width Scan.

The diffraction is estimated by measuring the image sizes as a function of the selected
wavelength. A set of wavelength filters, centred at 254, 450, 622, 800 and 950 nm, has been
chosen to cover the sensitivity curve of the CCD detector and of the fast shutter/intensifier.
The results of such a Wavelength scan are given in Fig. 9 where it can be seen that the
shutter/intensifier introduces a slight broadening of the beam sizes.
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Fig. 9: Horizontal and Vertical beam sizes as measured during a wavelength scan.
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This broadening is not the same in both directions because of the construction of the MCP.
The smallest broadening has been put on the vertical direction.

These measurements have been made regularly over the last five years. Their precision has
been improved over this period because the achieved beam emittances have decreased and
because the instruments and the associated software have been improved. The most recent fits
for the correcting coefficients give following values:

kj)v = 3.82
kDH = 1.44
kLA = 40
kMCP/v= 1 1 0

when G'S are expressed in u,m, X in nm and w in mm.
The main contribution to the image broadening comes in both planes from the diffraction.

By using formulae (3) to (6), the beam size ob is given by:

2 _ 2 _ 2 „ 2
b = Om - ODH/V " C?LA " (7)

where om is the spot size measured by the telescope. When using these values, there is a
good agreement between the calculated ora curves and the experimental data, confirming that
the gaussian approximation is legitimate. With these corrections, it is possible to calculate the
emittance and to plot Emittance versus measured beam size curves: Fig 10. These curves
show that the determination of emittances below 0.25 nm becomes difficult at X = 450 nm.
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Fig. 10: Measured beam size versus Vertical Emittance for the standard operating conditions,
i.e. X = 450 nm and slit width w = 2 mm, for the QS12 Telescopes.

To summarise, it can be stated that the LEP SR Telescopes are serf-calibrating devices. Slit
position scans determine the precise orientation of the telescopes towards the theoretical light
source, whereas slit width scans and wavelength scans determine the image broadening due to
longitudinal acceptance and diffraction, which can be subtracted quadratically from the
measured spot size. The beam emittance can be calculated from the beam size at the locations
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where the dispersion D is negligible, and the energy spread with the additional results of the
other detector.

6. CROSS CALIBRATION WITH WIRE SCANNERS AND X-RAY DETECTORS

Cross calibrations with the other beam size measuring devices are carried out to confirm
the assumptions made previously about the gaussian approximations and the serf-calibration
possibility and to check the absolute precision of the SR telescopes.

The initial cross calibrations were attempted with the wire scanners which were the first
alternative profile measuring instrument available. It was soon realised that these instruments
were limited with respect to the total circulating current [12] and that some mechanical
improvements had to be implemented before the precision was good enough to calibrate the
SR telescopes.

Another cross calibration possibility became available recently when the X-Ray detector
channels could be auto-calibrated with enough precision and could then provide reliable
results [15].

A first cross calibration session of eight hours was obtained in late 1993 [19]. The first part
of the experiment was devoted to the precision tuning of the three instruments and to an
optics functions measurement with a new method using the multiturn acquisition facility of the
Beam Orbit Measuring system [18]. The P* at IP4 was also measured [17] for later use in a
luminosity scan. The results for the vertical emittance measurements are given in Fig. 11.

Fig 11: Cross calibration results for the three instruments (Wire Scanner BEWV, SR
Telescope BEUV, X-Ray detector BEXE) and emittance deduced from the Luminosity in IP4.
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There are three time slots in this test. In the first one, from 23:00 to 24:00, the data of the
SR telescope agrees well with the wire scanner data. In the second period (00:00 to 1:45),
there is a slight difference of 0.2 nm between the two instruments. The only change in LEP
was the (3* measurement at EP4. In the third period, after 1:45, the beams were put in collision
in one intersection (IP4) and a separator scan done for optimising the head-on collision. When
the beams were colliding, there was an increase, with respect to the measurements of the other
instruments, of the SR Telescope emittance values by 0.7 nm which can only be explained by a
change in (3 due to beta-beating. It has to be noticed that the SR telescope data agrees with
the emittance calculated from the wire scanners, the X-Ray detectors and the Luminosity data
of the ALEPH detector at IP4 to better than 0.2 nm during a short period of the scan when
the beta-beating was probably minimum. From this test it was concluded that the beam sizes
measured by the detectors give emittances which are in agreement to better than 0.5 nm if the
(3s are known to this accuracy.

Another cross-calibration session was performed in early 1994, but unfortunately the X-
Ray detector could not participate. All four telescopes participated in the test together with
the Wire Scanners. This time, the beams were kept separated and the (3s were measured at
each data point. To begin with, LEP was optimised so as to produce the smallest possible
vertical beams. The wire scanners were used as reference monitors and provided upper limits
for the corrections. The measured vertical emittances were 0.15 nm for electrons and 0.2 nm
for positrons. The correction coefficients were calculated from the various telescope scans.
The beams were then blown-up by driving them close to a synchro-betatron resonance and a
new series of measurements was performed. The wire scanners gave vertical emittances of 0.6
nm and 0.9 nm. The comparisons here are more difficult as the beams experienced instabilities
at frequencies around 700 Hz which have different effects on both monitors. The results are
summarised in Fig. 12.
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From these measurements, it can be deduced that both instruments agree to better than
0.2nm vertically and that the model used for the corrections is adequate down to these
emittance values. The most important factor for the absolute precision of the detectors is now
the precision of the knowledge of the lattice functions at the detectors.

7. CONCLUSION

Since the LEP start-up, the Synchrotron Radiation telescopes BEUV are the operational
tool for observing the behaviour of the beams and measure with precision the beam emittances
[21]. They are used in general in the TV mode integrating the light coming from all bunches of
a beam over 224 LEP turns. They can also be used for measuring individual bunches with the
help of a fast shutter, down to a turn-by-turn mode (burst mode), but with an additional
degradation. This latter mode will become more important when LEP operates in the bunch
train mode in 1995. Another possibility of the instrument are tail studies.

The X-Ray detectors BEXE are becoming available for daily operational use. They
measure the vertical size of the individual bunches on a turn-by-turn basis over 1000 turns.
They will be very interesting for observing instabilities in the vertical plane. It is foreseen to
modify them so as to be able to observe individual bunches in bunch trains.

The Wire Scanners BEWH/V are the reference monitors for checking the other devices.
They require stable beams and are limited in total circulating current by destruction of the
wires from electromagnetic heating by the beam. Recent progress has extended this limit
above 4 mA total current.

The Streak Camera is a good tool to observe beam instabilities and to assess the stability of
the beams.

The precise knowledge of the optics functions conditions the precision of the calculated
Emittance values. The theoretical values provided by MAD are not good enough for a
precision determination of the emittances. With separated beams it is possible to measure
these functions and to give the vertical emittances with a precision of 0.2 nm. No
measurement method is available with colliding beams. The precision of the emittance values
is determined in this case by the precision of the estimation of the optics functions.
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Abstract

Visual range radiation emitted by ultra-relativistic electron beam at bending magnet
edges and within elements of the beam optics (steering magnets, quadrupole lenses, etc.) in
storage rings is very sensitive to horizontal and vertical angular divergences, transverse
sizes, emittances, energy, position and trajectory tilt of the electron beam. Precise
computation of the radiation intensity distributions with due regard for non-zero beam
emittances, layout of storage ring magnet structure and measurement scheme peculiarities
allows one to obtain the electron beam parameters from the measured radiation intensity
distributions.

The edge radiation (ER) calculation results demonstrating the ER sensitivity to the
electron beam parameters are presented. Applicability of the beam diagnostic method in
high-energy electron storage rings is shown. Practical realization of the method on the
Siberia-1 storage ring (Kurchatov SR Source) is described.

I. INTRODUCTION

The intrinsic sensitivity of long-wave radiation generated by ultra-relativistic
electron beam at bending magnet edges and in elements of the beam optics, to the beam
parameters, was discussed in former related works [1] - [4]. Natural collimating of the
radiation emitted at a single bending magnet edge and interference of the radiation from two
adjacent magnet edges are among physical reasons for this sensitivity.

The radiation concerned can be easily observed virtually in every electron storage
ring. For this purpose, it is sufficient to set a coordinate-sensitive light detector on a straight
section of the storage ring (Fig. 1).

Determining electron beam parameters from the experimental data, or 'deciphering'
the intensity distribution registered, is a somewhat more difficult problem. Yet in a large
variety of cases the problem can be successfully solved. To do this, firstly, one needs to
know magnetic field along the beam trajectory, and secondly, one should be able to
calculate the intensity distribution of the radiation emitted in the magnetic field known, in
terms of tie beam parameters. With that, the beam parameters can be determined as a result
of fitting the measured intensity distributions with the calculated ones.
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Detector
Screen

Fig. 1. Edge radiation registration scheme.

In the following Chapter 2, calculation results describing the ER features important
for electron beam diagnostics are presented. Chapter 3 gives general description of the ER-
based method, whereas Chapter 4 describes the method realization on the Siberia-1 450
MeV electron storage ring.

2. ER FEATURES IN HIGH-ENERGY ELECTRON
STORAGE RINGS

2.1. Infinitely thin (zero-emittance) electron beam

Methods used for computing the edge radiation in electron storage rings in
approximation of an infinitely thin electron beam (when neglecting transverse emittance of
the beam) and the calculation results were presented elsewhere [2], [4]. Some of the results
obtained for parameters of the Siberia-2 storage ring (energy E = 2.5 GeV, bending radius
p =19.6 m, current / = 0.1 A) are the following.

First we consider the features of radiation generated at one bending magnet edge, as
if electron comes from infinity and enters the magnet. Let £, £ be horizontal and vertical
angles respective to the electron's trajectory before the bending magnet (origin of
coordinates is in the intersection point of the electron trajectory and the bending magnet
edge), T'be the electron reduced energy, y» 1. For wavelengths larger then the critical one
(corresponding to the uniform field of the bending magnet), X > Xc, a peak located at %&y~l

appears in the ER horizontal angular distribution (Fig. 2). For X » Xc the next peak
emerges at £&-y'1. The peaks' intensity considerably exceeds that of the standard SR.
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Fig. 3. Angular distributions of X= 100 nm radiation {X » /lc) from single bending magnet edge:
A) 3-d presentation, B) level lines.

As an example, for /l=103 kc the exceeding comprises more than one order.
Figure 3 shows the two-dimensional angular distributions of the radiation o- and

7T- components at X- 100 nm. As the Figure indicates, the vertical angular coordinate of the
a- component peaks is equal to zero (£= 0). The ER ̂ -component peaks are located at £= 0
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and (= ± / " \ Both a- and ^-component distributions are symmetrical about the electron
orbit plane.

One can see the ER to be localized around the straight section axis within a narrow
cone of approximately 4y ~l angular size. The radiation emitted by one electron at two
adjacent bending magnet edges bounding the straight section appears in this cone under
common conditions (see Fig. 1). The radiation is subsequently synchronized by the electron
itself. This results in the interference of the edge radiation.

The ER interference was a subject of consideration in a number of papers, for
example [1] - [3], [5] - [12]. This phenomenon was studied experimentally and theoretically
in proton and in electron synchrotrons and storage rings. Precise computation methods of
the interfering edge radiation emitted by one electron (or infinitely thin electron beam) in a
high-energy electron storage ring were presented in [2], [3].

Figs. 4, 5 show the computation results obtained for the Siberia-2 storage ring (in
view of experimental data on the edge magnetic field [13]). It was placed in compliance
with actual conditions on the Siberia-2 storage ring: inter-magnet distance L = 6.5 m,
distance from the second bending magnet edge to detector r* = 10 m (see Fig. 1). The ER
intensity distribution on the detector screen along the horizontal axis for X = 400 nm is
given in Fig. 4. In addition to the resulting distribution (solid line), intensity distributions of
the radiation from each of the two edges individually, as if the other edge were absent, are
shown in Fig. 4. The distribution asymmetry with respect to the origin of coordinates is
explained by the comparability of r* and L values. Intensity distribution of the radiation a-
and n- component over two Cartesian coordinates on the detector screen at X= 400 nm is
shown in Fig. 5. The combined intensity distribution of the a- and n- components comprises
the system of concentric interference fringes (circles) well-known in optics. As Figs. 4, 5
suggest, the maximum intensities and the widths of interference fringes decrease with the
fringe number increase.

The computation results given in Figs. 4, 5 refer to the case X » Xc. In this case, the
ER angular distribution at large distances (r* » L) can be approximately represented as
[11], [3]

Intensity

Fig. 4. Intensity distribution of
X = 400 nm radiation on
detector screen in the median
plane:

— interfering ER;
" " distributions corresponding

to each of the two adjacent
magnet edges.

0.5 X, cm
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0. 0.5 -0.5 0. 0.5

Fig. 5. Intensity distributions of the interfering /l=400 nm ER generated at two adjacent bending
magnet edges: I - a- component; II - n- component; A) 3-d presentation; B) Monte-Carlo simulation.

dN Aaly
•sin

nL
(1)

dN
where dtdO.(dX/X) is photon flux per unit solid state angle in unit relative spectral interval;
a is the fine-structure constant, e is electron charge; / is electron current.

Though the Eq. (1) is a rather rough approximation, it is useful for obtaining angular
values typical for the long-wave ER emitted by infinitely thin (zero-emittance) electron
beam in high-energy storage rings.

One can obtain from Eq. (1) the angular radii of the intensity minimums:

£,=0;

fU-
1/2

(2)

where the inner braces mean fractional part of a number. It takes place for the angular width

of Ar-th fringe defined as A£k = Qk - C,k_x, at k » 1
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2Lk) (3)

Noteworthy is the decreasing of the fringe width with its serial number increase. This
correlates well with the results of computations given above (Figs. 4, 5).

Also, Eq. (1) and Fig. 4 show that the next angular value characteristic to the long-
wave ER, is yA resulting from the single edge distribution.

For non-zero emittance electron beam, when angular divergences or transverse sizes
related to observation distance are larger than the values indicated, the real ER distribution
differs from the one corresponding to infinitely thin beam. This gives an opportunity to
determine electron beam parameters from the ER intensity distribution measurements.

2.1. Non-zero emittance electron beam

To determine electron beam parameters to a high accuracy, precise computation of
the ER intensity distributions in terms of the beam and magnet lattice parameters should be
applied. An effective method for the computation was presented in [4], [14]. The method
concerned allows one to take into account particle dynamics in accelerators and to compute
radiation generated not only at bending magnet edges, but also within elements of the
electron beam optics, for example, in quadrupole lenses.

Computations of the ER intensity distribution for different beam divergences and
transverse sizes were performed for the Siberia-1 (weak focusing) electron storage ring.
The following Siberia-1 parameters were used in the process: E = 450 MeV, / = 100 mA,
bending radius p=l m, inter-magnet distance L = 63 cm; magnetic field at bending magnet
edges was determined according to measurements made in the Institute of Nuclear Physics
(Novosibirsk).

Fig. 6 compares the ER intensity distribution emitted by infinitely thin electron beam
with the distribution corresponding to the beam at expected a, &. Since ax > <JZ, cfx > o .̂,
the interference pattern is more 'smoothed off horizontally.

Fig. 6. ER intensity
distribution in detector plane
at X = 600 nm:
A) ax= a'x= GZ= <7z= 0;
B) ax= 1.62 mm; o^= 0.65
mrad; Cz= 0.13 mm; cfz=
0.08 mrad.
The values of ax, cfx, crz, a'z
refer to the middle of the
straight section.
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In the case when no beam focusing elements are within the straight section where
the radiation is generated, the ER can be shown to depend on the second-order moments of
particle density distribution in transverse phase space, in combinations

y\ (4)

where crx'tZ' and aXiZ are RMS angular divergences and transverse sizes, M& , M& are
second-order central mixed moments:

er,2 ^ (x-xf;

This feature was taken into account in the realization of the edge radiation based
method for beam diagnostics on the Siberia-1 ring (see Chapter 4).

3. ER-BASED METHOD DESCRIPTION
3.1. Determining electron beam parameters

The method for electron beam diagnostics under discussion formally includes the
following stages.

1) Measuring intensity distribution(s) of the monochromatic edge radiation (and radiation
generated in elements of electron beam optics, if present) by means of coordinate-
sensitive radiation detector(s) (see Fig. 1).

2) Fitting the measured intensity distribution(s) with the computed one(s), by varying
parameters of the beam model used. Beam model parameters realizing the best-fit
should be treated as the estimations for the corresponding real beam parameters.

3) Combined treatment of the fitting results with lattice functions in order to determine
as many of beam parameters as possible.

A very convenient (and very accurate) model for electron beam particle density
distribution in transverse phase space is known to be Gaussian. With this model, the method
allows one to determine the following values by fitting at the Stage 2:

A) Second-order central moments of particle density distribution in transverse phase space:
Ox' , Ox'

Eqs.(4);
Ox'2, ox

2, Mxx1, az
 2> oz

2, Mzz<, or combinations of the parameters, as those given by
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B) First-order moments x'Q, x0, z'o, z0, E (average beam position, trajectory tilt and
energy).

The parameters indicated refer to a certain point within the straight section used for
the ER measurements. Also, the parameters should be treated as the ones averaged within
time exposure of the detector used.

To determine vertical emittance of the electron beam, an equation

) (6)

can be used. If only one of the three second-order moments (or one value of the
combination shown in Eqs. (4)) is known, the fiz - function should be applied (according to
the Stage 3), and the traditional equations

(7)

should be considered.

To determine horizontal emittance and energy spread crE/E of the beam, one should
know at least two of the three second-order moments (or two different values of the
combination shown in Eqs. (4)). In this case the knowledge of /3X and 77 (dispersion) -
functions should be applied. With that, one can determine beam parameters by solving a
system of 5 algebraic equations with 5 unknowns, which is obtained when considering the

fitting data (for example, equations a^2=a/ +ax
2/y*]

2 +2M^/>>*,, aitB£=u2 +a-2/y*2
2 +2Mslly*2)

together with the well-known expressions,

E)2
 T/1 (8)

Mxx, = -exax {aE/E)2 7' = ex0x'/2 + {crE/Ef tjrj.

3.2. Estimation of the method capabilities

The method precision can be approximately estimated using the Eq. (1). From this
Equation, in approximation of Gaussian electron beam, in the case if 'empty' straight section
one can obtain an expression for the vertical angular distribution of the radiation emitted by
the total beam,
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dN 2a/
f=0

given by Eqs. (4).
The visibility of the £-th fringe, defined as shown in Fig. 7, may be found from the

Eq. (9) to be

(10)

where the fringe width A^. (see Eq. (3)) is used.

If the visibility Vk is determined to a certain accuracy 5V (which is defined by

experiment and computation errors), then the corresponding error of the a'ejf value can be
approximately represented as

(11)

dN
dtdQ(dA/l)

a)
0.75

i Jlttt*Vk 0.5

Fig. 7. Visibility of fringes.

Fig. 8. Estimations of the
method applicability to the
KEK-B HER.
a) Visibility of fringes vs
fringe number;
b) expected precision vs
fringe number.
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For example, to successfully apply the method to the KEK-B HER (E = 8 GeV,
expected vertical emittance ez = 0.2 nm [15]) using the ER from straight section L- 21 m in
length (J3Z » 11 m at bending magnet edges), one should be able to determine effective

angular divergences as small as aie!! * yov,2 + <?z
2/y* > <?? ^ ̂ j£

z/Pz « 4.3-10 . In this case the
visibility of fringes versus fringe number for the X= 500 nm radiation would be the one
shown in Fig. 8(a). The expected precision calculated in assumption SV = 3-10* is shown in
Fig. 8(b). The Figures show that the valuable visibility deterioration takes place (and rather
high precision is attainable) at fringe numbers around 20. To use such fringe numbers, the
radiation bandwidth can be of order 1 nm, the value attainable with a standard interference
filter. Thus, the method seems to be applicable to the KEK-B HER; yet the practical
application should be based on precise computing the ER intensity distribution [4], [14] in
that particular case (Eqs. (9), (10) may be used for estimations only).

4. REALIZATION OF THE ER-BASED METHOD
ON THE SIBERIA-1 STORAGE RING

4.1. ER measurement system

The layout of the ER measurement system installed on the Siberia-1 electron storage
ring (the 450 MeV injector of the Kurchatov SR Source, Moscow) is shown in Fig. 9.

To observe the ER, we adjusted a beamline from the extraction interval of the
Siberia-1 (L= 63 cm). The vacuum part of the beamline was finished with glass extraction
window. To obtain a monochromatic radiation, interference filter was used. The average
wavelength of transmitting light was <X>= 648 nm at A/li/2= 4 nm bandwidth.
Semitransparent mirror split the system into two measurement channels, each one consisting
of a lens and a CCD-matrix camera. Neutral filters were used to prevent surplus exposure of
the cameras at different levels of the electron beam current.

With the system, we measured the ER intensity distributions in 'object planes'
(Fig. 9). Lenses were used to zoom the distributions in order to fit the sensitive window of
the CCD-matrix. The distances along optical axes from the middle of the straight section to

h 1 2 Fig. 9. Scheme of the ER
measurement system.
1- bending magnet;
la- vertical steering magnet;
2- extraction window;
3- neutral filters;
4- interference filter;
5- semitransparent mirror;
6- 'object plane';
7- lens;
8- CCD-matrix camera;
9- interface;
10-computer.
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each of the object planes were different: y*x = 199 cm, y*2 = y*2\+y*22 = 400 cm. The aim
was to set the object plane of the first camera as close to the radiation region as possible,
and that of the second camera, quite the reverse, far from the radiation region (the reference
separation value was the value of fix function in the middle of the straight section).

The depth of field effect and the lens aberrations were found not to bring in any
valuable distortions to the images registered. The spatial resolution was 56 u.m for the first
camera and 85 \xm for the second one, in angular units the resolution was less than 30 jirad
for both cameras.

The cameras operated synchronously; the measured data were transmitted to PC for
further processing. The cameras' signal-to-noise ratio was « 50. Exposure time applied was
larger than 100 ms, thus the ER intensity distributions registered and the electron beam
parameters determined were integrated over many electron turns.

4.2. Measurement and fitting results

There were no beam focusing elements in the straight section chosen for the
diagnostic measurements. The only element influenced the original ER intensity distribution
was a steering magnet caused vertical deflection of the beam (Fig. 9). Therefore the
registered radiation intensity distribution depended on beam parameters in combinations
given by Eqs. (4)

A radiation intensity distribution registered by the first camera at one of the
Siberia-1 modes of operation, is shown in Fig. 10 (a) as a half-tone picture (vertical
asymmetry of the distribution was caused by the steering magnet contribution). Some of the
qualitative considerations used at the fitting the intensity distribution are given below.
1) Each camera allowed one to determine a^/and az<eff, see Eqs. (4).
2) There was a possibility to determine ax<eff and aZ'ef independently, with practically no
mutual influence. For example, since it took place, oz < ax, ov< crx; the value of q^-was
determined from the intensity distribution along horizontal line passing through the global
maximum, Figs. 10 (a), (b), while oz>eff was obtained from the distribution along vertical line,
as far from the pattern's center as possible, Figs. 10 (a), (c).
3) Whereas beam divergences and transverse sizes 'smooth off the intrinsic ER peaks, the
beam energy influences the peaks' positions.

In Figs. 11 (a), (b) measured ER intensity distribution (a) and the corresponding
best-fit (b) are compared in terms of two Cartesian coordinates. Actual fitting was
performed along the dark lines shown in Figs, (a), (b). Fig. 11 (c) represents the distribution
computed for infinitely thin electron beam at the same magnetic field, thus demonstrating
high sensitivity of the method once more.

The fitting results obtained for two Siberia-1 modes of operation are given in
Table 1. The actual errors are within 5-13 %. The most important error sources were poor
precision of the data on actual magnetic field within steering magnet (see Fig. 9), small
detector dynamic range, limited computer power (IBM PC/AT 486).
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Fig. 10. ER intensity distribution measured (a) and
computed best-fits (b), (c).

In Figs, (b), (c): 0 - experiment; computation
best-fit.

Intensity distribution along horizontal line passing
through global maximum allows one to determine:
0x'eff\= 0-90 ± 0.07 mrad (b); the distribution along
vertical line crossing interference oscillations far
from the pattern center gives: oZ'eff\= 0.068 ± 0.007
mrad (c).

Table 1. Effective angular divergences determined by the fitting.

E, MeV

348 + 11

450 + 13

Ox'effi* m r a c l

0.90 ± 0.07

1.34 + 0.11

oi'e#2, mrad

0.47 ± 0.03

0.78 ±0.06

(Jz'effu mrad

0.066 ± 0.007

0.092 ±0.011

Oz'effi, mrad

0.049 ± 0.006

0.077 + 0.009

Electron beam parameters determined for the full-energy mode (£=450 MeV) from
Eqs. (4), (7), (8) (see Chapter 3.1) for the values of effective angular divergences indicated

in the Table 1, are given in Table 2. The given values of crr, a ,, M r., a,, a,, M , refer

to the middle of the straight section {ax, ax,, az, az, vary along the structure within 10 %).
The beam parameters determined agree with data on the Siberia-1 ring published

elsewhere [16].
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Fig. 11. ER in the Siberia-1 ring
at£=350MeV

a) measurement result;
b) computation best-fit;
c) computation for infinitely thin electron
beam.

Table 2. Determined Siberia-1 beam parameters at E= 450 MeV

<rE/E

vx

°x<

33O±3Onm

(1.2 + 0.2)-10"3

2.5 ±0.3 mm

0.46 ± 0.05 mrad

3.2±0.5nm

Sz

°z

°z<

8.1 ±1.0nm

0.11 ±0.01 mm

0.073 ± 0.009 mrad

0.0 nm
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Abstract

The low emittance lattice in which the beam
emittance is half of that in regular operation was tested
at TRISTAN AR. The measured emittance well agreed
with the design value of 1.6 x 10"^ m.

I.INTRODUCTION

The TRISTAN accumulation ring(AR)[l] is a
booster-synchrotron of TRISTAN main ring(MR).
The circumference of the AR is 377 m. Injection- and
extraction-energy is 2.5 and 8 GeV, respectively. In
the intervals of the MR injection the AR is operated
with the electron beam of 6.5 GeV as the synchrotron
radiation source.

At present the AR has two beam lines for
insertion device. One is for Ellipsoid-Multi Pole
Wiggler (E-MPW)[2] for circularly polarized X-rays
and the other is for an in-vacuum X-ray undulator. The
radiation properties of these insertion devices will be
improved by a low emittance beam. This paper
describes the test operation of the low emittance lattice
at the AR.

II.LOW EMITTANCE LATTICE

There are several possibilities to obtain the low
emittance beam[3];(I) Changing rf frequency to
increase the horizontal damping partition number, (II)
Introducing damping wigglers in the dispersion-free
straight section to increase second synchrotron integral
12 without increasing I5 so greatly, (III) Increasing the
horizontal tune to reduce the value of dispersion
function. This lowers the fifth synchrotron integral I5.

In the method (I), a calculation shows that the
emittance is reduced to about half by increasing the rf
frequency by 80 kHz. But the shift of the rf frequency
changes the closed orbit in the arc section by 18 mm
and as a result largely decreases the physical aperture.

To investigate the method (II) we calculated the
effect of a damping wiggler on the emittance. We
assumed that the damping wiggler consists of three
bending magnets whose lengths is 0.5, 1.0 and 0.5m
and whose magnetic field is 1.5 Tesla. The calculation
shows that the emittance is reduced only 4% because
12 from lattice bending magnets is so large.

The method (III) is most promising one among
three methods. We adopted this method for the low
emittance operation. Fig. 1 shows the dependence of
the natural emittance on the horizontal phase advance
assuming that the whole lattice of the AR is
composed of normal cells. The vertical axis is the
emittance normalized by that of the horizontal phase
advance of 90°. In the calculation the vertical phase
advance was kept 60°. Fig. 1 shows that the emittance
has a minimum around 140° and that the emittance at
this point is half of 90°. Fig. 2 shows the lattice
functions of the 145° lattice in the half of the AR.
Table 1 shows the optics and beam parameters in the
90° normal lattice which is used in regular operation,
and the low emittance 145° lattice.

III.TEST OPERATION IN LOW EMITTANCE
LATTICE

We tested the low emittance lattice whose optics
and beam parameters are shown in Fig.2 and Table 1.

A.lnjection

The injection rate in the low emittance optics was
very low. So we measured the horizontal acceptance of
the coherent oscillation at the injection and compared
it with the amplitude of the coherent oscillation of the
injected beam.

The horizontal acceptance at the injection was
measured by exciting the kicker magnet so as to
generate the coherent oscillation of the stored beam.
Using the kick angle G at which beam loss occurred,
the maximum acceptance for the coherent oscillation
emax ls expressed as

max
(1)

where P K is the beta function at the kicker magnet.
The measured emax of the low emitttance optics was

1.4 x 10'-5 m which was one fourth of the normal
optics.

The emittance of the coherent oscillation of the
injected beam emj is given by
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£inj ~ x in i f Pi. (2)

assuming that Xjnj=-ajnj/Pinj-xjnj'where xjn: and
x'jnj are position and angle of the injected beam at the
injection point measured from equilibrium orbit and
Pinj and 0Cjnj are Twiss parameters at the injection
point. From Eq. (2) £jnj in the low emittance lattice

is estimated to be 2.9 x 10"-* m which is twice of
&max.

To improve the injection rate we tried a modified
optics which had larger Pjnj than the original optics.

In this optics Ejnj is estimated to be 1.6 x 10 m and

measured e m a x was 1.5 x 10"5 m. Though e m a x was
much the same with two optics, it was expected that
small Ejnj improved injection rate. Actually the

injection rate was improved to 52 mA per minute, but
it seems that this injection rate is still low for the
regular operation.

Maximum stored current at injection stage was
33 mA which was achieved by actuating horizontal
damper and optimizing the chromaticity. The reason
why the current was limited is not yet understood.

B. Acceleration

Adjusting the horizontal and vertical tune, the
current of 30 mA was accelerated to 6.5 GeV without
beam loss.

CMeasurement of Optics Parameters

The dispersion function is a good measure to
check whether the low emittance lattice is realized or
not because the low emittance beam is obtained by
decreasing the dispersion function in arc sections. It
was measured by taking the difference of the closed
orbits which were measured at two rf frequencies of fo
±10 kHz .where fo is nominal rf frequency. The result
is shown in Fig. 3. The measured dispersion is
systematically 10-20% smaller than the calculated one.
The calibration error of the beam position monitors
explain the difference of 5 to 10 % [4].

Our emittance measurement requires the value of
the horizontal beta function in E-MPW, PX(W). The
PX(W) was checked by measuring the average beta
function PX(QC1) at two quadrupoles(QCl's). E-MPW
is located at the mid point between them. We
measured the px(QCl) observing the tune shift as the
function of the strength of QCl's. The measured value
of Px(QCl) was 8.1 ± 0.5 m which well agrees with
the design value of 8.1 m. The measurement error

stands for that of the tune measurement. We expect
that p\(W) also agrees with the design value.

IV.MEASUREMENT OF EMITTANCE

Fig. 4 schematically shows the experimental
arrangement to measure the horizontal emiuance e x ,
The synchrotron radiation X-rays from the E-MPW
(Ky=15, Kx=0) is led to a horizontal slit(0.2mm wide)
and the angular distribution of the X-rays is measured
behind the slit. The principle of the measurement is
explained in Fig. 5. Fig. 5(a) shows the wiggled
electron orbit in the E-MPW. Fig. 5(b) shows the
phase ellipse of the electron beam and the wiggled
orbit in a period of motion at positions A(entrance of
the E-MPW), B (center of the E-MPW) and C(exit of
the E-MPW). The phase ellipse of the electron beam
moves along the wiggled orbit. The phase space of the
emitted synchrotron radiation is same as that of the
beam ellipse. Fig. 5(c) shows the phase space of the
synchrotron radiation and the wiggled orbit which is
transformed from A, B and C to B. As the
synchrotron radiation emitted at A and C go through a
drift space, its phase space at B is the up-right ellipse.
On ihe other hand the wiggled orbits at A and C
become the inclined ellipses at B. The observed X-rays
is the bold line in Fig. (c) because we observe the X-
rays behind the slit.

As mentioned above, the emitted synchrotron
radiation itself has no phase-space volume practically
in the present configuration of emittance
measurement. It is explained in the followings. The
selected undulator parameter of Ky=15 is much larger
than unity and the wave length of 50 keV photon
Xobs=0.248A is even shorter than critical wave length

a.c=2kw/(3Y2Ky)=0.42A(Xw:period-length of the E-
MPW) and more than 2,000 times higher harmonics
of the fundamental undulator radiation
M=?iw(l+Ky2 /2)/2Y2=540A. Then there is no
interference between radiation from each pole of the E-
MPW and the radiation can be characterized as a
bending radiation. The angular distribution of single
photon is estimated by the angular divergence of
bending radiation,

•• 4 0 | i r a d .

(3)

By using the uncertainty principle induced by
diffraction, we can obtain the spatial distribution of
s ingle photon in phase space
Ox(photon)=Voy(X0bs/47z)=530A. This spatial size

- 1 8 3 -



of photon is negligible compared to the width of
electron orbit in the E-MPW and the beam size. As far
as we observe photons near x-axis as illustrated in
Fig.5(c), we can also neglect the angular distribution
of single photon because it distributes along the
electron trajectory in phase space.

The angular distribution of the incident X-rays at
(he slit Islit(x') is expressed as

Islit(x')= | l ( -L 2 x ' - (x w ( z ) - z -x ' w ( z ) ) ,

v.'-x'w(z)) dz , (4)

where

(5)

Li(=3.36m), L2(=38.78m), c x , ox- and P*x are the
length of E-MPW, the distance between the center of
E-MPW and the slit, the beam width and angular
divergence at B and the beta function at the center of
the E-MPW, respectively. xw and x'w are the position
and the slope of the wiggled orbit which are expressed
as

Xw
 K y . , 2K= - w -^ L sm(-— z )

2K Y ^W

I = ——cos(-—z) , (6)
Y ^w

c a n be measured by the rocking curve
measurement of a double crystal system. Namely, the
angular spread of the rocking curve of (+,+) setting of
Si(220) reflection gives the value of 2crob under the
angular resolution a r e s of V2 w\. Wj is an intrinsic
angular spread of (220) reflection (Darwin width) and it
is expressed as

j = (e2
/sin(29B))F220

(9)

w '

where (e2/mc2) the classical electron radius, F220 the
structure factor, A.obs the wave length of photon, N
the number of crystal units in unit volume and 0 B the
Bragg angle. In the present experiment,
Xobs=0.248(A) (50keV), the estimated angular
resolution is 0.00527 mrad(F.W.H.M.). This
resolution function can be measured experimentally by
the angular spread of the rocking curve of (+,-) setting
as shown in Fig. 4. The resolution of this experiment
which is directly obtained by the angular spread of (+,-
) rocking curve was about 0.0058 mrad, which is a
good agreement with the estimated one.

Table 2 shows the obtained values of the
emittance in the normal operation and the low
emittance operation at different beta functions. The
obtained values are about 280 and 170 (nmrad) at the
normal and the low emittance operations, respectively;
these are in good agreement with design value.

V.SUMMARY

where Y is the relativistic energy of electrons. Finally
the angular divergence of the incident X-rays at the slit
O0 is calculated from Islit(x') by

2 = J*'c e
2 = J* Is l i t (x' )dx' / }*' o I s l i t (x' )dx'

(7)

where x'o is the angular acceptance of the detector. In
our experiment ex was obtained by the measurement
of ag by using the relation between 09 and ex which
was numerically calculated from Eq. (7).

The angular divergence OQ is expressed by the
observed angular divergence o 0 b and the angular
resolution of the measurement a r e s as

The low emittance optics whose horizontal phase
advance 145° was tested at TRISTAN AR. The
measured emittance well agreed with the design value
of 1.6 x lO'^ m. To serve this optics to regular
operation the improvement of the injection rate and
the finding of the cause of the current limitation are
needed.
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Table 1 Optics and beam parameters of normal and low emittance lattice.

Energy(GeV)
v x

Vy

y x in normal cell(°)
\|/y in normal cell(°)
Momentum compaction
Natural £x

Natural 4y
Emittance(10"7m)
Bunch length(mm)

Table

(jirad)

Normal lattice 27.38

Low emittance 26.39
lattice 23.76

Normal
emittance
lattice

6.5
10.15
10.23
90
90
0.0125
-14.4
-13.0
2.85
17.4

Low
emittance
lattice

6.5
12.62
8.25
145
60
0.0069
-23.3
-13.5
1.59
12.9 (RF voltage:13MV)

2 Result of emittance measurement.

Px*

(m)

3.81

6.38
4.5

Observed
emittance

(10"7m ;

2.75

1.60
1.79

Designed
emittance

I (10 " 7 m)

2.85

1.59
1.59
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Abstract

The bunch length was measured at the injection energy of 8 GeV in the TRISTAN Main Ring
(MR) with two methods. One method is to measure a longitudinal profile of the synchrotron
light using a streak camera, and the other uses a technology based on detecting the beam
spectrum. A bunch shortening was observed in low beam currents with both methods. On
the other hand, the bunch shape was much distorted from a Gaussian at higher currents. A big
disparity in the measurements between the spectrum method and the FWHM of a profile was
observed there. A comparison among the spectrum method, the FWHM and the rms. value for
non-Gaussian distributions was carried out in order to understand the disparity.

1. INTRODUCTION

The rms. bunch length is an important parameter in electron/positron rings. The bunch
length is obtained from the logitudinal profile. Since the bunch length is within a range of
picoseconds, an optical device such a streak camera can be used. A streak camera which is
commercially available is too delicate to handle it as a dedicated monitor. On the other hand,
the bunch length can also be obtained from the frequency spectrum of a bunch. Monitors of
this type are being used in several rings [1.2,3], The monitors are much cheaper than a streak
camera and can easily measure the bunch length in real time. Thus a bunch length monitor
(BLM) based on detecting the beam spectrum has been developed in the TRISTAN MR.
Characteristics of the monitor will be described in the next section.

The primary parameters at the injection energy of the MR[4] are listed in Table 1. The
circumference of the MR is 3020m about 10% of which is the RF section with about 1000
cavity cells. The bunch length can be controlled by the wiggler magnets installed in a
dispersion region as well as the accelerating voltage. The minimum bunch length becomes 3
mm when the wiggler magnets are off.

Table 1. Primary parameters of the Main Ring

Beam Energy
RF Frequency
Accelerating Voltage
Wiggler Field
Revolution Frequency
Harmonic Number
Synchrotron Frequency
Momentum Compaction

Bunch Length

Number of Bunch

E = 8 GeV
frf = 508.580 MHz
V c = 40 to 120 MV
B w = 0 to 1.4 Tesla
fro -• °9.33 kHz
h0 = 5120
fs =7.7 to 14.5 kHz
a = 1.49xlO-3

GL =•• 3 to 12 mm

Nb= 1
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2. BUNCH LENGTH MONITOR^]

Fig. 1 shows the frequency spectra of a bunch assuming the Gaussian longitudinal
distribution. The bunch length is obtained from two frequency components of the beam
spectrum, and is given by

(1)

Here, G( (Ov CO2) is the sensitivity coefficient determined by the detected frequencies and K is
a coefficient which depends on characteristics of the detector; Fi and F2 are the amplitudes at
frequencies fi), and CO2, respectively. Two detection frequencies are chosem: 0.25 GHz and
1.75 GHz, which results from characteristics of a pick-up electrode.

Fig. 2 shows a schematic
diagram of the BLM. A stripline
electrode with a length of 30 cm is
used as the pick-up. A beam 1.00
pulse is divided into two paths by
a switch. One goes to a band-
pass filter of 0.25 GHz; the other
goes to a BPF of 1.75 GHz.
After mixing down to 70 MHz,
the signals are combined and
converted to a DC level using a
common synchronous detector
with a cut-off frequency of 1
kHz. Since the bunch length is
within the mm range, the detector
is required with an accuracy of
better than 0.1%. -1 1 10

Frequency (GHz)

•a
3
= 0.95
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Fig. 1 Frequency spectra of the beam
as a parameter of the bunch length.

e+ beam
-VI Line-

e- beam
SPDTI
Switch

BPF1 - Gatel

yb=O.25C//z i

BPF2 6ate2

y»=1.75C//z

-V2 Line-

10.7MHz
Detector - D.M.M.

70MHz ( / \ , ) L O 3 = 5 9 . 3 M H Z G P I B

=1820MHz to Computer
t

Fig. 2 Schematic diagram of the bunch length monitor.
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3. MEASUREMENT

A measurement was carried out with a single bunch at the injection energy. A calibration of
the monitor was performed at a low current in order to avoid a potential-well distortion and/or
collective effects. Fig. 3 shows the measured bunch lengths together with the calculated values
as a function of Vc under the constant Bw of 1.4 Tesla, where K in equation (1) is fixed to be
1.01. They agree well within 5%. The bunch length was also measured as a function of the
wiggler field under the constant accelerating voltage of 80 MV. Fig. 4 shows the results
together with calculated values. They agree with 0.6 mm. The monitor can measure the
bunch length of less than 3 mm. The repeatability of the monitor was within ±0.2 mm when
the bunch length was about 5 mm.

The bunch lengths have been measured by both the BLM and a streak camera (Hamamatsu-
C1587 with a synchroscan unit) as a function of the current. The streak camera can measure
the FWHM of the profile with the time resolution of 7 ps.

E
E
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c

u
c
3
m
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10 •
• V
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(b)

• calculated

E =
lb=
Bw

-©-

t
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0.06 mA
=1.4 T

—« 8-
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! 8

O)
c
(0

o

3
ta

E = 8GeV
Vc= 80 MV
lb=0.06 mA

— calculated

o measured

50 100

Vc (MV)

150
"o.o 0-5 1-0

Wiggler Field (Tesla)

1.5

Fig. 3 Bunch length vs. accelerating voltage

The rms. bunch length is given by the
FWHM/2.354 assuming the Gaussian
distribution. Fig. 5 shows bunch
lengths measured by the two methods,
where the natural bunch length is 8 mm.
They agree within 0.8 mm below the
current of less than 2 mA. Both
measurements indicated a bunch
shortening of about 10%. However, a
big disparity in the measurements was
observed above' 2 mA. The BLM
shows the bunch lengthening of 50% at
the current of 3.65 mA. On the
contrary the FWHM remains almost
constant. Fig. 6 shows bunch shapes
taken by the streak camera. One may
notice that the bunch shapes have a long
tail as the current increases.

Fig. 4 Bunch length vs. wigger field

15

E -8GeV
VC-90MV
Bw. 1.4T

_ natural bunch langth

• O

o •

. ST/FWHM
O MWBLM

1 2

Bunch Current (mA)

Fig. 5 Bunch lengths measured with the BLM and
the streak canera as a function of beam current.
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Fig.6 Bunch shapes obtained by a streak camera.

(l)Ib=0.14mA (2)Ib=0.31mA (3)Ib=0.48mA (4)Ib=0.69mA
FWHM=62.7ps FWHM=61.6ps FWHM=60.5ps FWHM=58.6ps

(5)Ib=0.93mA (6) Ib=1.88mA (7)Ib=2.95mA (8)Ib=3.65mA
FWHM=58.6ps FWHM=53.8ps FWHM=57.4ps FWHM=60.3ps
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4. DISCUSSION

First, the disparity observed at higher currents is discussed. The BLM based on the
spectrum shows good agreements with both calculated bunch lengths and the FWHM/2.354
with the streak camera at lower currents. However, the big disparity between the spectrum and
the FWHM was shown for a non-Gaussian bunch at higher currents. A simplified distribution
was analyzed instead of the measured ones. This analysis does not contain an error in the
measurement. A parabolic and a triangular distributions with the same full width at the base
line (FWBL) were compared. The bunch lengths obtained from the spectrum and the rms.
value agree with each other as seen in Table 2. However, the FWHM/2.354 does not agree
with the others.

Table 2 Calculated bunch lengths for non-Gaussian distribution at FWBL=120 ps.
The bunch lengths are shown in mm.

Distribution
Parabolic
Triangular

spectrum
7.98
7.36

rms.
8.05
7.35

FWHM/2.354
10.83
7.66

The calculation was also carried
out for an aymmetric case. In
order to approximate the observed
distributions as seen in Fig. 6-
(7)&(8) a Gaussian disturbed by a
trianglar wave was calculated. A
typical shape and the details are
shown in Appendix. Fig. 7
shows the calculated bunch
lengths obtained using the above
three methods as a function of the
peak amplitude-ratio (X between
the Gaussian and the triangular.
One may notice the spectrum and
the rms. agree well with each
other.
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Fig. 7 Comparison among the spectrum, the rms. and the
FWHM. for a disturbed Gaussian distribution as a
function of the amplitude ratio a.

Therefore, the spectrum agree well with the rms. value even for an aymmetric case. Though
these calculations do not deal with the actually measured distribution, these results may give the
measurement a useful guide.

Next, the bunch shortening observed at low currents is discussed. Prediction about a
bunch shortening has already studied by several authors[6,7,8,9] ^heir r e s u i t s suggest that a
bunch shortening is caused by a capacitive or a step-function wakefield. A typical wavelength
of the capacitive wake should be longer than the bunch length. The simulation^] using a
broad-band resonant impedance indicates that a bunch shortening occurs when the normalized
resonant frequency 6r < 1.0, where 9r is defined as

d. = co.aTO" (2)
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Here, COr is the resonant frequency of the impedance and (TT0 is the natural bunch length.
Thus the bunch shortening is expected to be caused by a relatively low frequency components
such as an RF cavity. The MR has many RF cavities which occupy a part of 10% in the
circumference. However, the capacitive wakes due to the cavities would be disturbed by
inductive wakes caused by bellows and many discontinuities of the vacuum chamber as the
beam current increases. The inductive wakes which contain higher frequency components may
produce the asymmetric tail observed at higher currents. The simulationHO] using the optical
resonator model^ 1] also indicates a long tail at a high current. These phenomena observed at
the MR seems to be similar to that at SPEAR,U^] where a bunch shortening was observed
first.

5.SUMMARY

The bunch length was measured at the injection energy in the TRISTAN MR using the
monitor (BLM) detecting the frequency components as well as the streak camera. A bunch
shortening of about 10% was observed at low beam currents, which may be caused by the RF
cavities. The big disparity between the BLM and the FWHM/2.354 was noticed at higher
currents, where the bunch shapes deviated from tha Gaussian. The calculation indicates that
the BLM is a good measure for an rms. bunch length.
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Appendix

Three types of the bunch shape are calculated. These shapes are parabolic, triangle and a
Gaussin disturbed by a triangle as shown below. The bunch lengths obtained from the
frequency spectrum, the FWHM and the rms value for non-Gaussian bunches are compared.

(a) (b) (c)

-4 -2 -10 -5 10

Fig.Al Examples of non-Gaussian shapes; parabolic (a), triangle (b) and an disturbed
Gaussian (c). (a) and (b) have the same FWBL. The peak intensity ratio between the
Gaussian and the triangle at (c) is a =0.05.

The rms. value is obtained from a distribution function f(x) and defined as

(Al)
Lf(x)dx

where x is the average value. On the other hand, the bunch length is obtained from the beam
spectrum using equation (1). The Fourier spectrum of the disturbed Gaussian shown in Fig.
Al-(c)isgivenby

sin'(r,fl)/2) „
+(X'° (7>/2)'

(A2)

Here, the first term is the Gaussian with an amplitude of 1.0 and the second term is a
contribution from the triangle. The a is the amplitude, To the FWBL/2 of the triangle and
td the shift from the center of the Gaussian. The shift produces an imaginary part in the
spectrum. The amplitude is given by

\F((D)\ = +(B)2 +2AB • cos(G)Td), (A3)

where A and B are given by
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The bunch length is obtained from two amplitudes at (Ox =2^x0.25 GHz andft>2= 27ZTxl.75

GHz using equation (1). Here, the following parameters are used; (70 = 30 ps, To = 2 <70 ps

and Td = 2.67 C70ps. The results together with the rms. and the FWHM are shown in Fig. 7
as a function of OC.
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BEAM EMITTANCE MEASUREMENTS IN THE MAX I RING.

Ake Andersson

MAX-lab, Lund University, Box 118, S-221 00 Lund, Sweden

Abstract

An electron beam profile monitor system is described. It utilizes the visible bending magnet syn-
chrotron radiation (SR) to form an image of the beam. A model for calculating diffraction and
depth of field effects is introduced. Assuming a Gaussian distributed electron beam, the relation
between beam image size and actual beam size is then calculated with this model, for a number
of practical measuring situations. In a series of measurements at the MAX I electron storage ring
at a current of 1 mA, the beam image size has been measured for these calculated situations. The
measured values are presented, and their behaviour is in good agreement with the model. With
this model the horizontal and vertical rms beam sizes were determined to o.x = (203± 3) |im and
Oy = (19± 3) \im respectively. The corresponding emittances are approximately ex = 30nmrad
and £j> = O.OAnmrad.

1. Introduction

Different kinds of electron storage rings, for example, the third generation synchrotron radiation
sources, aim at very small emittances. The beam profile monitor systems on these machines must
be able to resolve small transverse beam dimensions. In most of these systems inherent effects,
like diffraction or depth of field, dilutes the results. However, by careful calculation of such ef-
fects, the correct beam size, within some uncertainty, could still be derived.

The second part of the problem is to carefully measure the machine functions, in order to deter-
mine the transverse emittances. In this report we will concentrate on the first part, and only fi-
nally calculate the emittances with the machine functions given from lattice calculations. Longi-
tudinal emittance is not treated.

At MAX I [1] we have developed a beam profile monitor which uses the visible part of the SR
spectrum, coming from a bending magnet. Working in the visible range allow us to use highly
developed two-dimensional CCD-sensors, which are commonly used in video cameras. In this
way we do not only get numerical values of the horizontal and vertical beam size, but also a most
valuable two-dimensional "live" image of the beam , on a TV-screen. MAX I is a low-emittance
machine, e.r = 30nmrad . Its energy is 500MeV and the bending radius of the zero-gradient di-
poles is R = 1.2m . Low coupling can be obtained at low currents. Therefore it has been possible
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to thoroughly test the profile monitor system, and also the validity of the model used for calculat-
ing the diffraction and depth of field effects. Constructing such a model has turned out to be not
so easy a task. Attempts range from more like estimations to quite elaborate models. Some exam-
ples are given in ref. [2]-[10]. The model presented in this report is not intended to be the "per-
fect" one. The author is aware of the fact that for instance the coherence of the radiation from a
single electron should be treated in a more strict way (see ref. [8][9]). However, the model pro-
posed is quite easy to apprehend and results are easily computed. Furthermore it turns out that in
our case, with low energy electrons and short bending magnet radius, the diffraction and depth of
field effects are small, thus implying quite small uncertainties in the results. Measured data is
presented and compared to the model predictions. Conclusion whether the same type of system
could be used at the third generation SR source MAX II [11] is also drawn.

2. Optics, detector and data acquisition.

2.1. Optics

The beamline of the
electron beam profile
monitor is seen in fig.
1. The task of the op-
tics is to form an im-
age of the electron
beam (the source) on
the surface of the
CCD. Ideally there
should be no other
distortion of the image
than distortion from
diffraction and depth
of field effects [5].
However, the optics
inevitably produces
some distortion, and
our task is to design
the beamline in a way
that this optics distor-
tion becomes consid-
erably smaller than
the inherent effects of
diffraction and depth
of field.

CCD Camera Unit

CCD Chip

Interference filter

Polarization filter r

Neutral Density Filters f_̂

Concrete Ceiling

Lens

Quarts plane parallel window

Vacuum tube

Source

Mirror

Fig.l. Beam profile monitor beamline. Side view.
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In order to minimize chromatic errors we used an interference filter, with transmission fwhm of
10 nm . Measurements were made at two different wavelengths 560 nm and 360 nm . A polariza-
tion filter was in some situations used to select only the horizontally polarized light component.
Also neutral density filters were used to control the intensity on the CCD. All filters were placed
close to the detector in order to minimize errors due to their surface quality. The focusing ele-
ment is a spherical symmetric fused silica lens, which focal length was determined to:

(997±l)/w» at X = 560nm and (964± \)mm at X - 360m?z.

The conjugate ratio is chosen close to one, in order to keep lens aberrations to a minimum. The
lens to image distance, p', was

(2028±2)/nm at X=560nm and (1898± 2)mm at X=360nm.

Knowing the lens focal length, the source to lens distance, /;, could be determined to
P'p = (1961± A)mm. Thus, the optical magnification,— , was

1.034± 0.003 and 0.968± 0.003 respectively.

For practical reasons the beamline is bent vertically 90 degrees by a mirror just outside the vac-
uum window. Inside the vacuum window, there is a plane parallel quarts window, which absorbs
the high energy synchrotron radiation. Since our measurements were performed only at very low
currents, distortion due to thermal load of this first optical element, was negligible.

Slits of different horizontal widths were placed in front of the lens for restriction of the horizontal
acceptance, in order to vary diffraction and depth of field effects. However, the vertical accep-
tance of the optics was large. Less than 1 % of the vertical light distribution was truncated, at any
of the two wavelengths used.

All components were bench tested, before being transferred to the beamport at MAX I. The entire
beamline was tested with a 0 = 25 \im pinhole (illuminated by an incandescent lamp) as a light
source. In this way we could check, not only the optical components, but also the stability of the
CCD read-out. The measured image of the pinhole, always had a smaller fwhm than 40|l/n After
subtraction of the diffraction effect, one could estimate the optics distortion rms-value to be less
than 10|i/n.
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2.2 Detector and data acquisition.

As detector, a CCD camera was used. The pick-up device, a CCD sensor (Sony XC-77CE), has
756 x 581 square pixels, which are 11.0ji/?i x 11.0|im in size. In each pixel a quantity of charges,
proportional to the incident light intensity and the integration time, is accumulated. We used an
accumulation time of approximately 20ms. The signal to noise ratio for the pixel signal was
50dB. This signal was analog to digital (256 bits) converted, and fed to a commercially available
framegrabber board with digital input, for storage of the measured pixel values.

3. Model for diffraction and depth of field effects

We will first calculate the diffraction pattern of a point source emitting light with an angular dis-
tribution identical to that of an electron in a homogeneous magnetic field [12]. Then, assuming
that we have a transverse Gaussian distribution of such point sources, and that they are not coher-
ent (which also is the case for emission from different electrons in the beam), we can calculate
the image distribution by a convolution [13]. Assume further that we have a uniform longitudi-
nal distribution of such point sources, again incoherent, along the circular path of the beam. Then
we can calculate by summation technique [10] the image distribution from such a source. We
will make some small modification of this technique, in order to properly take into account the
smooth variation, along the beam trajectory, of the amount light contributing to the image.

It should be stressed that in this model, the coherence of the light emitted by a single electron is
only taken into account indirectly, through the assumption of the narrow angular distribution of
the point sources.

3.1. Diffraction

When calculating the diffraction effects we have followed the outlines of Hofmann and Meot [5].
An imaging system for bending magnet synchrotron light is seen in fig. 2, where also co-ordi-
nate and parameter definitions are given. At the bottom is an enlarged view of the emission area.

We consider a point source at o in the x,y -plane , which is focused by the lens onto the point o'
in the plane of the detector. The angular distiibution should be identical to that of an electron in a
homogeneous magnetic field. Diffraction effects are calculated by help of the amplitude distribu-
tion J{xi,yi) in the plane of the lens, according to scalar theory of diffraction. Our slit will cause/
to equal zero for xi > xh and xi < -xh , where xh is the half width of the slit. However, in the verti-
cal direction the aperture is not the limiting factor, but instead the inherent angular distribution of
the synchrotron light [9]. The electric field amplitude distribution is given by:
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Fig. 2. Imaging system for synchrotron radiation. Definition of co-ordinates.

(1)

(2),

where the normalized vertical angle ^ = ya, with y=Ee/mec . The indices n and a denote the
vertical and horizontal polarization components, respectively; Ao is a factor, independent of the

angle a; K are modified Bessel functions; Ac = AnRIZ-f1 is the critical wavelength, where /? is
the radius of the electron beam trajectory.
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The intensity distributions, which are proportional to / , are shown in figs. 3a and b for
A=360wn and k=560nm , respectively. Also the total intensity distributions, proportional to

fn 2 +fa 2, are shown. The parameter values for MAX I are: y = 978 and R = 1.2m .
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Since we observe the image in the far-field region, Fraunhofer diffraction formulas are applica-
ble. The vertical intensity distribution for each polarization components will be given by [5]

4-OO

j

where Aa = | (1+ ?2) #2/3(T|)fl^ , T) = -^ —(1 + ^ 2 ) / 2 and /o is the intensity at o'.

0

The integrals have been solved numerically, and the results are shown in figs. 4a and b, for
h= 360nm and X= 560nm, respectively. A conjugate ratio of one has been used, i.e. p'lp = l.The
dashed curves in figs. 4a and b are Gaussians of the same fwhm as the intensity distributions for
the a component, and for the sum of the a and n components. In the latter case one can hardly
distinguish any difference.
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0.2 -

0.0

Fig. 4. Diffraction patterns of synchrotron radiation. Dashed curve represent a Gaussian approxi-
mation of equal fwhm as the diffraction pattern.

In the horizontal direction we will make a simplification. The amplitude distribution / will be
considered uniform across the slit. Then, the horizontal diffraction pattern, in the image plane
(/ = 0), will be given by the well-known intensity distribution

/ . , 2TUV, , N 2

Inxh j
X

(5).

Let us now consider a transversely extended source of the same angular characteristics as above.
If the emitted light is incoherent, the image will be given exactly by the convolution of the geo-
metrical image distribution and the diffraction pattern given above [13]. We will assume that the
extended source has a Gaussian distribution, and we will denote its vertical and horizontal rms
widths Oy and Ox .respectively. The convolution could now be performed numerically, but we
have used, for the vertical diffraction pattern, the Gaussian approximations in figs. 4a and b, and
for the horizontal case also the corresponding Gaussian. The image distribution is then simply a
new Gaussian with a width that is the quadratic sum of the geometrical image width and the dif-
fraction pattern width. For a one to one image, the rms widths are given by
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<Jyi = VCT/+ Gy/' (6),

where the numerical values of Oyd are given in fig. 4., and

Oxi = (7),

where Oxd = —~—, , . 0/i = — is half the horizontal angle accepted by the slit,
2n Qh V21n2 p

3.2. Depth of field

Our task is now to construct the image in the detector plane of a number of point sources, distrib-
uted not only transversely, but also longitudinally. The angular distribution of each source is as-
sumed to be the one derived above, (1) (2). Green [10] has treated this problem thoroughly, basi-
cally by summing the contributions from different slices, as if they were incoherent sources,
along the beam trajectory. We will proceed in the same way, but at the same time take into ac-
count the smooth variation, along s, of the amount of light contributing to the image.

We will think of the source as a number of slices, that are focused by the lens at various distances

from the detector plane xfy'. We use first order imaging theory. Furthermore, we assume that the

light emitted from a source slice has a Gaussian shape both in position and angle {note I), with

rms widths of oy and a a, respectively, in vertical direction, and a* and ae , respectively, in hori-

zontal direction. Within this approximations, and with no slits or other obstacles present, a slice

positioned at 5 , will contribute to the image in the detector plane (z'= 0), with a Gaussian inten-

sity distribution of rms width "V a / + {s ua)
z vertically, and V Oxl+ (s OQ)1 horizontally.

This could be realized by envisaging the source slice transformed to a new source at the position
s= 0, and then imaged onto the detector plane.

Making use of integral calculus and the relation s= RQ, we arrive at the following expression for
the vertical intensity distribution:

+0O

pRcB
If.dpthiy') =hot\ ,-L— 2 exp

-Lv'pf
2pf2fay

2+{RQoaf\
h(Q) (8).

I tot is the total intensity within the image distribution, and
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CT0

rQ-Bl?
ere

, where A dt

The function /i(9) accounts for the amount of light, transmitted through the slit, from different
trajectory slices. This function, which is the result from the convolution of the horizontal angular
distribution and the horizontal angular acceptance set by the slit, effectively restricts the length of
the light source. If we chose a slit of horizontal half angular width, dh=xh/p , considerably
smaller than ae , the light source length will be of the order ROQ . On the contrary, if the slit
width is chosen much larger than ae , the source length will be of the order R 9/i .It should thus
be noted that the vertical depth of field effect is governed by the horizontal aperture used.

In the horizontal direction the expression becomes more complicated since the position and angu-
lar emission centres of our slices are shifted away from origo, when 5 * 0 . Moreover, and in con-
trast to the vertical case, the horizontal angular emission distribution is truncated by the slit.
Therefore the contribution from each slice will not be Gaussian shaped. Let us define a function,
which is the normalized contribution to the image from a point source at s = Rd.

2 / 2

exp - ( •V
2

-

(R

RQ2)

1)

9ae)2
du

xJ RQQhp'

The horizontal intensity distribution can then be expressed as

+0O +OO

lf.dpth{xJ) =Itot\ RdQ. f 2_ exp
2 1

2(p'oxf
(9)

Note 1: In Fig. 3.a. and b. one can see that the vertical angular distributions are not at all
Gaussian shaped. However, by using two Gaussians, shifted symmetrically around origo (dashed
curves), it is possible to obtain a good approximation of both the a and the <j + n angular distri-
bution. When deriving the depth of field effect, we use only one Gaussian to approximate the an-
gular distribution, but the formulae are easily extended to two. However our numerical results
are based on a two-Gaussian model.Concerning the horizontal angular distribution, we use the
same distributions in the horizontal direction, as in the vertical, for the numerical calculations.
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3.3. The relation image size versus
source size

Suppose that the image formation
of a real Gaussian electron beam
traversing a bending magnet, is
described by the model given
above. It is then possible to derive
the beam image profile for given
beam rms values, Oy and Ox . The
expressions for Oyi in (6) and a*/
in (7), should then replace oy in
(8) and ox in (9), respectively.

The calculations have been made
numerically, and the image distri-
bution fwhm divided by l42ln2 ,
which we have denoted with a /
and a / , is plotted in figs. 5a - d.
All plots are made for pip' = 1.
We have plotted for series of dif-
ferent horizontal opening angles
0/, = 9.2 , 4.6 ,2.3 and 1.3 mad.

In the vertical case (fig. 5a and b),
there is a contribution from the
diffraction effect (see (6)), that
does not, of course, depend on 0/i .
It is smallest for the shortest wave-
length, and for the case when only
the horizontal polarization compo-
nent is used (see fig. 4). The di-
minishing effect with angle Qh ,
comes from the depth of field.
However, as explained above (in
connection with the function h(Q)),
the decrease is only substantial
when 0/i ~Z CJ0, and further reduc-
tion of 0/i only have minor effect
on the image width.

Fig.5.a.b. Beam image fwhm divided by 2^21n2 versus the
rms width of a Gaussian beam. The curves show the rela-
tions given by the presented model. Rings (unpolarized
light) and squares (horizontally polarized light), represent
the measured data.
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In the horizontal case (fig. 5c and
d), the problem is somewhat dif-
ferent, since the diffraction effect
increases with decreasing 0/j. The
depth of field effect goes the
other way, and a minima for the
total effect can be found at
0/i = 5mrad for A= 360/im , and at
0/i = 6mrad for h= 560/un . The
plots are in the region around
200|i/H, because that is the region
of the source size.

4. Measurements

All measurements were per-
formed at a low electron current,
bnA . In order to achieve the low
coupling, all sextupole magnets
were powered off.

A measured image distribution is
shown in fig. 6a and b, as two
histograms, one vertical and one
horizontal (note the different
scales). The width of each stack
is equal to the pixel size ll(i/n,
and a stack is obtained by sum-
ming the signal in 10 pixels in the
orthogonal direction. This meas-
urement was made at the wave-
length of 560nm , with
%h = 4.6mrad , and both polariza-
tion states present. The solid
curves are the image distribution
derived from our model, for a
Gaussian beam of Ox = 200\im
and a_y=18|i/7i . In the vertical
case we have indicated the geo-
metrical image (dotted curve),
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and the image resulting from solely diffraction (dashed curve), of the beam cross-section.
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Fig. 6.a.b. Measured vertical (a) and horizontal (b) image distribution. Solid curves show the im-
age distributions derived from the presented model, for a Gaussian beam of ox = 200(im and
Gy= lS\lm . In (a) are indicated the geometrical image (dotted curve), and the diffracted image
(dashed curve), of the beam cross-section.
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In fig. 5 we have plotted measured image fwhm values divided by 2^l2ln2, for a number of situ-
ations. The values are corrected for the actual p'/p ratio. Rings represent measurements without
polarization filter, i.e. we have used both polarization components. Squares represent measure-
ments with filter that only transmits the a component. These data points are placed on their corre-
sponding curve for the calculated image size, so that it is possible to read the actual beam size on
the abscissa. From the vertical data, one can see the predicted variation with horizontal slit width.
The measurements also clearly demonstrates the smaller vertical image size achieved by rejection
of the n component. Horizontally the diffraction effect is obvious, but in order to clearly verify a
broadening at large opening angles, we would have needed some more data points.

If we assume our model to be correct, ideally all data points should stay on a vertical line. How-
ever, uncertainties in measurements (see error bars), and also possible real variations of the beam
profile during the measurements, dilutes the reading of the actual beam size somewhat. However,
inspection of fig. 5 gives the following results on the horizontal and vertical rms beam size:
ax = (203± 3) \lm and oy = (19± 3) [im .

5. Emittances

According to lattice calculations the machine functions at the source point should be: |3.v= 1.0m ,
(3y = S.4/7Z and Tj.v = 0.25/n . However, measurements of the P - functions at the positions of the
quadrupole magnets around the ring, show that the (3 - values could deviate up to 15 % from
theoretical values. Nevertheless, it is interesting to calculate the emittances given by the beam
size measurements and the theoretical machine functions. Since we measure at low electron cur-
rent, one can assume that the beam energy spread is the natural one, which in the MAX I case is

V £ = 4X10"4.

g l - O l v M - ) 2 (203xl0~6m)2 - ( 0 . 2 5 X 3 . 7 X 1 ( T V „„
E.v = ~ = 7-7: = 33nmraa

P.v 1.0m

a ? (19xlO~ 6w) 2
 nnAn

ev = -r- = -—=-: — = O.OASnmrad
- pv 84m
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The horizontal emittance is close to the theoretical one (e.v = 30mnrad). It is also interesting to
note the very low vertical emittance, which we believe is one of the smallest measured in an elec-
tron storage ring. Even if we do not rely on any model for diffraction and depth of field errors,
and just take the smallest vertical beam size measured, we get the following upper limit of the

. , . (23xlO"6w)2
 nn^

vertical emittance: sv « TTZ = 0.063nmrad.
y 8.4m

5. The MAX II case

The explanation of our possibility to measure those small emittances at MAX I is, apart from the
small optics distortions, that the inherent effects from diffraction and depth of field are not so se-
vere at a low energy ring with short bending radius.

The question has been risen, whether the same type of beam profile monitor system could be
used at the 3:d generation SR source MAX n. MAX II has an energy of \.5GeV and a bending
radius of 3.33m. It has a design transverse emittance of s.r = 9nmrad and ey = 0.9n?nrad . At the
possible source point inside a bending magnet, the design beam size is ox = oy = 90\lm . Our
model indicates, in the MAX II case, beam image sizes of Ox ~ Oy « 100|im . Thus, even at
MAX II, the inherent effects are not so severe.

On the basis of the experiences at MAX I, it was therefore decided to use the same type of sys-
tem at MAX II. Of course precautions have to be taken in order to avoid distortions from thermal
load on the first optical element. For this reason we are going to use a water cooled SiC extrac-
tion mirror. Further, a fast beam stop system will be implemented. In order to improve the model-
ling of the diffraction and depth of field effects, we are going to co-operate with Dr. 0. Chubar,
who treats these effects in a more consistent way (ref. [8][9]).

I wish to thank J. Tagger for invaluable assistance with CCD and framegrabber electronics. The
author would also like to thank A. Hofmann and 0. Chubar for advice and fruitful discussions.
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Ion-Channel Guiding Emittance Selector
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An emittance selector for electron beams in the ion-channel guiding regime
was experimentally demonstrated. Essential features of the ion-channel
guiding emittance selector and beam transport experiments using the selector
are presented.

1. Introduction

For the first time since impressive demonstrations[1,2] of ion-channel
guiding(ICG) of high intensity electron beams, an actual application of such
electron beams has been successfully realized in the microwave free-electron
laser amplifier[3] of KEK. So far essential features of beam transport in the
ICG regime such as beam front erosion, two-stream instability etc. have been
theoretically[4] and experimentally[5] studied. These topics still attract our
interest because they are crucial for long-distant transport of high-intensity
and long-pulse beams. In most of applications such as the above mentioned
free-electron laser, all particles dispatched through the ion-channel are not
acceptable because a particle with a large transverse oscillating amplitude
may disturb a desired interaction mechanism between the beam and coupling
devices. A beam-fraction with the suitable emittance must be shaved out
unless the emittance of generated beams were sufficient for a particular
purpose. For this purpose the so-called emittance selector(ES) is used. In
most of conventional accelerators or beam-transport lines, it is operated in a
manner to combine any focusing device such as quadrupole magnets or
solenoid magnet and a physical beam-slit. It is very hard to employ discrete
magnetic guiding devices in a continuous focusing channel as the ICG
because phase-space matching in the transverse direction becomes to be
difficult at both sides of the ES. From this reason, we have developed the ICG
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ES which simply consists of the ion-channel and a narrow aluminum beam
pipe. To our knowledges, there have been no ES demonstrated in the ICG
regime. In this short note, its essential features are described and typical
beam transport experiments using the ES are presented.

2. Experimental Set-Up

The experimental set-up is schematically depicted in Fig.1. Details of the
induction gun as an electron beam generator and gas/laser system were
given in the previous paper[7] and described in the companion paper[8],
respectively. Electron beams of 1.5MeV and typically 2.5kA which are
generated in the induction gun are employed to manifest essential features of
the ES and succeeding beam-trasnport. The ES is the 1m-long aluminum
pipe of 20mm<j> in diameter. The selector is connected by the conical pipe to
the beam duct of 100mm<|). The 3m-long rectangular pipe of 5.5cmx11cm
which is used for beam transport experiments of the electron beam shaved out
by the ES follows it downstream. Gas-pressure or ion-density in both sides of
the ES is independently controlled. Since any foil objecting gas conductance
is not placed in the beam-line, the ion-density inside the ES should
continuously change if the pressure of both sides is fixed at different level.
Beam current was monitored by Rogowski coils at three positions along the
beam-line; the first one, second and third place 50cm upstream, at the exit of
the ES, 2.5m downstream, respectively. Hereafter, these measured currents
are represented by l1( l2, and l3.

The pressure in the upper stream was always fixed at 1mTorr. Meanwhile, the
ion-density in the lower stream was varied by externally controlling the gas
pressure from the base-pressure to imTorr. In the low pressure region less
than ImTorr, degradation in the laser intensity due to absorption and
refraction in a relatively short distance, say, 2-3m, had been experimentally
confirmed to be negligibly small[8]. Therefore, it is reasonable to consider that
the ion density be linearly proportional to the gas pressure under the same
laser intensity. It is noted that all pressure values given in the text are that of
Shultz gauge. Emittance itself of the beam was not measured because a
destructive device on the beam-line such as a pepper pot interrupts the ICG.

It is noted that the ion-density has been not directly measured in the pressure
region of current interest. Instead, the following independent informations
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were available to determine the ion-density. One of the informations is a cut-

off pressure beyond which microwaves of 9.4GHz in TE01 mode can't

propagate through the over-sized rectangular waveguide filled with a plasma

created by laser irradiation. This gives a normalized ion-density of

2.2x1010/cm3/mTorr. The other[9] is an ion-density to which a magnitude of

relaxation in the Langmuir-Child limited current is proportional. This gives a

normalized equivalent ion-current of 400A/mTorr/20mm<t> or

2.65x1010/cm3/mTorr. Discrepancy between both magnitudes of the

normalized ion-density is rather small.

3. Experimental Result

The beam current arriving at the entrance of the ES, I-,, was constant to be

735A on an average in this experiment. In Fig.2 are shown l 2 and l 3 as

functions of the pressure. We find that l2 monotonically increases with the

pressure; while, l3 in the lower side than p=0.2-0.3mTorr clearly behaves in a

different manner from that in the higher pressure region. Beyond 0.2-

0.3mTorr, the beam current transmitted through the 2.5m-long beam-line is

same as l2 within a limit of the possible calibration errors of two Rogowski

coils. Poor transmission below 0.3mTorr implies that focusing strength

proportional to the ion-density is not enough to capture the beam at least over

the distance of 2.5m. Monotonical increasing of l2 (all pressure region) with

the pressure suggests a typical aspect of the ES in the ICG regime. In the

following theoretical considerations using a simple model of the ICG, let try to

delineate essential features of the ES.

4. Theoretical Considerations

Now assuming that ions distribute uniformly inside column of 20mm<)) in

diameter and the electron beam has a Gaussian distribution in the radial

direction, the qualitative and quantitative behavior of an electron beam in the

ES is given by the envelope equation for a paraxial beam,

c
7a I B Y 2 a
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where the derivative is taken with respect to the axis parameter s, a is the ion-

channel radius(20mm<|>), the longitudinal velocity is assumed to be c, e is the

emittance, IB, l0 , l c are the beam current propagating within radius r, the

Alfven current(17kA), and the equivalent ion current(=enjCna^, respectively.

Here variation in the Lorentz factor y over the beam cross-section is neglected.

lc is linearly proportional to the pressure; thus, it is a function of s. As

mentioned in the previous paragraph, the pressure is independently fixed at

both sides of the ES. In the present ES where both sides are connected to

each other through a narrow pipe with poor conductance, a linear pressure

gradient is expected[10]. Therefore, l c is assumed to linearly change with s,

I c(s)=['c(1s) • 'c(0)]sA;+ 'c(0)- T n e upper edge of the ES is connected to the

conical pipe. About one-third of the injected beam ( l ^ hits the taper wall of

the conical pipe to be lost. These incident electrons should create a

substantial number of secondary electrons at the entrance of the ES which

tends to neutralize the ion-channel. Taking account of such a physical

possibility, a sort of ion-channel bump where the ion-density is locally sparse

is introduced in our theoretical beam transport model. For simplicity in the

following analysis, the density bump is included in Eq.(1) in the form of cosine-

like function (see Fig.3).

Since the second term(non-linear self space-charge forces) in the
parentheses of Eq.(1) is quite small compared with the first term in the
pressure region of current interest, it is neglected in the following calculation.
Eventually, the behavior of beam envelope with radius r is determined by the
linear focusing force and the normalized centrifugal force(right-hand side term

Since the pressure in the upper stream from the cathode region to the ES is
kept to be constant^ rnTorr), it is reasonable to assume an equilibrium state in
the electron distribution in this region. In such an equilibrium state the
centrifugal force should be balanced with the linear focusing force originating
from a finite emittance. Thus Eq.(1) describes the spetial evolution of beam

cylinder with r=r0 and e2 =-(—)(~^) at the entrance of ES. It is
Y I o 3

straightforward to numerically solve Eq.(1). In addition, a normalized form of

K(s)p = 1/p3 (2)
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r— 2 lc(s)
where p=r/"N/e and the abbreviation K(s)=—^ is used, is much easier to

ya I o

solve. A critical condition that the beam cylinder with an initial condition

r(O)=ro and r'(0)=0 (p(0)=a[K(0)]"1/4and p'(0)=0) arrives at the exit of ES and is

detected by the current monitor of l2 is given by r(l.)=a. In other words, the

maximum beam-cylinder radius which is transportable under a fixed lc(lg) or

a fixed pressure in the down stream is given by ifnax=ap(O)/pvi)- Substituting

a numerical value for pOU into rmax and furthermore into an expression of
2 2

lB(1mTorr)[1 - exp(-JI !y)]/[1 - exp(-—p)] where a is calculated from a
2c 2a

a2

relationship, l1/lB(1mTorr)=735A/530A=1 - exp(-—9)' w e c a n estimate a
2a

transmitted beam current as a function of the pressure. This is compared with

the experimental data in Fig.4. Theoretical prediction with the ion-density

bump parameter q=1.4, which denotes a size of neutralization of ions-charge

due to extra charge not including that of the electron beam, is fairly in good

agreement with the observed results. We have tried other possible pressure

profiles instead of the linear gradient; nevertheless, the observed results have

not been able to be explained without the ion-density bump at the front of the

ES.

Here let consider beam transport beyond the ES which was pointed out

earlier. Nonlinear focusing forces are dominant outside the ion-channel. In

this region, the behavior of the electron beam in the ES is given by the

envelope equation for a following paraxial beam,

where the self space-charge forces are included but the boundary condition

on the beam-duct wall is ignored. It is trivial to obtain a solution of Eq.(3) in an

analytic form; however, we don't need it here. Under the focusing forces, the

beam envelope pulsation is induced due to mismatching at the exit of ES. Its

maximum radius is given as a root of the following equation derived from

Eq.(3),
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) = 0 (4)

where the abbreviation A=2[\c[ls)/\0/y - \B/\0/i)\s used. The peak radius of

the beam envelope is written as a function of b(ls) o r t n e pressure in the

down stream, which is shown in Fig.5. When the peak radius rp exceeds a

half height of the rectangular beam pipe, b/2, the electron beam should be

lost.

A whole story which has been developed here in principle depends on an

exact magnitude of lc(0). According to careful calculations, the qualitative

feature of envelope pulsation, as seen in Fig.5, is proved to be similar for the

possible ion-density region of 200A< lc(0) <400A. On the other hand, the

critical feature in beam transport is notably different. The peak radius as a

function of the pressure largely varies with the equivalent ion-current lc(0) of

interest, as seen in Fig.5. In the case of lc(0)=200A we find a critical state at

p=0.25mTorr. This is fairly in good agreement with the experimental result. If

the equilibrium cylindrical beam-model is reasonable, we can conclude that

the normalized equivalent ion-current is 200A/mTorr, leading to the

normalized ion-density of 1.33x1010/cm/mTorr. The latter number is of same

order as the magnitude estimated from the other experimental result

mentioned earlier[9].

5. Summary

Informations available to understand a whole aspects of the ICG were quite
limited; particularly, we have realized nothing about the ion-density bump.
However, it turned out that the experimental results in our hands are well
understood by the analysis based on the envelope equation for a paraxial
beam assuming an ion-density bump at the ES entrance. Predictions by the
current beam transport model show that the envelope of the electron beam is
subject to the monopole oscillation(pulsation) originating from mismatching
between the ES region and the down stream. It depends on a size of
pressure balance between both sides of the ES. Generally speaking, such
pulsation should be avoided for most of applications of a high-intensity
electron beam. For an ideal emittance selector in the ICG, it seems essential
to keep the pressure in both sides of the ES at same level. Its magnitude
must be controlled for shaving of a desired emittance.
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We have not confirmed the monopole oscillation in the preliminary

experiments. To furthermore exploit the ES in the ICG, more systematic

experimental studies will be required.
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Figure Captions

Fig.1 Schematic view of a whole experimental set-up.

Fig.2 Transmitted beam current l2, I3 (averaged) vs. the pressure in the lower

region.

Fig.3 Ion-density profile as a function of s.

Fig.4 Transmitted beam current s I2(measured) and predicted ones(theory).

Fig.5 Peak radius of pulsation vs. pressure for lc(0)=200,300,400A
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Ic(s)(a.u.)

1.2

s(m)

- 2 2 2 -



i l

-+ «H

1 
1 

1

J

-

' 
' 

'

1 l i t
1 I I I

<

• I I .

p 1 1 •«

•

AB.4
• • 1

m

i . . ..

•

£

+•+

:. mi i

1 • r

i , , I ,

!

• i

•

++++
+

, , ,,

1 1 1 1

•4

{ - •

t--H-+

, , , ,

. . i i | i i i i |

! i
j !

"DWMW
(jj Q.O O

CMCMCMCVJ

+ •

.. .

I

i
i , , , i , , , ,

1 1 1 1

-

-

-

• i . .

00

d

CO ^ s

0)

d Si
Q.

CM

d

o
o
LO

o
o
LO

oLO
o
o

o
LO
CO

o
o
CO

o
LO
CM

o
o
CM

oLO

Z\ '

- 2 2 3 -



Fig. 5
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MEASUREMENT STUDY ON BUNCH
LENGTH IN THE BEPC

Q. Qin, Z. Guo, C. Zhang, J.Q. Wang
Institute of High Energy Physics, Academia Sinica

P.O.Box 918, Beijing, 100039, China

Abstract

The bunch length and its lengthening in the BEPC (Beijing Electron Positron Collider) are
measured systematically and carefully with streak camera and the method of beam spectrum
analysis in nearly one year. Some preliminary results are obtained from the measurements and
the corresponding scaling law is summed in the light of the existing theoretical explanation.
Coupling impedance and current threshold related to the bunch lengthening are also discussed in
the paper.

1 Introduction

In electron positron storage ring, bunch length and its lengthening are so important that
people should cope with them much carefully as they will influence on the luminosity
and machine performance directly. A high luminosity is the destination of every e+ — e~
collider, due to which, one can decrease the /? functions of the beam at the interaction
point while shortening the bunch length as possible, especially for the lower RF frequency
like 200 MHz in the BEPC. Small coupling impedance is also considered attentively in the
design of collider in order to decrease the bunch length. In the BEPC, an electron positron
collider running at the energy of 1.3~2.8 GeV, bunch length is also very significant
to the machine performance and the luminosity upgrades, it is of course a probe of
bunched beam instability. It took us nearly one year to measure the bunch length and
its lengthening systematically with streak camera and the method of beam spectrum
analysis. Before that, the bunch length had been measured with the way of synchrotron
monitor and wall current monitor. From the data of bunch length and its lengthening,
we r.an fit them as a scaling law and deduce the beam current threshold and coupling
impedance.

2 Theoretical Aspects

Some theories have been developed to explain the phenomena of bunch lengthening up to
now. They are the potential-well distortion model and the instability model. At very low
currents the bunch length is equal to the natural bunch length crjo, which is determined
by RF voltage, beam energy and other machine parameters.
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The incoherent frequency shift and bunch length distortion (lengthening or shorten-
ing) will be caused by potential well effect with beam current. The incoherent tune shift is

(1)

where Z\\ is the broad band impedance, A is a scaling factor as a function of RF volt-
age and beam current, co(p) is the amplitude of the stationary spectrum for a Gaussian
distribution at the frequency of pu>o- The energy spread is not affected by the potential
well distortion in electron machine. So ^L = Ŝ fl. ancJ for a long bunch (07 >b)

where b is the radius of vacuum pipe and 6 proportional to A. One can see that the
distortion (lengthening or shortening) of bunch length depends on 8, i.e., the impedance
and the momentum compaction factor.

Due to the microwave instability, bunch lengthening happens with energy spread in-
creasing when beam is above a certain current. According to Boussard[l], the bunch
lengthens as the following relation:

where I4 is the bunch current, ap the momentum compaction factor, R the radius of
collider, e the charge of electron, E the beam energy, va the synchrotron tune, F the
distribution factor factor (for Gaussian distribution, F=27r) and |-J-|o the longitudinal
coupling impedance for w —>0. From this formula, one can see that the bunch length is
proportional to the cubic root of a scaling parameter £, which is defined as £ = ^
if other parameters are fixed to an operation storage ring. It can be written as

(4)
71

or

if |-^-|o could not be changed in one machine.
In reference [2], a scaling law had been concluded by A. W. Chao and J. Gareyte. It

predicts the bunch length c\ depends on the parameter £ as

cr, a {ZZ0R
3)& (6)

a. (7)

Here, Zo is the impedance parameter and (7) assumes a power law behavior of the coupling
impedance responsible for the instability.

In the real case, the behaviour of all bunch length over the whole beam current range
is as a synthesis affected by the potential well distortion and the turbulence.
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3 Instrumentation and Method of Data Acquisition

Two ways of bunch length measurement have been adopted in the BEPC: streak camera
and beam spectrum analysis. With the streak camera, the longitudinal particle distribu-
tion is gained by looking at the light of synchrotron radiation from a bending magnet.
The light pulse is picked up by the streak camera with a time resolution of a few picosec-
onds at the end of the synchrotron beam line.

The cable used in the instrument was calibrated well before measurements. The total
measurement error of this set of apparatus is less than 20%[3].

Another way to measure the bunch length in the BEPC is the beam spectrum analy-
sis. In this method[4], a technique of measuring bunch length by the comparison of two
Fourier components of the beam has been applied to an electron bunch. A monitor for
real time measurement of the bunch length has been constructed with a stripline elec-
trode of 277 mm in length. Assuming a Gaussian longitudinal distribution of rms bunch
length at, the Fourier component of the n-th harmonic is given by

V(nwo) = 2VQexp[-n2wlaf/2] (8)

Here n is an integer, LJQ the revolution frequency, V(nu>o) the induced voltage on an ideal
beam pickup and Vo the DC component. The rms bunch length is obtained from the
ratio between two Fourier components as

1

l - nj) "
where Vi and V2 are Fourier components at ni-th and n2-th harmonics of the revolution
frequency and n2 >ni. The measurement of bunch length by this way has an accuracy
of 10% with a dynamic range of 25 dB-35 dB.

A part of the tolerance may come from the deviation of the bunch shape from standard
Gaussian distribution as assumed in formula (8) which would be corrected analytically.

4 Experimental Results

4.1 D a t a analysis

We measured the bunch length six times totally with the above methods in the BEPC.
More than 200 experimental points were obtained with various beam energy, RF voltage
and beam current. Fig. 1 and 2 show some prototype data of bunch length changing with
beam current under different RF voltage. Fig. 3 and 4 give the variation of the bunch
length versus current at different energy and momentum compaction factor. In these
figures, one can see that RF voltage determines the bunch length and its lengthening as
the beam currents increase. In different energy and momentum compaction factor, bunch
length varies in the same way, i.e., energy and ap can't change the bunch lengthening
principle. It is because that the longitudinal tune dependence on the beam current is
very weak in the BEPC operation region.

The bunch shape should be deviated from Gaussian distribution by the potential well
effect according to the simulation study. But it can not be distinguished clearly in our
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observation. The reasons may be this effect is too weak in BEPC and it was covered in
the measurement tolerance at present.

4.2 T h e scaling law

When using all bunch length data to calculate the scaling parameter £ and plotting them
as <j{ versus £ in Fig. 5, the frequency dependent factor can be determined: a=0.80 for
the long bunch. The scaling law can be given as

(10)

which looks like the theoretical prediction (3). It approaches the BESSY's result, in
which a=0.9[5], while having large deviation from the SPEAR scaling law[6].

Due to the improvement of the measurement apparatus and enhancement of accuracy,
result (10) is also different with which has been given at the Workshop on BEPC's
Luminosity Upgrades[7] and the Fifth Japan-China Joint Symposium on the Accelerators
for the Nuclear Science and Their Applications^].

To all measured data, we calculated their rms error as follows:

(11)
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Here, ac is the value calculated from (10), <J{ the measured value and N the number of
measured points. Being Compared with l;he method of beam spectrum, whose rms error
is 16.1%, the rms error from the streak camera is 12.5%. And the total rms error is
17.5%. It stands for the deviation between the measured points and fitting points. The
error includes not only systematic and random error, but also the fluctuation of bunch
length due to longitudinal dipole and quadrupole oscillation.

From (10), we also deduce the value of bunch length, which is about 4.5 cm, at
2.015 GeV, 50 mA of beam current, 2.4 MV of RF voltage and ap=0.042. The BEPC's
luminosity upgrades, especially the success of mini-/? scheme, are mainly constrained by
the bunch length.

4.3 Threshold current and impedance

Using (10) snd equating <r/ to the natural unperturbed bunch length 070, current thresh-
old can be predicted as

-0.80 f1O\
( 1 2 )

And from (10) we can get the value of the impedance driving the potential well distortion
and the microwave instability to |-^-|o=3.54ft. It is close to the value of impedance
measured with other methods before.

The shorter bunch length was also measured in various energy in the BEPC. They
show clear thresholds when the measured points are plotted versus £ in Fig. 6. But
we failed to get a scaling law from these points like SPEAR and BESSY. The relation
between the impedance and the beam spectrum is not clear because the beam spectrum
is near the character resonance frequency of beam pipe.

5 Conclusion

Bunch length and its lengthening are very important, especially to the BEPC's luminosity
upgrades. From the bunch length measurement, we got a scaling law of BEPC, and
estimated the longitudinal impedance driving the microwave instability. Different beam
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energy and ap do not affect the increment of bunch length. The scaling law for the bunch
length shorter than the effective vacuum chamber size needs to be studied further.
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Diagnostics with undulator radiation having a
Gaussian angular distribution

A. Hofmann, CERN

1 Introduction
Synchrotron radiation is widely used to measure the emittance of electron beams in storage
rings. This can be done by forming an image of the beam cross section and calculating
the emittance from the known beta function. For practical reasons the visible part of the
synchrotron radiation is usually selected for this. This relatively long wave length results
in a limited resolution due to diffraction and depth of field. Measuring the opening angle
of the emitted radiation gives a convolution of the natural distribution of the photons and
the angular spread of the electrons in the beam. From the latter the emittance can be
obtained if the beta function at the source is known. For both methods a de-convolution of
the measured pattern is necessary using the known diffraction pattern in case of imaging or
the known angular radiation distribution in case of a direct observation. Since the angular
spread of the electrons has a Gaussian form this task could be simplified if the angular
radiation distribution were also Gaussian. Here a weak field undulator is proposed for
which the field strength is smoothly modulated with a Lorentz distribution. The emitted
radiation, filtered at the fundamental undulator frequency, has in good approximation a
Gaussian distribution if observed at large distance. Forming an image with this radiation
gives within the Frauenhofer approximation also a Gaussian diffraction pattern.

2 Standard undulator radiation

We recapitulate first the radiation from a normal, weak-field undulator. It has a periodic
magnetic field of the form

B{z) = B0cos(kuz) (1)

where ku = Au/2vrwith Xu being the period length. The trajectory of an electron with
charge e, rest mass mo going with ultra-relativistic speed /3c along the axis of the undulator
(z-axis) is also periodic and in good approximation of the form

x(z) = acos(kuz) (2)

with the amplitude a and maximum deflecting angle V-'o

eB0 eB0 ,„.
a = - j - , ^o = :—• (3)

mCK*7 mcfc7
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The properties of the undulator radiation depend much on the ratio between this deflecting
angle ^oand the natural opening angle l/7of this radiation which is called undulator
parameter K

K = — = eB° (4)
I/7 mQcku

We assume here that /( C l which leads to rather simple expressions. For a large number
of undulator periods the emitted radiation has a frequency which depends on the angle
9 between the direction of observation and the undulator axis

and the emitted electric field observed at a large distance r, expressed in polar coordinates
(9, 0, r) is of the form

, 0} cos(wt), (6)

A realistic undulator has a finite length Lu with the number of periods Nu — Lu/\u.
This results in a finite width of the spectrum observed at a given angel 9 of about SUJ/U «
1/NU. Usually one inserts such an undulator into a straight section of a storage ring and
imposes the conditions that it should not produce an angle or a displacement. This is
fulfilled if

Lu/2 B (z)dz = 0 , B{-z) = B(2). (7)

The above equation for the electric field is an approximation for the case it is observed
at a large distance r. The condition for its validity has been derived by R. Walker [1]

3 Radiation from an undulator being modulated by
a Lorentz distribution

We consider now a weak field undulator with a modulation of its field strength

Kz)
(9)

To make this modulation smooth we assume that the number A'o of periods in a half width
is large

No = ¥• » 1. (10)
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For this device the field integral does no longer vanish but gets very small if the above
condition is satisfied. The emitted field observed at a large distance is

with to ~ SQ/C. Again this is approximated for a large distance r of observation

The spectrum of the radiation is obtained through a Fourier transform

with

or

(w> 0) = J*l
V c

TTAT) lor — ( 1 + 7^ 2 ) > 1

We are interested in the field spectrum at w = uiio = 27
2fcuc for which we get

(13)

(14)

(15)

(16)

for No 3> 1, The distribution is Gaussian with the variance

Since ATois assumed to be a large number we have (7202) <̂C land we can neglect the
corresponding terms in the expression for the field and get

E(W)(WlOl 6) [1, 0, 0] yi£2
\ z c

The angular distribution of the radiated power is

oc oc

which has an rms opening angle •

(18)

(19)

( 2 0 )
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4 Imaging with the Gaussian undulator radiation

This radiation from this undulator can also be used to form an image of the beam. The
expressions become particularly simple in the Frauenhofer approximation for which the
diffraction patters is related to the angular distribution by a Fourier transformation. For
a 1:1 image this approximation is valid if the distance r between the undulator and the
lens is about

r > 2sO\/2No- (21)

Using pfor the radial coordinate of the 1:1 image the diffraction pattern of the field has
a Gaussian form

Eimn0P.oce v 'AioN° (22)

where Aio ~ 27rc/wiois the wave length of the observed radiation.

5 Conclusions

A weak-field undulator which is modulated with a Lorentz function emits radiation which
has in good approximation a Gaussian angular distribution for the central undulator
frequency w^. This radiation can be used directly to measure the angular spread of the
electron beam or, via imaging, to measure the beam cross section. Due to the Gaiissian
distribution the de-convolution of the measurement for the opening angle or diffraction
of the radiation is easy. Of course, a special undulator and a monochromator are needed.

The present investigation is restricted to Frauenhofer diffraction. This approximation
should be investigated further to check the usefulness of this undulator.
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Summary of the Working Group on "Emittance in Electron Machines"

A. Ogata (KEK) and S. Myers (CERN)

1. Introduction

There were thirteen presentations; nine on emittance measurement and four on emittance
manipulation. The presentations can be split into two categories

• Performance and/or experiments (Andersson, Chubar, Fukuma, Ieiri, Jung, etc.)

• Plans and proposals (Hofmann, Miyahara, Nakajima, Sugiyama, Palumbo, Fang, etc.).

In the first category some presentations described well established measurement techniques
and their uses in daily operation, while in the second category the emphasis was on new techniques
and preliminary results of initial tests. Machine status reports and upgrades were included in the
second category.

2. Emittance Measurements

R. Jung reported on five years of beam instrumentation experience in LEP, and reviewed the
various techniques and devices for emittance measurement. He outlined the performance limita-
tions with synchrotron light monitors with particular attention drawn to diffraction, longitudinal
acceptance and the origin of the light. He also presented an experimental comparison of per-
formance with three different monitors, the imaging telescopes, the wire scanners and the x-ray
detectors. Resolutions of 0.2nm can be attained in their monitoring. The wire scanner is used
to calibrate the other devices and is very precise except when the flying wire is melted by the
electro-magnetic fields at high beam intensities! He showed an interesting video of a wire actually
being melted as it was passed through a high intensity beam.

A. Andersson presented beam size measurements using the UV and visible synchrotron
radiation in MAXI. He showed that with standard techniques one can measure vertical images
as low as 30/(m. Correction of the diffraction effect reduces this value to the true beam size of
~ \8fim.

H. Sugiyama presented plans to measure th^ area of the transverse phase space using undu-
lator radiation in the TRISTAN MR, where the design values of horizontal and vertical emittances
are tx = 10~9m and ey = 10~nm, respectively. The measurement time to achieve the proclaimed
accuracy of O.Olnm with this method seemed prohibitively long when compared with the lifetime
of the beam.

0. Chubar proposed the use of edge radiation, which gives a huge gain over "normal" syn-
chrotron radiation. He showed some preliminary results of experiments in the SIBERIA-I, and
used highly elaborate methods for fitting the data to evaluate the emittance. According to his
calculation, beam divergences (7c)1/2 of the order of 10~6 can be derived from the visibility of the
interference pattern of two edge radiations.

T. Ieiri showed the results of the development of circuitry to measure bunch length, or lon-
gitudinal emittance. It detects an intensity ratio of two spectral components of a beam signal and
convert it to the bunch length under the assumption of Gaussian longitudinal density distribution.
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Some discrepancy is found between this technique and the results obtained with a streak camera
when the bunch has non-Gaussian distribution.

T. Miyahara proposed detection of the visibility of an interference pattern of synchrotron
radiation caused by a pair of slits. This visibility is a function of both the beam emittance and the
photon emittance. Sweeping the wavelength of the radiation to be detected, one can calculate and
eliminate the contribution of the photon emittance to derive the beam emittance. Photographs of
the experimental setup were shown.

R. Jung presented a proposal from A. Hofmann using an undulator, in which the angular
distribution of the radiation is pure Gaussian. The deconvolution procedure needed to derive the
emittance then becomes much simpler. The technique is to modulate a weak undulator field by a
Lorentz curve and to monochromatize the synchrotron radiation at a prescribed wavelength.

K. Nakajima proposed beam tomography, which is a technique to re-construct the particle
distribution in three dimensions by using several side views. The motivation for this was the
understanding of non-linear beam dynamics. Besides standard tools such as a streak camera, the
use of a laser is also proposed. This method utilizes the phenomenon that an ultra-short laser pulse
with its width in the range of 100 fs undergoes a spectral shift due to a change in the refraction
index caused by the electron beam.

3. Emittance Manipulation, Machine Status Reports and Upgrades

H. Fukuma presented beam-size measurements using the x-rays from a multi-pole wiggler.
This, combined it with the beta function measurement gives the emittance. He also presented the
results of emittance evaluations from measurements of the beam-beam tune shifts. The main part
of his presentation concentrated on the control of emittance in the TRISTAN AR and the Main
Ring. For the accumulation ring the standard way of reducing the emittance by increasing the Jx

by a radio frequency offset would produce a horizontal offset in the arcs of nearly 18 mm. For this
reason tests have been started with a high phase advance (low einittance) optics configuration
with 145° (H) and 60° (V) phase advance per cell. Test operation has been performed with this
low emittance lattice optics and the measured emittance corresponds well with the predicted one.
However the injection efficiency is rather low as is the maximum current which can be accumulated.
The measurement of the dynamic aperture showed a reduction by a factor of four with respect to
the normal (90°) optics. In the discussion it was suggested that synchrotron injection should be
tried. This is currently done in LEP and greatly improves the injection efficiency with operating
with a high phase advance optics.

In the TRISTAN main ring, the emittance at injection is increased by the use of wiggler
magnets in order to allow accumulation with colliding beams. At high energy the horizontal
emittance is reduced by Jx changes and by vertical bumps at many positions around the ring.
This latter effect is not yet understood.

M. Kato described the KEK Photon Factory emittance upgrade. It has once been tried,
which improved the emittance from 460nm to 130nm since 1986 by increaing the betatron phase
advance of the FODO cells from 90° to 145°. Their present plan is to reduce the emittance down
to 27nm by 1997, reconstructing magnets and vacuum components of the normal cells.

L. Palumbo presented a status report on the DA<I>NE complex at Frascati. For modern day
factories, the design parameters are rather conservative with a peak luminosity of 5 x 1032(ultimately
1033) with 120 bunches per beam and a beam beam tune shift of .04 at a beam energy of 510
MeV. The future milestones are the following
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• December 1994: Linac operation

• September 1995: Begin commissioning of the accumulator

• June 1996: Begin commissioning of the main ring.

S.X. Fang gave the final presentation of the session and described the Beijing Electron
Positron Collider luminosity upgrade. The main idea is to reduce the /?J from its current value of
8.5 cm to 3.6 cm. For reasons of beam-beam this will necessitate a reduction in the bunch length.
At high intensities the bunch length measurements appear to show large bunch lengthening and
longitudinal instabilities. In order to avoid these effects a negative ap lattice has been studied. The
computations performed so far indicate that the bunch length remains short and the instability
disappears.

4. Conclusions
One of the aims of this workshop was to study methods to measure emittances below 0.1 nm.

The working group session is summarized as follows in thisgard. The standard method for mea-
suring beam sizes using synchrotron radiation in the UV-visible range is still useful. Phase-space
area measurement seems possible, if undulator radiation is available. The usefulness of the edge
radiation is evident. Most of the methods discussed in the working-group session are rather subtle.
They should be used together with more simple and robust methods such as the wire method.
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Space Charge and Emittance Growth in
Some Applications of Accelerator

Yu.Senichev
Institute for Nuclear Research of RAS,

60-th October Anniversary prosp., 7a, Moscow, 117312, Russia

November 20, 1994

1 Introduction
With the development and the construction of the high intensive accelerators
and storage rings more and more attention is being focussed on the problem
of self-field effect of accelerated particles on the stability of their motion [1,2].
In this paper we discuss the results of the space charge study, which have
been done by authors under the design of INR Kaon Factory Project and the
collaboration with TRIUMF [3,4,5].
The emittance plays the significance role in the accelerator physics. It de-
fines the most important characteristic for accelerator, the aperture. For the
Hamiltonian's system, where there are the potential forces only, the six di-
mensional phase volume has the feature to be conserved. The nonpotential
forces, the forces of the friction and the irradiation are absent in our case. In
common case the Liouville's theorem can be formulated:

^ + ̂  + ^ g ^

dH
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where f(pi,qi) is the distribution function in the six dimensional phase space,
Pi = {Px,Py,Pz} is the canonical momentum, g,- = {x,y,z} is the canonical
coordinate and Q; is the nonpotential forces. Thus, in the case, when the
nonpotential forces don't depend on the momentum, |pf = 0 the phase
density is conserved.
In this paper we consider the system with the potential forces only, since
for the proton accelerators the irradiation forces arise under highest energy
and the length of the free run is more then the particle way in accelerator
under existing density of beam. So the motion is defined by the vector and
the scalar potential of the external and the space charge field. If some plane
of the motion is not connected with other ones the Liouville's theorem is
satisfied for this plane and two other ones separately. For simplification
we wont consider the synchrobetatron coupling. We have developed and
use the four dimensional code for the solution of the motion and the space
charge equation together. The motion equation are solved in the Hamilton's
form. The Hamiltonian of system is represented in the common form for the
curvilinear coordinates:

6 6
—A t c(x, y) Aex(x, y), (2)
Pc PQC

where Aac, $« - the vector and the scalar potential of the space charge field
and Aex -the vector potential of the external field. It is assumed here, that
the transverse currents don't give the contribution in the vector potential:

A,c = -* , e ( l + hx), (3)
c

where v is the longitudinal velocity equal for all particles. The vector poten-
tial of the external field has components up to any multipole:

- — Aex{x,y) = hx + {K + h2)^- -K^ +
cp I I

^ + £ ( x 4 - 6 x y + y4)... (4)

The Poisson equation is solved on the grid with the metallic boundary:

V2$,c(*,2/) =-%(*.!/) (5)
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For the rectangular boundary we use the FFT method for Poisson equation
solution. However, there is the option for the arbitrary shape of the boundary,
which uses the direct method of the matrix transformation of the equations
system written in finite elements. The input coefficient for the code, which
defines the space charge parameters and the beam energy, is K:

g (6)
In this representation the Laslet linear shift of frequency equals:

(7)

The output TWISS file of MAD, which describes the lattice parameters, is
used as input file of the code [5].

The figure 1 shows the typical screen picture, which gives the visual in-
formation in interactive regime about distribution in all planes, losses and
tunes in the horizontal and vertical planes.
Thus, the emittance in our system has to be conserved. However, the space
charge forces are nonlinear, what means the frequency of oscillation depends
on the amplitude of oscillation. So the phase portrait is distorted along the
accelerator. If we inject the beam in accelerator with the phase portrait like
the ellipse, then due to the space charge (without crossing of resonances)
the portrait becomes the filamentary one. This phenomena is called the fil-
amenting. In result, under satisfying of the Liouville's theorem the effective
area, which is occupied by the particles, is increased. On the one hand, the
effective emittance can significantly grow, since it is the artificial and the
noninvariant value. On the other hand, to measure and even to calculate the
real emittance it is practically impossible. So the effective emittance is very
convenient value for the experimental measurement and the determination of
the required aperture. Besides, the effective emittance is connected directly
with the "rms" emittance, which is defined by:

rms = y/x**p*-zp?, (8)

where:

2 — _X" = (9)
t = l
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The same will be for the vertical plane. Below, speaking about the emit-
tance, we shall have in view the rms emittance or the effective emittance.
It is obvious the matter is how to minimize the growth of the effective emit-
tance.
In order to answer this question we should understand the reasons of the
emmitance growth. We would like to divide all reasons on two types , which
have the nonresonant and resonant character. The first one is connected with
the nonlinearity (in our case, nonlinearity of the space charge force) and the
second one is connected with the passing through resonance.

2 Nonresonant case

Since the nonresonant case is connected with the growth of the emittance due
to the frequency dependence on the oscillation amplitude , it is obvious the
maximum growth of emittance will be under the mismatching of emittance.
So lot of authors, speaking about the emittance growth, make mention such
phenomena, as the mismatching and the filamenting. However, we wouldn't
classify the mismatching as nonresonant phenomena only. There is the re-
gion, inside which the mismatching arises the filamenting and nonresonant
growth of emittance and outside which the mismatching arises the intrinsic
space charge resonance [2]. For simplification we consider the periodic chanel
without superperiodicity, based on FODO and FDO structure. It gives rea-
son to be sure, that the envelop of beam has two periods: the periodicity
of quadrupoles and the slow oscillation with the frequency defined by the
quadrupole strength. As initial distribution we gave the Gaussian. The fig-
ure 2 shows how the rms emittance depends on the turn number. The curves
1 and 2 accord to matched beam for x and y planes and curves 3 and 4
accord to mismatched beam for both planes FODO structure. The figure
3 shows the typical picture of the emittance filamenting after many oscilla-
tions. In mismatched case the emittance grows up to greater value and it
is not surprising. But in all cases the vertical emittance grows more then
in horizontal plane. We explain this one by non similar conditions for both
planes. When the beam is injected in the system the beam has more size
in the vertical plane and the maximum changing of size is observed namely
in this plane. Due to this one the density of charge falls and the horizontal
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emittance feel the space charge nonlinearity less when it has maximum size
(in D lens). The figure 4 shows the behavior of the emittance for strongly
mismatched beam. In the vertical plane the emittance increases in live times
and stabilizes the growth of emittance in other plane. If to seek to minimize
the emittance growth in both planes we should try to match the emittance in
both planes simultaneously. Since each particle oscillates with own frequency
depended on the amplitude, we are unable to make the matching for all par-
ticles simultaneously. So the matching should be done for maximum number
of particles through the second moment of the distribution. The parameters
of the ellipse /3, a, 7 are defined:

0 =

^•xrmt

~^2
7 = 7 ^ - (10)

How to find its? Since after many turns these parameters tend to the station-
ary values and its don't depend on the initial orientation of the emittance, we
choose its as the initial values for the matched ellipse. Such matching is called
the matching by the second moments. However, due to the nonisochronous
motion in any case the emittance will grow. There is the question. Is it
possible to compensate the nonlinearity of the space charge?
For visualization we considered the compensation of the space charge for the
third integer resonance case. The specific phase portrait of the third integer
resonance separatrix (three tail stars) gives the possibility to observe, how
the nonlinearity acts on the particles motion. Besides, this example is in-
teresting, because the space charge effect in slow extraction by third integer
resonance plays the significant role [5,6].
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3 High order nonlinearity compensation

So we should compensate the nonlinearity space charge action. Let's suppose,
the scalar potential is described by the function:

m,n

Since we study the system with one isolated resonance in x plane only, we
can remain in the potential expression all members with n=0 only:

|U f - 1 (12)

The smooth approximation £ = yffi^x gives:

where we assume the length of sextupoles Lt and the octupoles Lo is much
less, than the circumference 2nR of the ring:

F.c = £ am 0(^)m^r- 1 , (15)

(16)

(17)

(I8)

m

Let's represent the solution of this equation in the standard form of Bogol-
ubov and Metropolsky:

£ = ax cos ip (19)
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;,...,cosm^,...,i

-JE ~ v ~ o TH I [^x(cos2 V>, cos3ip, cosp9) +
do Ziraxu Bx <'0

.F,c(cos ip,..., cosm ip,..., cosp0)] cos Tpdtp (20)

The second integral of averaging doesn't equal to zero in two cases:
1. for even m, when < cosm ip >= ̂ - , where C™/2 = (rn72

!,x3 is number of
the combination of m out of m/2 (for odd m < cosm tp >= 0) and
2. for any m, when we are near the resonance , and cos(mip — p6) is slowly
changing function.
The first integral doesn't equal zero near resonance only , when sin(mip — p9)
is slowly changing function.
Then taking into account, that we excite the isolated third integer resonance,
we can rewrite the last system of equations for m=3:

sin 3(f>
d6 16 pi

d9 167T 32TT

Cm a\Zix am0 (21)
Thus knowing the potential expansion in Taylor series,we can always design

the scheme consisting of quadrupoles, octupoles and other even multipoles,

which is able to compensate the nonlinearities of space charge.

For example we have estimated, what strength of octupoles are required for a

compensation octupole's nonlinearity of the space charge for the distribution:

77 + U) (22)
n=0 a °

Lowering the intermediate operations, we get:

- (23)

here index i corresponds to i-th octupole with strength Si and length L,-,
which is placed in the point, where the beta-function is # . Since the space
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charge octupole component is enough high, the correction should be carried
out by many octupoles. In particular, for our case we consider E-ring lattice
of the TRIUMF Kaon Factory project and we need 40 octupoles. The sex-
tupoles are used for the third-integer resonance excitation in the horizontal
plane. The extender ring has a racetrack lattice with two straight sections,
one of which provides beam the extraction. Both straight sections have zero
dispersion function due to special supressors on the arcs. The adjustment
of the quadrupoles gives the tune near the integer+l/3 . The influence of
the metallic walls on the beam is investigated by changing of the vacuum
chamber size. Figures 5 a,b show the phase portraits of the beam in reso-
nance under different significance of the current: a)Ai/£=0.01, b)At/x,=0.03,
c)Ai/£,=0.06 and d)Ai/£=0.1. Every time the quadrupoles are set for tune
near 10+1/3.From these figures one can see, how the space charge acts on
the orientation and the shape of the triangular separatrix. The tails of trian-
gular "star" becomes more wide and with increasing of current we observe at
first s-bending and then disappearance of each tail . It is interesting, keep-
ing the total tune on fixed value 10.33, the process of triangular separatrix
arising due to the third integer resonance is changed then by the process of
the separatrix smearing due to space charge. It has periodical character.The
periodicity of the exchanging each by other depends on the current inten-
sity. Due to the smearing the momentum spread of particle in the preseptum
magnet region became more, than the preseptum magnet make itself, what
cases the losses on septum magnet. So C.Ohmori observed the periodical
changing of the extracted beam in paper[6].

Figure 6 shows the phase portrait of the beam at third integer resonance
with and without the octupole correction in the same place after even turns.
Comparing these results , we can see sharper third integer resonance. How-
ever, we should correct the strength of octupoles in time turn to turn, since
the distribution is changed and the balance between the space charge and the
external octupole components is disturbed. Figure 7 shows the dependence of
the Ex component of space charge electric field versus transverse coordinate
at beginning(a), early(b) and steady(c) moments of third integer resonance
separatrix forming. One can see, the symmetry of force is disturbed due to
the odd orders in distribution. The dipole mode of the space charge force
arises. The curve (d) shows the same for the free space, when the wall is
absent. The significant difference between the results with and without wall
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Figure 5: The phase portraits of the beam at a.)AuL=0M, b)Ai/L=0.03,
c)At/£=0.06 and )
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Figure 6: The phase portraits of the beam with (a) and without (b) octupole
correction
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says we should use full scale model for correction of high order nonlinearity.

4 Resonant case

In the resonant case the system pass through the resonance due to the space
charge shifts of the tune. However, we are interested the self consistent
consideration. Passing through the resonance, the distribution of density is
changed and the new distribution has other space charge potential.
We studied- three situations. First one is when beam intensity was accu-
mulated by small steps up to some current value under which half integer
resonance is crossed or not but with waiting for self stabilized distribution
at each stage. The second one is when half integer resonance crossing was
realized by changing the magnetic optics tune. The last option is jump-
ing up to maximum current. The average tune over all particles and rms
emittance behavior are studied versus time(number of turn) and each from
other. Half integer resonance was excited by quadrupoles modulation. All
dates will be for x-plane although some essential difference for y-plane isn't
observed. Figure 8 shows the dependence of average total tune on the num-
ber of turns at different currents (Ii = 0A,J2 = 15A,h = 18A,/* =
20A, h = 22A, ie = 2iA) and so different initial total tune at first turn
(i/i = 2.66, */2 = 2.54,1/3 = 2.49,i/4 = 2.46, v5 = 2.43, ue = 2.395) are al-
most equal final total tunes (with space charge) after one hundred turns
(u2 = 2.55,1/3 = 2.515,1/4 = 2.52,i/5 = 2.525, i/6 = 2.53). Figure 9 shows the
rms emittance as function of tune during the transient. We observe here the
effect of tune lock at ux = 2.5 slightly shifted to more total tune. Hofmann
and Machida have have observed the same [1,7].

In case of fixed current and crossing resonance by changing machine tune
the lock effect is observed too and total tune stabilized on level ux ~ 2.5
as in the first case. The injection simulation by jump didn't show any new
features. Figure 10 shows how the emittance growths with time for difference
current value. The time constant is defined by resonance force (quadrupole
component distribution modulation along circumference) and equals to 8 -
10 turns. We have found that final emittance is practically the same as
compared with the pained emittance without crossing resonance.
And finally we have studied how the initial distribution influences on the
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character of the passing through the resonance. The problem is solved on
example of three different initial distribution:KV, Waterbag and Gaussian.
The initial phase space projection and the advanced phase diagram are shown
on Figure ll(a,b,c) for KV,Waterbag and Gaussian distribution respectively.
In all distribution we take the same rms emittance. From the tune diagram
one can see all distribution has the same average tune shift. Figure 12 shows
the emittance growth versus the number of turn for different distributions.
The maximum emittance growth by the factor 2.8 was observed in KV and
Waterbag and factor 1.25 for Gaussian distribution. Figure 13(a,b,c) shows
the phase portraits for all observed distributions after five turns and figure 14
(a,b,c) after 45 turns. It is obvious the beam passes through half-integer and
fourth order resonance. In all cases the amplitude of the oscillation is finite.
For Waterbag and KV distributions we can observe the half integer resonance,
which is stabilized by the fourth order resonance. For Gaussian distribution
we observe the stabilized distribution by the fourth order resonance. Figure
15(a,b,c) shows the final distributions. The instability doesn't grow. They
are stabilized, but the particles are still in the half integer resonance. How
to explain this phenomena? In the KV distribution we have not the square
term in the space charge force and we don't observe the phenomena of the
self stabilizing. Only after arising of hallo the square term begin to stabilize
the distribution, what we observe on the final picture. Using the higher order
terms of the binominal distribution it is possible to show any order resonance
will be stabilized by the next order of the distribution. Since the envelope
of the beam has all harmonics, we shall have always the resonant condition
for one of or more harmonic. So maximum stabilization will be observed for
Gaussian, where any perturbation will be distributed over unlimited number
of harmonics.

5 Conclusion

In this paper we studied the resonant and the nonresonant growth of the
emittance. If for the matching of the intensive beam we need the correction of
quadrupole only, then for the compensation of the space charge nonlinearity
we use the octupole system. The resonance case is described by the equation
of Bogolubov.' The final emittance depends on the initial distribution.
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Betatron Resonances with Space Charge

RICHARD BAARTMAN

TRIUMF, 400J Wcsbrook Mall, Vancouver B.C., V6T 2A3, Canada

The point is made that betatron resonances do not occur at the incoherent value of the tune, but
rather at the frequencies of the appropriate collective modes. This has important impications not
only for the design of high intensity, low energy proton synchrotrons, but also for the interpretation
of machine studies at existing synchrotrons of this type.

KEY WORDS: space charge, betatron resonance

1 Introduction

In many papers, in proceedings of accelerator schools, and even in textbooks on
accelerator physics, we read that the linear part of the space charge force is added
to the linear equation of motion, leading to a tune shift, which if large enough
can place individual particles on low-order betatron resonance lines. This picture,
though in some sense compelling, is misleading and inhibits understanding the
transverse intensity limit in low energy proton synchrotrons. This paper does not
present new material, but is rather a review of well-known theoretical work done
in the past.

1.1 History

First a few historical notes. The fact that the incoherent tune is completely irrele-
vant when investigating integer resonances was first emphasized in 1962 by Morin1.
It was picked up and re-emphasized by Lapostolle2 in 1963. However, neither of
these two realized at the time that the same sort of reasoning applied to higher or-
der resonances as well. L. Smith3, also in 1963, first pointed out that half-integer,
or 'quadrupole' resonances do not occur at the incoherent tune either. However,
he himself did not quite get it right, but his student F. Sacherer did. Moreover,
Sacherer in his Ph.D. thesis4 (1968) also treated the general case for any order
resonance in 1-dimension, albeit for the highly idealized distribution which gives
exactly linear space charge force. To my knowledge, the case of general distribution
is not a solved problem. Many people have proposed self-inconsistent models which
ignore the nonlinear forces inherent in the (non-KV) stationary distribution, and
therefore miss an essential feature, namely, Landau damping. Naturally, the prob-
lem can also be studied with computer simulations. This was done by I. Hofmann5

(1985), who simulated integer and 1/4-integer resonances. He rediscovered the
above-mentioned facts, but seems not to have been aware of Sacherer's work. More
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recently, Machida6 has firmly established the non-relevance of the (maximum) in-
coherent tune shift to the half-integer resonance, in simulations for the case of the
SSC LEB.

1.2 (Incorrect) Theory

One often thinks of transverse space charge as just another force Fsc'

where i/or is the unperturbed tune and F(xt8) represents lattice errors. Then for
linear space charge, Fsc = —ax and

•r" 4- (v"2 — n\x — F(x f)\ O'S

or,
,

x" + ̂ x = F{x,6) (3)

and the new tune vx is shifted from the bare tune by the space charge tune shift
Avx = —a/(2v0x). If desired, nonlinear space charge terms can be added to F(x, 6),
to treat the case of non-KV distributions. The resulting equation of motion can
be analyzed using the well-known tools that have been developed for betatron
resonances.

But this approach is fundamentally incorrect. Forces arising from the beam
itself are not the same as external forces. As will be shown, any theory which treats
the two types of forces in the same way is incorrect and will make incorrect predic-
tions. One often hears it said 5>7 that although this approach is not self-consistent,
it is at least correct for the onset of a betatron resonance. This also is a false
statement. It proceeds from the false notion that particles react instantaneously
according to their particular (incoherent) frequencies. Actually, particles with dif-
ferent tunes react differently only after a number of turns approximately equal to
the reciprocal of the tune difference. Over short time scales, particles respond to-
gether. Therefore, the response of a beam to a perturbation proceeds from the
more collective to the less collective, not the other way around. In other words,
it is the frequencies of the collective modes which are relevant, not the incoherent
frequencies.

In the following analysis, we ignore entirely the forces due to image charges,
and include only the 'direct' space charge term. This approximation is valid in
proton synchrotrons whose injection energy is less than a few GeV. For example,
the approximation is good in the AGS right up to the extraction energy of 30 GeV,
since as energy increases, making images relatively more important, the beam size
also shrinks, making the direct space charge relatively more important.

We will also be ignoring synchrotron motion. In principle, the results are correct
only for coasting beams, but in practice they are applicable if the synchrotron tune
is small compared with the space charge tune shift.
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2 Integer Resonance

One of the things that equation 2 leaves out is the fact that space charge forces
are centred on the beam, not on the reference orbit through the optics elements.
Therefore,

(4)

where x is the x-coordinate of the centre of charge and F(9) is now independent of
x, as appropriate for the integer resonance case. We take the average and find

x" + vlx = F(6). (5)

Thus the motion of the centre of charge is not affected by space charge
self-forces. This is called the 'coherent' motion. Clearly, this coherent motion will
be ustable if the coherent tune, VQX (equal here to the bare tune since recall that
we are neglecting image charges), is equal to an integer. Or, another way of saying
the same thing is that as the coherent tune approaches an integer, the closed orbit
distortion increases without limit.

Now to find the 'incoherent' motion, we simply subtract eqn. 5 from eqn. 4.

(x - x)" + vlx(x -x) = a(x - x) (6)

or
(x-x)" + v*(x-x) = 0 (7)

where, as before, vx is the incoherent tune. Notice that the incoherent equation of
motion contains no driving terms for the integer resonance. Therefore, incoherent
motion is not affected by dipole errors. This means that the incoherent tune
can be equal to an integer, with no adverse effects. This is not due to space charge
stabilizing the resonance, as claimed by Weng7, since in this completely linear case
there is no incoherent tune spread to generate Landau damping.

Although we derived the coherent and incoherent equations of motion for linear
space charge, they remain true in the general case, following directly from Newton's
third law. For particle i, the equation of motion is

x'Z + v^Xi^Fsci + Fie) (8)

Fsci = 52. Fij, Fij being the force on particle i by particle j . Sinca Fij = —Fji, when
we sum eqn. 8 over i to obtain the coherent motion, we recover eqn. 5. Subtracting,
we now find for the incoherent motion

(xi - x)" + vKxt -x) = Fsci (9)

Since the space charge force is now nonlinear, this cannot be reduced to a new
simple harmonic equation with a shifted frequency. Nevertheless, it retains the
feature that the incoherent motion does not 'see' dipole errors.
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3 Half-Integer Resonance

Now let us investigate errors of the type F(x,6) = xf(6). The equation of motion
is

$ (10)
Coherent motion is found by taking the average

X" + Vlx=:xf(6), (11)

and to find the equation for incoherent motion, we again subtract:

(a: - x)" + ul{x -x) = (x- x)f{9). (12)

This looks exactly like a single particle equation of motion in the presence of a half-
integer resonance driving term. Again, this approach is incorrect. The response
of a beam to linear errors is to modulate in size, but the beam size is contained in
the space charge term a. The correct self-consistent approach is to formulate the
problem directly in terms of the beam size, or 'envelope'.

In the following analysis, we first assume that the beam has the correct distribu-
tion to give only linear space charge forces. However, the results are not restricted
to such special distributions, as will be pointed out later in our discussion. No
originality is claimed for the analysis, as it can all be found in Sacherer's thesis4.

3-1 One Dimension

We start with the 1-dimensional case, since it exhibits the features we want to
emphasize, unencumbered by other considerations such as beam aspect ratio and
tune split. For this case the distribution which gives linear space charge is uniform
in configuration space between the beam edges at ±x.

It can be shown that a oc l/x and so from the equation of motion 10, it is clear
that

a = 2v0Ava/x (13)
where Av is the incoherent tune shift, and a is \ffie, the unperturbed beam size.
In terms of the normalized beam size x = x/a, it can be shown that the envelope
equation is

x" + v\x - ^ | = 2vQAv + f(6)x. (14)
x°

Keeping in mind that Av <C Vo, we see that the stationary solution to this equation

and this can be seen as a change in the /^-function due to space charge: (3X =
0 / ( A )0XQQ/(Q )

Rewriting the envelope equation in terms of small perturbations 8 with respect
to the stationary solution, i.e. x — 1 + ^- + S, we find

6" + (4^0
2 - &v0Av)6 = f(8). (16)
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Clearly, this is unstable for the 71th Fourier component of f(9) when 4u% —
n2, i.e., when

(17)
4 "I

Or, stated differently, the incoherent tune I/Q — Av can be depressed beyond the
half-integer by a quarter of the space charge tune shift! Again, this is not due
to a. 'stabilizing' or 'self-limiting' effect of space charge, but to the fact that beta-
tron resonance occurs at the appropriate collective mode frequency and not at the
incoherent frequency.

3.2 Two Dimensions

Linear space charge is provided by the KV distribution: this is uniform in 2-
dimensional phase space, and an ellipsoidal shell in 4 dimensions. Kapchinsky
and Vladimirsky8 showed that the space charge force coefficient a is

&x c< —jz TT, and av oc — ^r. (18)
xix 4- v) v\x + v)

By comparison with eqn. 10, it is therefore clear that in terms of incoherent tune
shifts,

~x~~OxTxx + y

ay = 2u0yAuy^^: (20)
yx + y

where a = y/(3x£x and 6 = \J(3yey are the unperturbed beam sizes.
The envelope equations are the well-known KV equations, here written in terms

of tune shifts and the normalized beam sizes x = x/a, y = y/b:

-PA?. (21)

sw (22)

For clarity, we have dropped the gradient error driving terms. As a check, we find
by direct substitution.that to first order in smallness of Au/u, x = 1 + AVX/{1VQX)

and y = 1 + Az/y/(2i/Oy), again reflecting the incoherent effect of space charge on
the /^-functions.

As before, we can linearize for small perturbations bx and 6y, i.e. x = l + ^ ^ + x̂

and y = 1 + f̂2- + b~y} The result is two coupled simple harmonic oscillators. We

can find the eigenfrequencies ('eigentunes') of the system, but the general expression

1 This is not as straightforward as Sacherer implies, since the expansion must be made with
the correct order of smallness, namely, 1 ̂ > Ai/./f ^> 5.
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is complicated and unenlightening. For the case of a round beam (a = b, VQXAVX =
i>oyAi>y), the frequencies are

v2 = 1v\x 4- 2vly — 5r/oa:Avx ± J{1vlx - Ivly)2 + (i>QxAvx)
2. (23)

If the tune split is small, i.e. \vOx — VQV\ <C AVX/A, we find two distinct eigenmodes:

i/2 = / 4 ^ ~ 4h>0x ̂ Ux (24')

(2i/2 = I/QJ. + ^oy), while if the tune split is not small compared with the tune shift,
the two modes are

, ,2 _ J
\ y

The physical interpretation is straight-forward. In the small-split case, the two
transverse motions are tightly coupled together, and a gradient error in either trans-
verse plane can drive either mode. One mode is symmetric, envelope modulations
are in phase so the beam 'breathes' in both directions together; the other mode is
antisymmetric, envelope modulations are 180° out of phase. In the large-split case,
the envelope modulations in x and y cannot stay in phase, so they are essentially
decoupled and act independently.

Resonance occurs for integer values of the eigentune, i.e. v — n where n corre-
sponds to the Fourier component of the driving gradient error. All the resonance
conditions can be cast into the form

uOx>y - CAuXjy = n / 2 . (26)

For the small-split case, C = 1/2,3/4 (resp. for symmetric and anti-symmetric),
and for the large-split case, C = 5/8. The analysis can be repeated for non-round
beams. For example with a = 26, Cx = 7/12 and Cy = 2/3 in the large-split
case, and C = 0.273,0.684 (sym., anti-sym., Avx<y set equal to the larger of the
two incoherent tune shifts) in the tightly-coupled case uox « uoy. In the incorrect
theory based upon the incoherent tune, resonance is predicted with C = 1.

S.S Nonlinear space charge

The foregoing was for the case of ideal distributions which give linear space charge.
Originally, it seemed that the general case could only be treated with the Vlasov
equation. However, in 1971 Sacherer9 proved that the envelope equations apply to
any distribution, provided that the beam parameters are replaced by the appro-
priate statistical quantities: the beam boundary x becomes the rms size and the
emittance becomes the rms emittance. Although the resulting equations are still
correct, they are no longer closed, since rms emittance is not a conserved quantity
in the presence of nonlinear forces. In practice, however, this turns out to only
cause difficulty if one wishes to study the evolution of an unstable distribution.
Starting with an arbitrary stationary distribution, and approaching a betatron res-
onance, the envelope equations still correctly predict thresholds. In fact, Sacherer
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began to study the possibility of more general KV equations because simulations
performed by Lapostolle10 indicated that these equations very accurately described
the evolution of rms beam sizes even for non-KV distributions.

Nonlinear space charge implies that the tune shift is no longer a single quan-
tity, but is a function of amplitude; particles of smaller amplitude have in general
a larger tune shift than large-amplitude particles. An important, but often over-
looked, implication of the universality of the envelope equations is that the relevant
tune shift is not the maximum shift but rather the tune shift of the equivalent
linear-space-charge beam. For example, in the 2-D case, the beam envelope of the
KV distribution is twice the rms size and the 100% emittance is 4 times the rms
emittance. Therefore, to obtain the tune shift relevant for half-integer resonances,
one can use the usual (incoherent) tune shift formula11

provided that the form factor G is set equal to 1, and the emittance is interpreted

as 4 times the rms emittance, i.e. ex = 4 y x 2 x'2 — xx' . It is easily shown that
with this definition of emittance, the correct value of G for incoherent tune in the
Gaussian case is 2. Therefore, the maximum incoherent tune shift can exceed that
needed for coincidence with a half-integer resonance, by as much as a factor of 3.2;
a factor of 2 for the Gaussian beam and a further factor of 8/5 to take into account
the location of the envelope resonance in the large-split case.

As an example, we can compare the present theory with simulations performed
by Machida6 for the SSC LEB. With I/QX = 11.87, VQV was varied in the range 11.95
to 11.55. The beam distribution was Gaussian, the maximum incoherent tune shift
was kept at Ai/y = 0.33, and the half-integer stopband was 0.02. Equation 23
predicts that the resonance 2vy = 23 causes an envelope instability when UQV =
11.61. Machida found the threshold for emittance growth to be approximately
11.63. Agreement is even better when the stopband width is taken into account.

3.4 Linear Coupling

The foregoing analysis is not applicable to coupling resonances, since the envelope
equations assume no coupling i.e. no xy, xy1, etc. correlations. In the general case in
4-D phase space, there are 10 coupled differential equations9. These are difficult to
treat analytically, but solving them numerically is straightforward using a Runge-
Kutta technique. Certainly, it is computationally far more efficient to solve the 10
coupled first-order equations than to solve the N coupled equations in an ,/V-particle
simulation.

4 General 1-D Resonance

We have seen that integer resonances can be investigated using the equations of
motion of the first moments, and half-integer resonances can be investigated using
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TABLE 1: Eigenfrequency coefficients Cmk for 1-D transverse space charge

J f e = l
2
3
4
5

7 7 1 = 1

0

9/8

65/64

2

3/4

17/16

3

7/8

133/128

4

59/64

5

121/128

the equations of motion of the second moments. In general, higher order resonances
require the simultaneous solution of the equations of motion of the corresponding
higher order beam moments. These equations are not easily solved. However, for
the simple case of 1-D motion and linear space charge, the general Vlasov equation
can be solved.

For the case of longitudinal motion in a bunch whose length is large compared
with the conducting beam pipe, the eigenfrequencies are well-known12. In that
case, the internal space charge force is proportional to £~3. In the present case,
the space charge force is proportional to a?"1, and so the eigenfrequencies are not
the same. However, all other aspects, such as the doubly-infinite number of modes,
and the qualitative shapes of these modes, are similar. Sacherer's findings can be
summarized in the resonance condition

n/m = v0- (28)

with the matrix C given in Table 1. There are two indices: m for azimuthal and
k for radial. For example, the (1,3) eigenmode is the first harmonic azimuthally
(dipole) and has 2 nodes radially. It is the first non-rigid dipole mode, since only
odd-k modes exist for any odd ra, and only even for even. In general, the mode
(m, k) is driven by error driving terms proportional to xk-1 cos(nd) where n « rnv.

This agrees with the results already found for the rigid dipole and quadrupole
modes in 1-D, namely, C\\ — 0 and C22 = 3/4. Hofmann5 has simulated the case for
an octupole driving term near a 1/4-integer resonance. He found that emittance
growth occurred when the incoherent frequency was 10% beyond the resonance.
This is within his uncertainty of 1 — | | = ^ as found here.

Remarkably, the frequencies of the non-rigid modes (k > m.) are shifted past
the incoherent frequency. However, for realistic distributions, there are two effects
arising from incoherent frequency spread, which still need to be taken into account.
One is that the shift of the coherent mode as always smaller than the maximum
incoherent shift, as pointed out in the last section. The second is that frequency
spread brings with it Landau damping. It is known that in the longitudinal case,
Landau thresholds depend mostly upon k 13; for example, if the lowest sextupole
mode is Landau damped, the first nonrigid dipole mode is as well.
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5 Conclusion

The main point of the present paper is that the practice of restricting the incoherent
tune spread to lie between the lowest order betatron resonances is too conserva-
t'v e. Conversely, the assumption that in a well-tuned machine, the incoherent tune
spread does not overlap any low-order resonances, is also not warranted. The error
incurred is largest for the rigid dipole mode: the higher the order of the resonance,
the closer is its frequency to the incoherent frequency.
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Emittance at the Brookhaven AGS*

E.J. Bleser
AGS Department, Brookhaven National Laboratory

Upton, New York 11973-5000 USA
e-mail: bleser@bnldag.ags.bnl.gov

The emittance measurements at the AGS have been of limited importance to the actual
machine operation and of questionable accuracy. However with the unprecedented intensity
achieved in the AGS, emittance questions are coming to the fore.

The recent intensity history of the AGS is shown in Figure 1. Significant increases in
intensity were achieved through significant machine improvements. In 1984 with H" injection,
in 1993 with the new 2.25 GeV Booster, and in 1994 with a new rf system in the AGS that
enabled it to utilize the intensity from the Booster. The present intensity of 4 x 1013 protons per
pulse is a record for proton synchrotrons but still short of the design goal of 6 x 1013 ppp that
should be achieved in 1995. The design of the Booster was based on our experience with the
AGS, which seemed to operate well with a tune shift as large as 0.7. Figure 2 shows the
expected tune shift in the Booster and the stopbands that had to be corrected to achieve full
Booster performance. The tune shift calculation uses a simplified Laslett formula but the crucial
parameters are the assumed beam dimensions and shapes, both transverse and longitudinal.

5 6
a
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<£ 4

AGS Peak Intensity 5.0

H"
\

//
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. ' *
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1995 Goal
/

/ .
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Q. Horizontal Tune

Figure 1. Figure 2.

*Work performed under the auspices of the U.S. Department of Energy.
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The transverse beam dimensions in the AGS have been measured for many years with
an Ionization Profile Monitor (IPM). In the Booster an IPM with a microchannel plate is used
because the high Booster vacuum yields few ions. The IPM is a useful device except it has one
well known systematic problem. The electric field of the proton beam affects the flight path of
the ions with the result that at high intensity and, in particular, at high energies, when the actual
beam size is small, the measured beam size is too large. This effect can be calculated, but only
to a limited degree of confidence, leaving unanswered the question as to whether the emittance
in the AGS grows with energy. In the Booster it is possible to run the beam up to full energy
and then to decelerate it back to low energy on the down ramp of the magnet. The measured
normalized emittance grows and then shrinks with decreasing energy, leading to the conclusion
that the apparent growth must be an artifact of the IPM. Such data will enable us to determine
reliable emittance values for the Booster, but for the AGS we must add a wire scanner to
establish an absolute calibration. Absolute knowledge of the emittance is desirable in the present
circumstances since in order to maximize intensity it is useful to maximize beam size, however
the limiting apertures are the injection and extraction devices in the Booster and the AGS, which
means there are now tight constraints on the beam size as well as on the quality of the matching
that must be done between the machines.

Another problem in determining emittance from an IPM is in the fact that the horizontal
beam size is determined from both the horizontal emittance and the momentum spread. The
recently commissioned system for jumping the beam rapidly through transition, serendipitously
provides us with a very nice procedure for disentangling these two components. Figure 3 shows
the horizontal beam size measured by the AGS IPM over a short time span near transition. The
measured size is given by:

x = JE$ + (DAp/p)2

where:
E = Horizontal emittance
|8 = Beta function at IPM
D = Dispersion function at IPM
Ap/p = Momentum spread in beam

To move the beam rapidly through transition, a set of fast quadrupoles are turned on and
ramped up to a high field in 60 milliseconds. This keeps the transition energy of the machine
above the beam energy. The quads are then turned off in a millisecond, driving the beam
quickly through transition. One effect of the quads is to change the dispersion function of the
machine. In the AGS it starts out positive, moves through zero to a large negative number and
then at transition swings rapidly back through zero to its original value. When the dispersion
function goes through zero, the measured beam size goes through a minimum that is just the
emittance of the beam. Using this value for E, the formula enables us to calculate D Ap/p,
which is plotted in Figure 3. This data confirms the modelling calculations of D and measures
Ap/p.
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Figure 4 shows another interesting effect. When the horizontal and vertical tunes are
crossed and then recrossed, the betatron amplitudes are exchanged resulting in the very dramatic
change in beam sizes shown in the figure.

0 28 40 52 64 76 88 100 112 124 136
TIME milliseconds

Figure 4.

For 1995, the program at the AGS will include maximizing the intensity by painting the
injected beam to increase the emittance while minimizing losses by matching the beam emittance
to the admittance of the extraction and injection devices.
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EMITTANCE MEASUREMENTS WITH THE CERN PS WIRE SCANNER

Ch. Steinbach, PS division, CERN, CH 1211 Geneva 23, e-mail STEINB@crnvma.cern.ch

Abstract

Fast wire scanners provide measurement of the profile
and emittance of the CERN PS circulating beam. The first
device was installed in 1985 and has been upgraded in 1994.
The system is described briefly: mechanism, monitoring,
electronics and controls. The effect of a measurement on the
beam and on the wire are shown. The precision is discussed
and the system evaluated and compared to ion profile
monitors.

I. INTRODUCTION

Four wire scanners have been installed in the PS to
monitor the circulating beam transverse profile and
emittance. The principle is simple: A thin carbon wire
crosses the beam rapidly. Secondary particles are created
during the interaction. They produce a signal using a
scintillator and photomultiplier placed downstream near the
vacuum chamber. This signal as a function of the wire
position gives the beam profile, and the emittance when the
transverse p-function and the dispersion function is known.
Two devices scan the horizontal plane and two others the
vertical one.

These devices are used for most of the particles
accelerated in the PS: electrons, positrons, protons, and
aniiproions. The energy range is from less ihun 1 GeV to
25 GcV. The number of secondary panicles is luw for the
lower energies, giving a noisy signal. The intensity ranges
from 10' to more than 2xlO"charges (1.5 A).

The first operation took place in 1985 and was reported at
the 1HEE Particle Accelerator Conference in Vancouver,
1985':. A thorough upgrade was completed in 1994 when the
beryllium wire was exchanged for a carbon wire and new
position captors, monitors, electronics, interface and
software were installed.

II. MECHANISM

Each monitor is installed in a tank using 2/3 of a PS I in
short straight section (there are 100 straight sections in the
PS). The movement is driven by a direct current motor with
permanent magnet stator and printed circuit rotor (Fig. 1). It
is directly coupled with an angle resolver and a tachometer.
Together with the crankshaft transmission to the moving
assembly, this constitutes an exchangeable module.
Transmission of the movement into the vacuum is done
through 2 bellows with two moving rods in push-pull mode
with a 7 mm stroke (Fig.2). Inside the vacuum, the fork
holding the wire itself rotates around an axis driven by the
rods through four rolling metal ribbons. Bearings in vacuum
are made of "Vespel". The stainless steel fork prongs are
designed for high rigidity and low inertia. The wire is held at
both ends by insulating ceramic beads, which are fixed to

leaf springs providing a 20 g tension to the wire. Insulation
and connections with a vacuum feed-through allow checking
the wire continuity by resistance measurement.

Beom \

Transmission Rod

DC Motor

Fig.l - Schematic view of the wire scanner mechanism

The wire is made of about 20 twisted 7 nm diameter
carbon fibres, with a total equivalent diameter of 30 |im.

Fig.2 - The mechanical assembly inside vacuum

HI. PROFILE AND POSITION DATA ACQUISITION

Two scintillators are installed near the vacuum chamber,
one upstream and one downstream of each wire scanner, for
profiles with both particle polarities.

Light-guides allow mounting of the pholomultiplier (PM)
away from the vacuum chamber so as to avoid direct
radiation signals and radiation damage. They are simple
straight empty pipes with reflecting walls. Carousels of
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optical filters moved by a stepping motor allow adjustment
of the sensitivity over the large dynamic range.

Hamamatsu 2238 photomultipliers have been selected,
with 12 mesh dynodes and tri-alkalide photocathodes, linear
up to high output currents (600 mA). They work in
proportional mode with a good linearity over a wide range.
The cathode sensitivity is 60 uA/lm, and the current gain
5xl05.

The linearity has been checked over a large dynamic
range for various types of beams, with varying intensity and
with the help of the optical filters. The worst results never
differed from the linear fit by more than 2%, the beam
intensity transformer imprecision being also included in this
measurement.

The signals of the PMs in the ring are transmitted to the
VME acquisition module through preamplifiers for
impedance matching.

The position of the wire is measured by an 8 kHz resolver
giving the sine and cosine of the motor angle, sampled
synchronously with the PM signals. The geometry of the
transmission gives the corresponding wire position in the
vacuum chamber. The resolver is also used to control when
the wire has passed the measurement range and should be
decelerated.

IV. ELECTRONICS

The VME crate contains the following modules (Fig.3):
- the controller with 68030 processor,
- an 8 channel sampling ADC and its memory for the PM

signals,
- an 8 channel transient digitizer for the position resolver

signals,
- a 32 channel samplinyADC for real time acquisition of

resolvers,
- an 8 channel DAC for the motor controls,
- a digital I/O register for various acquisitions and controls

through the system,
- a "Program Line Sequencer" receiver to synchronise the

measurement with the PS cycles, a high voltage power
supply driver etc.

The system needs additional specific electronics which
essentially consist of:

- a motor controller module and power supply to drive the
fork motor,

- a stepping motor driver module for the optical filters,
- the PM high voltage power supply etc.

V.CONTROLS

The VME processor performs the specific tasks and the
"equipment module" duties necessary to link the process with
application programs:

1) specific software:
- input of the requirements: choice of device, plane, cycle,

number of measurements, timing, wire velocity,
sensitivity (which can be automatic on specification of
foreseen intensity),

- measurement itself: setting of PM voltage and optical
filter choice, magnetic field measurement, real time
displacement of the wire, acquisition of results,

- data processing: calculation of positions from angles,
elimination of the tails effects, search for distribution
centre, calculation of root mean square, of o of the
distribution, of emittance, of energy from the field, and
normalisation with the relativistic parameter Py.

- output of results.
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Fig.3 - Block diagram of the wire scanner electronics

Fig.4 - Application program display of results

2) remote access to and from main computer system.
An application program in the work-stations provides the

interface to the device. It displays profiles and emittance
values (Fig.4).

VI. PROJECTED PROFILE AND EMITTANCE

The measurement takes many revolutions, so that it only
makes sense if the beam is matched to the machine
acceptance. We shall therefore assume that the beam shape is
a matched ellipse, and we can then carry out the following
classical analysis.

The measured profile gives the projected transverse
density. Calculation of the beam size including a certain
fraction of the beam requires the lengthy solution of Abel-
type integrals.

A usual approximation assumes that the distribution is
Gaussian, with:
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IX EFFECT ON THE BEAM

In normalised phase space, the angular distribution is,
likewise:

and the matched contours of equal density are circles c.
Integrating the density inside this circle gives the fraction of
particles within c:

with:

Changing variables to polar co-ordinates in normalised
transverse space plane allows the calculation of N as a
function of the beam radius:

Jc oV2it
-4=
oV2n

e J°2 dx dx' = I f -J- j - e J°2 dr d9

N = F-V
J0<r

The emittance included within the radius r is e = r2 (in
K |imrad when r is in mm) so that the number of particles
within the emittance e is:

N = l - e i°

The 2a emittance includes 86.5
of the particles lie within 2.45 a.

' of the beam and 95 %

Vn. CORRECTION OF DISPERSION

The measured emittance is in fact a convolution of the
mono-energetic emittance and the dispersion due to the
momentum spread. If the latter is also taken as Gaussian with
4ap value Ap/p, then the mono-energetic emittance is:

P,
D and P, being the dispersion coefficient and transverse

p-function at the measurement location.

Vm. SENSITIVITY

The output is given by the approximate formula:

S = kpIp(l+50T,)V'

where S is the maximum of the acquired profile, Ip is the
beam intensity, p the momentum, T, the transmission of the
optical filter, V the PM voltage. When compared with the
dynamic range of the ADC converter, it gives the limits of
use: 10" ppp with 1500 V and the 100% filter, 2xlO13 ppp
being measured with 500 V and the 5% filter. This covers the
intensity range in the PS well.

Scattering

The emittance blow-up due to the beam scattering during
the wire traversal is given by:

PP

where p, is the Twiss parameter in the considered plane, d
the wire diameter, v the wire velocity, x the revolution
period, Xo the scattering length in carbon, p the relativistic
parameter and p the particle momentum, units being metres,
seconds and MeV/c.

Table 1 gives the blow-up calculated with this formula
for three important energies during the PS acceleration:

- the standard proton injection energy, 1 GeV,
- the p-bar injection momentum, 3.5 GeV/c,
- the highest operational momentum, 26 GeV/c.

Energy or
momentum

lGeV

3.5 GeV/c

26 GeV/c

Blow-up

in meas.
plane

0.11 It

0.025 JC

0.0005 it

Blow-up

in other

plane

0.20 it

0.046 it

0.0008 n

Normalised

blow-up in

measurement

plane

0.19 II

0.094 re

0.013 It

Normalised

blow-up in

other plane

0.36 it

0.173 it

0.023 it

Table 1 - Emittance blow-up in |imrad
for 2rj emittances and a velocity of 20 m/s

Interaction

The collision length in the carbon wire is 34 cm, so that
the proportion of particles interacting with the wire is as low
as 5xl0'5 for a wire velocity of 20 m/s. The average particle
energy loss in the traversal is also very small, of the order of
5 keV, which represents a Ap/p of 7x10*% at PS injection.
The intensity and energy loss of the beam can be therefore
considered as negligible.

Heating of the wire

Particles lose energy during the wire traversal. This
energy is partially deposited in the wire. The temperature
increase is proportional to the ionisation loss in carbon and
can be expressed as:

where k is the fraction of ionisation loss converted into heat,
Cv the heat capacity of the wire material, dE/dx the
ionisation loss of the particles in the wire, Ip the number of
particles, P, and e, the P-function and emittance in the other
transverse plane.

Experience and previous measurements3 have shown that
k is of the order of 1/3.
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For example, the formula gives Ihe following results, for
an horizontal measurement at 25 GeV with an intensity
Ip = 2xlO'J ppp and a normalised vertical emittance of
30 n nmrad:

for v = 20 m/s AT = 53O°C
forv = 10m/s AT=1060°C

X. PERFORMANCE

Limits of precision

The precision with which the wire position is measured
dynamically during the beam traversal is probably the
determining factor in emittance measurement accuracy. The
difficulty comes mainly from the mechanical rigidity of the
device. At the maximum velocity of the wire, it seems that
non-reproducible flexion of the fork limits the expected
precision.

The scintillator-PM non-linearity is also a cause of
inaccuracy, though this is considerably less serious.

After the beam profile is obtained, the knowledge of the
local (3-function and dispersion is necessary to calculate the
emittance. These parameters are obtained from machine
optics and in practice from the MAD simulation program.
There is, unfortunately, no precise way to verify the quality
of the PS modelling.

Moreover, it should be pointed out that the result of the
measurement is an average over the measurement time
(usually less than 1 ms).

Taking all these considerations into account, we estimate
the precision to be of the order of ± 5% in emittance for
small beams.

Limits of use

The principle of the measurement involves some
limitations in the use of the wire scanner.

Since the beam traversal takes many machine
revolutions, precision can only be achieved if the beam is
stable and matched throughout the measurement. It should,
however, be relatively easy to notice if it is not, since, in this
case, the profile will probably show some fine structure or
asymmetry.

The PMs are sensitive to any beam losses., in the
neighbourhood of the monitor. One must therefore be careful
to avoid using the wire scanner when losses are likely to
occur. This problem could be avoided by the use of charge
measurement instead of PMs, counting secondary electrons
emitted by the wire. This is only possible for high intensities,
however, and was not implemented in our system.

The wire scanner cannot be used to measure profiles of
partially stripped ion beams. This was tried with Pb31' ions

but failed because the wire traversal strips the electrons, at
least partly, and the beam is lost during measurement
without giving significant results.

Comparison with ion scanners

It is interesting to compare the wire scanner with the
other most common circulating beam profile measurement
device, the residual gas ion monitor.

In principle, the wire scanner is probably better as far as
precision is concerned because the position of the wire is
easier to measure than the origin of residual gas ions or
electrons. Another advantage of the wire scanner is its
immunity to space charge problems since monitoring is done
with relatively high energy secondary particles.

Ion scanners, on the other hand, present the advantage of
a faster and repetitive measurement. Interaction with the
beam is usually lower too, unless the vacuum has to be
degraded to increase the sensitivity, or an ion jet is used to
enhance the sensitivity.

XI. CONCLUSION

The PS wire scanner provides a straightforward, precise,
one shot, almost non-destructive way of measuring profiles
and emittances in both planes, over a wide range of particles,
energy and intensity. Since emittance is, nowadays, one of
the most critical beam parameters, it is used extensively and
has become an essential beam quality monitoring instrument
oftheCERNPS.
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Longitudinal Beam dynamics during Transition
energy crossing *

S.Y. Lee (shylee@indiana.edu)

Department of Physics, Indidna University, Bloomington, IN 47405

Introduction

Let Eo be the energy of an ideal particle, which synchronizes with the rf electric field with
a synchronous phase angle (f>0. The energy deviation AE = E — Eo of a particle from the
synchronous particle is given by

- £ ( — ) = ±-eV(sm<f>-sm<f,0), (1)
Ut (Jo /7T

where <j) is the rf phase angle of the particle, V is the rf accelerating voltage, w0 is the angular
revolution frequency of the synchronous particle. Thus the time derivative of the fractional
momentum deviation, 6 = ̂  = ^2^~, is given by

The equation of motion for the longitudinal phase angle $, with <f> = <j>o — h[B — 0O), is
given by

^ = h(v0T]S, (3)

where h is the harmonic number, 7/ is the phase slip factor given by

V2S2 + ••-, (4)

with

770 =

Here (3o and 70 are the relativistic factors of the synchronous particle, and ao,ai, and a2, • • •
are coefficients obtained from expanding the circumference in power series of the momentum
deviation,

R = Ro{l + ao6(l + ai6 + aaP+ -•)). (7)

•Work supported in part by grants from NSF PHY-9221402 and from the U.S.DoE DE-FG02-93ER40801
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Eqs. (2) and (3) forms a complete set of synchrotron equation of motion, where (~,4I) o r

equivalently (6, (j>) are conjugate variables.
The synchrotron equation of motion can be derived from a Hamiltonian

H = -hu;0(r]06
2 + -ijiS3 + •••) + ijSp%[cos <j> - cos <fo + ( 0 - fa) sin fa]. (8)

Since the momentum deviation is usually small, 8 < 1%, the S3, • • • terms are not important
unless 7/0 ~ 0. Small amplitude oscillations is simple harmonic with

where the stablity condition is given by

7/o COS <£0 < 0. (10)

Thus at energy lower than the transition energy, 7 < 7T with 7/0 < 0, the synchronous phase
angle should be 0 < ^0 < T / 2 . Similarly the synchronous phase angle should be shifted to
7T — fa above the transition energy. This can be accomplished by a phase shift of n — 2^o
to all particles. The frequency of the small amplitude oscillations is called the synchrotron
frequency, and the synchrotron tune, defined as the number of oscillations per revolution,
becomes

v, = — =27r/32.jB ' " ' u;0 V 2rf32E ' ^ '

Typically the synchrotron tune is of the order of < 10~3 for proton synchrotrons and of the
order of 10"1 for electron storage rings. The adiabatic condition that a torus corresponds to
a constant Hamiltonian value is given by,

1 dta.

w» it
1. (12)

Linear Synchrotron Motion in Nonadibatic Region.
Around the transition energy region, the adiabatic condition of Eq. (12) is not valid. The
Hamiltonian is not a constant of motion. However the action remains a constant of motion for
the Hamiltonian of one degree of freedom and the system is integrable. For small amplitude
oscillations, the Hamiltonian is linear. The integral of the linearized Hamiltonian is an
ellipse. To solve this problem, we assume a linear acceleration rate as,

7 = 7r + 7*- (13)

Therefore the phase slip factor becomes,

>/o = " o - 7 - 2 « f . (14)

Substituting Eq. (13) into Eq. (11), we obtain
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Table 1: Typical adiabatic time of proton synchrotrons

V [k Volts]
h
IT
r[msec]

Fermilab Booster
950
84
5.4
0.2

Fermilab MI
4000
588
20.4
2.0

AGS
300
12
8.5
2.5

RHIC
300
342
24.6
25.0

KEK-PS
92
9
6.7
2.7

where r is called the adiabatic time. At \t\ > r , the adibatic condition in Eq. (12) is satisfied.
Typically r is of the order of l~10 msec. Table 1 lists the adiabatic time for some proton
synchrotrons.

The equation of small amplitude synchrotron motion in the transition energy region
becomes,

5 = cos </>0{A<j>); '-tS, (16)

with A(j) = (j> — (f>0. Taking into account the synchronous phase change from <j>0 to ir — (f>0

across the transition, we obtain,

= 0. (17)

(18)

Let us define a new variable,

» = ]*!. y = f
T JO

Eq. (17) can be transformed to the Bessel's equation of the order 2/3

p " + tfpi + (1 - ^J-)(p = 0, (19)
y y

where the primes stand for derivatives with respect to the variable y. The solution of Eq. (19)
is given by

A(j> — bx[cosxJii3,{y) + sinx-^2/3(2/))i (20)

where %, b are constants to be determined from the initial conditions. The phase space
coordinate 8 can be obtained from Hamilton's equation,

t Acf>
s = —

Thus the invariant phase space ellipse is given by

where
2 o

- 2N2/3) - J2/3(2J2/3 -

73
'r

(21)

(22)

(23)

(24)

(25)

- 2 9 1 -



There is no surprise that the constant of motion for a time dependent linear Hamiltonian
is an ellipse. In the ($, 6) phase space coordinates, the shape of the ellipse changes with
time. The phase space area enclosed in the ellipse is a constant of motion given by

7T 3 6 7 _

where A is the phase space area of the bunch in [eV-sec]. The parameter b is related to the
phase space area by

Note here that the phase space ellipse is tilted in the transition energy region. Using the a
Taylor series expansion around y = 0, i.e. 7 = 7T , we obtain

7r2 4

7T2 2hiu,0r* V3
( 2 9 )

The tilt angle of the ellipse is given by

2

Thus the maximum momentum spread becomes,

2 ^ ^ ) I / ! ' ( 3 2 )

(33)

and the maximum bunch width becomes,

2 - V 0
7=7T y "**"** ~a<t>s * 3mc2/?37£

Substituting the adiabatic time, r , from Eq. (15), we obtain the following scaling prop-
erty:

7=7T

The scaling property is important in the choice of operational conditions. In the adiabatic
region with x ^> 1, we can use the asymptotic expansion for the Bessel's functions to obtain

r2

3̂  ^ ( r ) V / 2 (35)

The ellipse is restored to the upright position.
Around the transition energy, Landau damping for the microwave single bunch instabil-

ity vanishes due to small synchrotron frequency spread. For a pure capacitive impedance,
e.g. spcae charge impedance, the instability occurs when 7 > 7T . For a pure inductance
impedance, the instability exists only below transition energy. For a simple broad band
impedance model, the growth of the microwave instability can be obtained by solving the
dispersion integral to be discussed as follows.
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Microwave Instability at Transition Energy

We assume a Gaussian bunch distribution given by

o
/ A / r \ AT / ~ 2 "Sfa .Ai fA^) +2aj,x(AA15+otAx5') jir /~tf A I\ f c\ f*3C\

p[A(p,o) = Nb—\/alj,60tss — ctj>se — Nh(*\Aq>)g\b), (36)
7T v

where

Gr(A^) = ^ " v - ^ » - - ^ . - 3 1 — ^ — ; ^ ^ ( 3 7 )

(38)

are respectively normalized. Here the factor 3 comes about because we choose the bunch
area A containing 95% of the beam particles.

Without the energy spread, the longitudinal frequency shift, Aft = ft — no/0 is given by

where qe is the charge of the particle, I is the peak current, -£• is the longitudinal broad
band impedance. Here, if Im (^p) > 0, then the beam would suffer microwave instability.
For a purely capacitive impedance, e.g. space charge impedance, then bunch beam without
frequency spread becomes unstable above the transition energy, where 77 > 0. Similarly,
the beam may experience microwave instability below transition energy for an inductive
impedance. For a vacuum chamber with resistive impedance, the beam is unstable below
and above the transition energy. The growth rate of the instability, i.e. Im(J2), can be
obtained from finding the coherent mode by solving the Vlasov equation, or the dispersion
integral,

l = - f ) f-^—dxv, (40)
\ 71 JQJ - — a;

n

where the distribution function is normalized with J Fdw = 1. The peak current for the
Gaussian distribution g(6) of Eq. (38) is located at A(j> = 0. Using the coordinate transfor-
mation Au; = — (T]U!0)6, the dispersion integral can be expressed as complex error functions

(41)

where £ = -£—, <rw = l/\r]\u}o^/6ass, and the complex error function w(£) is given by

(42)

The growth rate is given by Im(ft). The total growth factor is given by JIm(Vl)dt. The
growth rate of microwave instability can be obtained when the impedance is known. Note
however that the potential well distribution is not taken into account in the above treatment.
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Nonlinear Synchrotron Motion around 7T Region.
Near the transition energy region, the nonlinear phase slip factor in Eq. (4) becomes im-
portant. To study the effect of nonlinear synchrotron motion, let us examine the small
amplitude equation of motion at the transition energy region, i.e.

cos fc( Afl, (43)

where we have truncate the phase slip factor to the second order term and the time t = 0
corresponds to the transition energy crossing. At the time t = 0, the synchronous phase is
also shifted from <po to TV — <f>o in order to obtain a stable synchrotron motion. Due to the
momentum spread, some portions of the bunched beam will experience unstable synchrotron
motion due to the nonuniformity in the sign of rj{8) = (^r + ViS) near transition energy

region. Since the synchrotron motion is slow, we would hope that the unstable motion does
not produce too much bunch distortion so that the bunch can be recaptured into a stable
bucket.

The nonlinear synchrotron motion depends on two time scales. The adiabatic time r
governs the adiabatic synchrotron motion, and the nonlinear time rnj describes the length of
the time that a particle in the bunch undergoes the unstable synchrotron motion. Naturally
the nonb'near time depends on the momentum deviation of the particle. To characterize the
bunch motion, we use the maximum momentum width S of the bunch to characterize the
nonb'near time, i.e.

Vo + vJ = -2-i~+m6 = 0\ or Tnl = lT
3$-^5, (44)

7T
 zl

where 771 from Eq. (4) has been used. Within the nonlinear time ±r n j , some portions of the
beam would experience unstable synchrotron motion. At a given time (or synchronous energy
Eo), particles in the bunch execute synchrotron motion. When the bunch is accelerated
toward the transition energy to within the range of 7T — 777,/, the phase equation for particles
at higher momenta begins to change sign while the synchronous particle is still below the
transition energy. Particles with large momentum deviations experience defocusing force.
After the synchronous particle reaches transition energy and the synchronous phase q60 has
also been shifted from (f>0 to TV — <f>0, negative momentum deviation particles will experience
a defocusing force. This problem is especially important when the acceleration rate is small.
The synchrotron equation of motion motion is given by

S»=-X8+5±C, (45)
r S

where the primes are derivative with respect to the variable x = ^ . Note here that when
the nonlinear time rni vanishes, the solution of Eq.(45) is the Airy function [see last section].
We can estimate the growth of the momentum width by integrating the unstable exponent,
i.e. for the particle with 6=6,vfe have

r?r^ HT?3>\ (46)
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The maximum momentum height is increased by the growth factor G, which depends on
^ expontially. When the adiabatic time r is larger than rni, the effect of nonlinear motion
become less important. Although the momentum width will increase due to the nonlinear
phase slip factor, we should bear in mind that the synchrotron motion can be derived from
a ID Hamiltonian,

H = \ h ^ + 2-Vl6]6> - £ ^ cos MA(j)y. ( 4 7)

The torus can be distorted by the nonlinear synchrotron motion. When the bunch is accel-
erated through the transition energy, some portions of the torus can lie outside the stable
bucket. Particle loss can occur, which is a nuisance to machine operation. For high intensity
hadron synchrotrons, beam loss can cause radiation problem. Efforts to eliminate beam loss
at transition energy are important.
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Low Emittance Beam Extraction Scheme Using

a Transverse RF Noise

Kazuo Hiramoto
Energy Research Lab., Hitachi, Ltd.
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Abstract
A scheme using a transverse RF noise is presented to extract a small cmittancc beam from a synchrotron. In the

scheme, the amplitude of the betatron oscillations is increased by the transverse RF noise to reach the scparatrix of the
nonlinear resonance, while keeping the scparatrix constant. The present scheme is studied in computer simulations. It is
shown that the cmittancc of the extracted beam is very small. It is also shown that the time structure of the extracted
current is not affected by the ripple in the magnet current. Furthermore, another scheme applying the transverse and
longitudinal RF noise is also presented for the extraction of the low cmittance beam with a narrow momentum spread.

INTRODUCTION
The nonlinear resonance of the betatron oscillations has been used for the slow beam extraction from most of the

synchrotrons. In order to excite the nonlinear resonance to the particles having not only large betatron amplitudes but
also small ones, usual slow extraction methods gradually make the scparalrix shrink and finally vanish by varying the
betatron tune. This tune change is realized by controlling the currents of quadrupolc magnets.

Changing the scparatrix size generally varies the orbit gradient and turn separation of the extracted beam at the
deflector position. As a result, it is expected that the position and size of the extracted beam change, that is, the emittancc
of the extracted beam becomes larger. Some counlcrmcasurcs have been taken lo keep the beam characteristics
constant during the cxtraction[l][2]. These countcrmcasurcs, however, require rather complicated design and control.
Then, we have proposed a new, simpler nonlinear resonant extraction schcmc[3][4] in which the beam is extracted with a
constant orbit gradient and turn separation. In the present scheme, the transverse RF noise is applied to the beam to
increase the betatron amplitudes and to reach the scparatrix of the nonlinear resonance while maintaining steady opera-
tion of other components.

Another concern in the slow beam extraction is preventing an intermittent time structure of the extracted beam
current due lo current ripple of the magnet power supply. In the present scheme, the particles diffuse toward the separatrix
and move with a high speed near the scparatrix. Then, it is expected that the time structure of the extracted current is not
affected by the movement of the scparalrix due lo the ripple in the magnci current and the intcrmitlcnt extraction can be
prevented. The time structure of the extracted current for the present scheme is evaluated by the computer simulations
and compared with that for the conventional scheme.

EXTRACTION SCHEME
The present extraction scheme is characterized by keeping the scparatrix constant for nonlinear resonance of the

betatron oscillations and increasing the amplitude of the
bcatatron oscillations inside the separatrix by a transverse RF
perturbation ( Fig. 1). Since the scparatrix is kept constant,
the orbit gradient and turn separation at the deflector posi-
tion are almost constant. Therefore, the emiiiance of the
extracted beam can be reduced to a very small value.

Generally, the betatron tune varies with the betatron
amplitude under the nonlinear magnetic field and the momen-
tum of the particles. Then, the tune spectrum of the beam at
the resonant extraction spreads, as shown in Fig. 2. There-
fore, in order to increase the amplitude of the betatron oscil-
lations, it is effective to apply the transverse RF perturbation
having a band width covering the spread betatron frequen-
cies shown in the figure. It is desirable that the frequency
spectrum of this RF perturbation is continuous, that is, a nar-
row band RF noise generated by filtering a random noise or
superposing many line spectra having different random
phases.

Constant
Scparatrix

Deflector

I
^ X

Amplitude Growth of the Betatron Oscillations
by the Transverse RF Perturbation

Fig.l Phase Space of the Present Extraction Scheme

- 2 9 6



The applied transverse RF noise is expected to
cause the circulating beam to diffuse in the transverse
phase space. As a result, die number of particles near
the scparatrix is small but the speed of the particles ex-
ceeding the separatrix is fast. Then, the effect of the low
frequency ripple of the magnet currents is expected to be
overcome. This effect for longitudinal diffusion has
been confirmed in the ultra slow extraction scheme de-
veloped in CERN[5]. In the following section, the
present scheme is studied through computer simulations.

3
3

z

fmin fmax

fmax~
fmin ~ (v

min

Betatron Frcq.

v : linear tune
Ap/p : momentum spread
t,: chromaticity
frev : revolution frequency

Fig.2 Frcquemcy Spread of the Betatron Oscillations
COMPUTER SIMULATION METHOD

In the computer simulations, a coasting beam is assumed with the design momentum. The coasting beam is
divided into Ns bins having an equal size along the circulating direction. It is assumed that the beam in each bin has
an equal cmittancc and consists ofNp super particles. The initial particle distributions in the normalized phase space
are assumed to be Gaussian with an rms value of a for both X and X' directions. The cmittancc is defined as the phase
space area including 3a for both X and X'. The betatron oscillations and nonlinear resonance of the beam are analyzed
in the normalized phase space with one degree of freedom. Thin lens approximations arc applied to the treatments of
the effects of the nonlinear magnetic field and the high frequency perturbation field:

(J),cos ( i )
UCl5i

C i , j ,o ld+f(Xi , j ,o ld) I I C28J

where X and X' arc the position and orbit gradient normalized by the Twiss parameters; i (=1 ,—Ns), the bin number in the
s direction; j (=1 ,—Np), the particle number in the i-lh bin; <j>, the phase advance of the betatron oscillations per one
revolution in the accelerator; f (Xi, j , old ), the transverse kick by the nonlinear magnetic field with thin lens approxima-
tion; 8., the transverse perturbation for an increase or the betatron amplitude; and C, and C2 arc constants determined
by the lattice elements between the nonlinear magnetic field f(x) and the transverse perturbation 8(. Then, the
nonlinear resonance can be analyzed by successive calculation of Eq.(l) for each particle. The transverse perturbation 8
is obtained by superposing RF signals of mulli frequency components having respective random phases. In the following,
the perturbation intensity A is defined by nns value of 8 . For comparison, the conventional scheme varying the tune
is analyzed with the assumption that the phase advance of the betatron oscillations per one revolution is decreased
monolonically from the initial value of $injl to the final value of <)>cnd:

6 = 4.. + ( d> . - A ) N /N
T T l t u , \ YeD1i Y j ^ / ' V v " i0

(2)

where Nrev is the revolution number after initiation of the extraction and NIo[ is the total revolution number during the
extraction. For both the present extraction scheme and the conventional one, the effect of the ripple of the magnet current
is considered through the following relationship:

t>=<J>0+A<)> s i n ( N r e v (3)

where 4>0 is the phase advance without the ripple, A<j> is
the ripple amplitude of the phase advance, and Nrip is
the ripple period in a unit of the revolution number.

SIMULATION RESULTS
The above computer simulation technique was

applied to analysis of the second order resonant extrac-
tion by the present scheme. The fractional part of the
betatron tune was assumed to be 0.505. The beam was
divided into 20 bins, each of which consisted of 1000
super particles. The beam cmitlancc was assumed to be
10 7cmm»mrad. The nonlinear magnetic field was de-
fined to make the scparatrix larger than the beam cmit-
tance of 10 7tmm«mrad. For simplicity, it was as-
sumed that the transverse RF noise and the nonlinear
magnetic field were applied to the beam at the same posi-
tion. It was assumed that the transverse RF noise has
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Fig. 3 Phase Space Positions of the Extracted Particles
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spread frequency components equivalent to the lunc
range from 0.495 to 0.505 and the power of each fre-
quency component was equal. The deflector for the ex-
traction is assumed to be at Xd = 10 x IO3.

The phase space positions of the particles which
exceeded the deflector during the extraction arc shown
in Fig. 3. The rms value of ihc perturbation A was as-
sumedtobe 1.25x10'. It was confirmed in the simula-
tions that the orbit gradient is kept constant and the
emiltancc of the extracted beam is smaller than 0.5
Trmnvmrad. For comparison, die resonant extraction
was analyzed next by varying the scparatrix size. The
betatron tune was reduced linearly from 0.505 to 0.500
so that the separatrix shrank and finally vanished. The
results showed that ihc orbit gradient changes signifi-
cantly in comparison with the present scheme. In these
simulations, the particles were assumed to have the de-
sign momentum. Although the actual beam size depends
on the momentum spread, the dispersion function and
chromaiicity, the size of the beam extracted by the

0 20000 40000 60000 80000 100000

REVOLUTION NUMBER

Fig. 4 Relationship between Revolution Number and
Ring Current

present scheme can be much smaller than that by the conventional scheme in most cases.
The change in the fraction of super particles in the scparatrix, i.e. the accelerator ring current, is shown in Fig.

4. Results for three perturbation intensities of A = 8.8 xlO", 1.25x 106 and 1.76 xlO6 are shown. The ring currents
decrease more rapidly when increasing the noise intensity. The behavior of the particles in the phase space under
transverse noise can be written by a diffusion equation and the diffusion constant is proportional to the square of the
perturbation intensity A. In atypical slow extraction, it is necessary to eject the beam during about 10* revolutions.
Since the required diffusion coefficient is inversely proportional to the extraction period, the necessary noise intensity A
is reduced to about 5.0x107 for the above extraction time. Assuming that the beam is a proton beam of 250 McV and the
transverse perturbation is added by a kicker of 0.5 m length at a point where the betatron function is 10 m, the necessary
noise voltage is lower than about 50 V.

Figure 5 shows the time (revolution number) dependences of number of the extracted super particles for the
present and conventional extraction schemes. It was assumed for both schemes that the ripple of the phase advance, that
is, A<}>/<l>0 was 10"* andNn .the period of the ripple was the revolution number of 20000. For the present extraction scheme,
the rms intensity of the perturbation noise was 5.0.x 10'7. It is seen that extraction by the conventional scheme occurs
intermittently. The time structure of the extraction by the present scheme is less affected by the ripple because of the
diffusion of the particles due to the applied RF noise.

EXTENSION TO A BEAM EXTRACTION WITH A SMALL MOMENTUM SPREAD
As an extension of the present scheme, the low cmittancc and small momentum spread beam extraction scheme is

proposed. In this scheme, the longitudinal RF noise as well as the transverse RF noise arc applied to the beam as shown
in Fig. 6. The longitudinal RF noise is employed to make the particles diffuse in the longitudinal phase space and needed
to have a frequency width around the revolution frequency shown in Fig. 6. On the other hand, the transverse RF noise
is employed to make the particles at the edge of the momentum spectrum diffuse and generate the nonlinear resonance for
the extraction. Then, the particles having a small momentum spread can be extracted by selecting an adequate frequency
for the transverse RF noise. This effect has been confirmed by computer simulations[6] and will be studied experimen-
tally in near future.

CONCLUSIONS
A new scheme for resonant extraction was presented to realize beam extraction with small cmiltancc and

constant characteristics of the position and size. The present extraction scheme is characterized by keeping the scparatrix
constant and increasing the amplitude of the bcatalron oscillations to excite the resonance. This scheme was studied for
a second order resonant extraction by computer simulations. As a measure for the perturbation, the transverse filtered
noise were studied. It was shown that the cmiliancc of the extracted beam could be reduced to a significantly small value.
It was also shown that the lime structure of the extracted current was less affected by the ripple of the magnet current in
comparison with that by the scheme varying llic scparatrix size.

Finally, another scheme applying boll) the transverse and longitudinal RF noise was also presented for the extrac-
tion of the beam with a low cmittancc and small momentum spread.
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Summary of Working Group 3

In view of a neutrino experiment, the KEK PS has to increase the beam intensity by about a
factor five. Therefore a very pragmatic objective of Working Group 3 was to answer the question: how
to reach 2 1013 ppp in the KEK PS?

The two day working period was dedicated to presentations and discussions, some also in
together with WG2. The main topics were: space charge effects, transition crossing, emittance
measurements, and present machine performance related to emittance conservation, orbit and slow
extraction in KEK PS.

This report will focus essentially on the conclusions and recommendations of the WG3.

The initial estimation of possible "boundary" parameters of the PS beam at injection was
established as follows:

Ip = 2 1013 ppp (= total intensity)

EX = 80 Jtmmmrad (= 2a normalized hor. emittance)

ey = 20 Timmmrad (= 2 a normalized vert, emittance)

Ej = 0.5 eVs (= 2 ff longitudinal emittance)

dp/p =4 10"3 (= 2 CT momentum spread)

This beam should fill the machine acceptance and would endure a space charge incoherent
tune shift of AQx~-0.2 and AQy ~ -0.4.

1. Booster injection

Studies are needed to check the possibility of improving the bucket filling with the aim to
increase the bunch current Ib and decrease £| and AQxy. A "scraper method" for the measurement of

the Linac e. v would be welcome.

2. Booster at high energy

A reduction of the peak bunch current by bunch flattening [1] seems crucial to reduce AQxy

at PS injection. Detailed studies and experimental evidence should determine if it will be necessary to
rise the Booster energy, e.g. from 500 to 800 MeV. The same considerations are valid for the Linac
energy.

3. Booster extraction

Some transverse emittance measurements, before and after the bump pulse, with the fast
kicker cut off, should be done at the Booster extraction. This in order to check if any field
nonlinearities generate ê  y mismatch or blow-up during the extraction operation.
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4. PS injection

During high intensity operation (v experiments), the low energy orbits should be optimized
and all unused septa (slow extraction) should be removed to improve the machine acceptance, which
is one of the most important limitations.

The present main magnet field ripple on the injection flat bottom produces radial variations
of about 4 mm, a fairly large value for a beam already at the acceptance limit.

An injection damper would reduce the random injection errors of the individual bunches. Its
bandwidth could be small, compared to the theoretical value of 6 Mhz, as each bunch is injected
separately. A resonant system , tuned on a single betatron line should be adequate.

Theoretical predictions, for example with BBI code, and experiments should determine the
possible and probable presence of transverse coupled bunch instabilities induced by the resistive wall
impedance. In this case a transverse feedback (BW > 6 MHz) and/or octupoles should be necessary to
cure these instabilities.

Measurements of possible transverse emittance blow-up as function of AQX y, working point,

Ib , etc. along the injection energy flat bottom, can be done already with the present beams. High

values of AQxy can be achieved by increasing V ^ and/or injecting into buckets at h = 6, instead of h

= 9 (S.Ninomyia).

5. PS acceleration

A re-shaping of the entire magnetic cycle to stabilize the injection field and to increase the
longitudinal acceptance by reducing dB/dt should be examined.

A chromaticity control, e.g. % < 0 for y < yt and \ > 0 for y > yt, is mandatory against head-

tail transverse instabilities.
A controlled longitudinal blow-up, at low and/or at some intermediate energy, should greatly

improve beam stability in all planes. This will require the installation of a high frequency RF cavity
(e.g. ~10 kV @ 120 MHz) similar to the one foreseen in the Booster for reducing the bunch peak
current.

The existent situation of transition crossing with a y, jump should, in principle, be
satisfactory. The present problems could come either from a mis-adjustement of some parameter like
timings or yt jump amplitude or some collective effects, like |i.wave instabilities. These should be
attenuated with an appropriate longitudinal controlled blow-up.

With intensities larger than 0.5 1013 ppp, collective effects will become one of the main
limiting factors. A careful survey of the various impedances around the machine should be completed.
For example, even with the present beam, frequency shift measurements of the longitudinal
quadrupole frequency and/or betatron frequencies as function of the bunch intensity can provide an
estimate of the real and imaginary part of the broad band impedance.

6. PS slow extraction

Even if not directly related to the high intensity beam, a longitudinal blow up will help in
obtaining a better distribution in dp/p and consequent improvements in the spill shape.

7. Instrumentation

Improvements of beam performance can be expected only if an considerable effort will be
done in the beam diagnostics, e.g.:

a) Wire Scanners: as a complement to the present instruments, they are strongly
recommended for both planes ...and both machines.

b) Q meters : same remarks as for the wire scanners.
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c) Spectrum Analyzers: ( standard HF and FFT), both recommended for beam instability
analysis.

d) SEM grids: for emittance measurements in the transfer lines.

R. Cappi & Y. Mori

[1] R. Garoby, S. Hancock, New Techniques for Tailoring Longitudinal Density in a Proton
Synchrotron, Proc. of EPAC94, London, UK, 27 June 1994, World Scientific Ed., Vol. I, p.282.
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REPORT on the
International Workshop on Particle Dynamics in Accelerators

- Emittance in Circular Accelerators -

K. Hirata1, S. Kamada2 and S. Machida3

KEK, National Laboratory for High Energy Physics
1-1 Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan

This workshop was held at KEK from 21 to 26 November, 1994, which was attended
by around 90 participants. The purpose was to review our current understanding of beam
emittance in both proton and electron synchrotrons and storage rings, identify sources of
emittance growth, examine emittance measurement from both fundamental physics process
and instrumentation points of view, discuss emittance manipulation, and suggest future
experimental and theoretical studies. The stress was to establish a forum for theorists,
machine physicists, and instrumentation specialists to criticize and stimulate each other so
as to integrate their knowledge of beam emittance, which occasionally lacks clear mutual
understanding. Discussions between "electron physicists" and "proton physicists" were also
pursued.

The proceedings will be published soon as a KEK Report. Here, we will highlight some
discussions given in the workshop.

plenary talks are

S.Y.Lee Sources of Emittance Growth
I. Yamane & Y. Mori Emittance Manipulation in Proton Machines
S. Myers Emittance Manipulation in Electron Machines
R. Cappi Emittance Issues in CERN PS
K. Oide Anomalous Emittance Growth
E. Perelstein The Emittance Problems in Tau-Charm Factory
C.S.Hsue The Emittance performance and its Measurement of SRRC
M. Hailing Operation Experience and Instrumentation Development at Fermilab
A. Ogata Emittance Measurement in Electron Machinmes
K. Wittenburg Emittance Measurement in the Proton Accelerators at DESY
N. Toge Emittance Measurement in SLC

There were three working groups:

No. Working Group chair vice-chair
1 Sources of emittance growth S.Y. Lee (IUCF) Kohji Hirata
2 Electron S. Myers Ogata
3 Proton R. Cappi Y. Mori

Groups No.l and No.2 had a joint session on nonlinear resonances. Groups No.l and 3 had
joint sessions on space charge and on ft transition.

^IRATAfgKEKVAX.KEK.JP
2KAMADA@KEKVAX.KEK.JP
3MACHIDA@KEKVAX.KEK.JP
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Working Group "Sources of emittance growth"

List of talks in working group

1. Y. Senichev, Space charge and emittance growth in some applications of accelerators.
2. R. Baartman, Betatron resonances with space charge.
3. C Ohmori, Space charge effects in KEK booster.
4. J. Struckmeier, Description of emittance effects due to stochastic processes.
5. Y. Batygin, Conservation of high beam current emittance in nonlinear field.
6. S. Myers, Measurements of synchro-betatron effects in LEP.
7. D. Pestrikov, Effects of nonlinear fields on betatron emittance.
8. K. Ohmi, Beam envelope formalism for emittance calculation.
9. S. Myers, Transverse mode coupling.

10. A. Gerasimov, Coherent chaos.
11. T. Ieiri, Hysteresis phenomena in bunch lengthening at TRISTAN AR.
12. K. Bane, Longitudinal instabilities at the SLC damping ring.
13. R. Baartman, Longitudinal instability for short range wakes.
14. K. Oide, A mechanism of longitudinal single bunch instability in storage rings.
15. K. Yokoya, Self-consistent solution to Vlasov equation in longitudinal beam instability.
16. S.X. Fang, Effects of negative momentum compaction on instability threshold.

The major subjects were (1) space charge effects, (2) emittance growth due to nonlinear
resonances, (3) transition energy, and (4) coherent instabilities. Among them, (1), (2) and
(3) were in joint sessions with other groups.

The (incoherent) effects due to nonlinear lattice (emittance growth, tail formation etc)
do not seem to be the problem in operating machines. They, however, should be (and can
be) understood more. Because such effects may provide us more information on the lattice
and may be used for diagnostic purpose.

The current dependent phenomena are more difficult. Several effects can occur at the
same time.

The space charge is still a difficult, challenging and thus interesting subject. The sim-
ulation codes are not reliable enough: the symplecticity is unclear (might be serious for
circular machines) and there is no clear criterion to judge how the simulation is reliable. It
seems quite desirable that we have a simple model including intrabeam scattering on which
simulation and theoretical calculation can be done in a reliable manner.

One hot issue was the recent progress in the theory of bunch lengthening in electron
rings. Supported by new algorithms to calculate the bunch lengthening threshold in a self-
consistent way, some observed phenomena were almost explained and we can try exotic ideas
(such as negative momentum compaction) in more reliable way.

Working Group "Measurement and Manipulation of emittance in electron ma-
chines"

List of talks in working group

1. R. Jung, Precision emittance measurement in LEP.
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2. T. Miyahara, Emittance measurement using interference of synchrotron light.
3. L. Palumbo, DAQNE project.
4. 0 . Chubar, Edge radiation based method for complex beam diagnostics in electron stor-

age rings.
5. M. Kato, Emittance upgrade of KEK Photon Factory.
6. H. Sugiyama. Emittance measurement by means in synchrotron radiation on TRISTAN

Main Ring.
7. H. Fukuma, Low emittance operation in TRISTAN AR.
8. K. Nakajima, Beam tomography in the storage ring.
9. T. Ieiri, Measurement and simulation of bunch length at TRISTAN MR.

10. A. Anderson, Measurement of emittance at the MAX-I ring.
11. K. Takayama, Ion-channel guided emittance selector.
12. S. X. Fang, Bunch length phenomena at BEPC.
13. A. Hoftnann (presented by R. Jung), Diagnostics with undulator radiation having a

Gaussian angular distribution.

Utilization of synchrotron radiation to measure beam emittance was the major subject
of the working group. Visible lights from bending magnets are in daily use for the emittance
measurement in many light sources and colliders. Edge radiation and synchrotron light
through a double slit were introduced to measure emittance around the diffraction limit of
visible light. X-rays from multipole wigglers and undtilators were used and/or in preparation
for the measurement of emittance far beyond the diffraction limit of visible light. Modified
undulator was proposed to make Gaussian angular distribution of light for the sake of easy
deconvolution. Techniques of tomography was proposed to measure phase space distribution
of beams in transverse and longitudinal planes.

From the view point of emittance manipulation, plans and experiences in lowering emit-
tance were reported on light source machines. A new idea to make bunch length shorter
with negative a lattice was presented.

Working Group on "Measurement and Manipulation of emittance in proton
machines"
List of talks in working group

1. Y. Senichev, Space charge and emittance growth in some applications of accelerators.
2. R. Baartman, Betatron resonances with space charge.
3. C. Ohmori, Space charge effects in KEK booster.
4. E. Bleser, Emittance at the Brookhaven AGS.
5. H. Sato, Emittance issues in KEK-PS.
6. Y. Yamazaki, Secondary electron emission in ion-foil, solid interactions.
7. Ch. Steinbach, The CERN PS wire, scanner.
8. T. Kawakubo, Introduction on the methods and measured results of non-destructive

beam profile monitors in KEK-PS.
9. T. Toyama, Transverse aspect -injection period of PS MR -.

10. S.Y. Lee, Transition energy crossing.
11. M. Yoshii, Longitudinal dynamics at Injection and Transition.
12. S. Ninomiya, Longitudinal emittance manipulation.
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13. Y. Shoji, The emittance of slowly extracted beam from the KEK-PS.
14. K. Hiramoto, Low emittance beam, extraction scheme using a transverse rf noise.

The primary goal of this working group was to identify various problems which would
increase beam emittance and therefore limit proton beam intensitj^ or decrease Luminosity.
Space charge effects were one item for which we spent quite large fraction of time. Lon-
gitudinal (and transverse also) emittance growth at transition was another big item. We
thought that prescriptions to cure those problems could be made once they are examined
carefully, even though some technical difficulties are involved to apply the prescriptions in
an individual machine.

The KEK PS was taken as the target machine. In fact, the increase of intensity on the
KEK PS is urgent necessity for the future physics experiment using neutrino as secondary
particles. Because of the lack of preparation, the results of beam study conducted in the
KEK PS sometimes contradict to each other, which caused unnecessary confusion during
the session. Except that, the working group was full of interesting discussions and practical
suggestions based on each participant's unique, still universal, experiences. At last, we got, a
list of action items which are well satisfactory not only for the KEK PS, but also for general
proton synchrotrons.

Considerable time were also devoted to the discussion on emittance measurement tech-
nique such as non destructive profile monitor and wire scanner, and its fundamental physics
behind, secondary electron emission for example. For some people, measurement technique of
proton beam emittance seem to be well established. However, it does not mean that they are
producing satisfactory data for the machine physicists who really concerns emittance. The
importance of understanding fundamental physics of measurement and careful examination
of signal they obtain from a measurement system were shared with all participants.
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