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Review of Electron Guns

Christian Travier
Laboratoire de ’Accélérateur Linéaire
IN2P3-CNRS et Université de Paris-Sud
Batiment 200
F-91405 Orsay

Abstract

Most of present and future electron accelerators require
bright sources. This review of electron guns therefore
focuses on the brightest sources presently available, the
photo-injectors. After briefly recalling their principle, the
most advanced projects are reviewed. Photocathodes,
lasers and photo-injector beam dynamics are then dis-
cussed.

1 INTRODUCTION

Numerous applications of electron linacs require high-
brightness sources. These include high-energy linear col-
liders [1], short wavelength free electron lasers [2], wake-
field accelerator experiments [3], new accelerator schemes
test facilities [4], drive beam for two-beam accelerators [5],
coherent radiation sources [6], radiochemistry [7], ...

The brightness being proportional to the peak current
divided by the square of the normalized emittance, bright
electron sources require intense beams (high charge and
short pulse) and small emittances. Figure 1 shows the nor-
malized brightness needed by linear colliders and FEL ap-
plications. It also shows the present state of the art of con-
ventional injectors (DC gun + bunchers), thermionic RF
guns and photo-injectors. This plot shows that a photo-
injector allows on average two (respectively one) orders of
magnitude improvement in brightness when compared to
a conventional injector (respectively thermionic RF gun).

This potentiality of photo-injectors to produce bright
beams has boosted their development. Since their inven-
tion 10 years ago at Los Alamos [8], the number of photo-
injectors has rapidly increased and currently exceeds 30.
Table 1 gives a summary of the main breakthroughs oc-
cured during the last ter years in the field of RF photo-
injectors.

After a brief description of photo-injector principle, this
review only focuses on the nine most advanced projects.
Finally, general remarks concerning current trends of R&D
in the field of photocathodes, lasers, and beam dynamics
in a photo-injector are discussed.

2 PHOTO-INJECTOR PRINCIPLE

To increase the brightness of an electron source, it is nec-
essaty to increase its peak current while keeping a very
small transverse emittance. This leads to use high electric
field to reduce the influence of space charge forces. Since
DC fields in a gun are limited to a few hundred kilovolts, it
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Figure 1: Brightness required for FEL and linear colliders

Table 1: Main breakthroughs in photo-injector history

Date | Event Ref.

1985 | First photo-injector at Los Alamos (8]

1988 | First FEL driven by photo-injector at | [9]
Stanford

1988 | Emittance compensation theory by B. | [10]
Carlsten

1989 | First S-band  photo-injector  at | [11]
Brookhaven

1989 | Analytic theory of photo-injector beam | [12]
dynamics by K.J. Kim

1990 | First 144 MHz photo-injector at CEA | [13]

1992 | First 433 MHz high duty cycle photo- | [14]
injector at BOEING

1992 | First photocathode in a superconduct- | [15]
ing RF cavity at Wuppertal

1993 | UV FEL driven by photo-injector at | [16]
Los Alamos

1993 | First sub-picosecond laser driven | [17)
photo-injector at LAL

1994 | New analytic theory of photo-injector | {18]
beam dynamics by L. Serafini




is more appropriate to use RF fields to extract high peak
curent from a cathode. Following this idea has led G.
Westenskow and J. Madey to design and operate in 1985,
tle first microwave gun consisting of a thermionic cathode
located in an S-band RF cavity [19]. The necessity of high
peak current led then to consider short pulses. The elec-
tronic grid switching of a conventional DC gun does not
allow to produce pulses shorter than a few hundred pi-
coseconds. To obtain shorter pulses, it is natural to think
about optical switching. A short laser pulse illuminating
a pholocathode provides an almost ideal way to produce
such short pulses. The combination of acceleration in an
RF field and generation of electrons by short laser pulses
hitting a photocathode make a quasi perfect bright injec-
tor. Today, lasers are able to produce very short pulses
{(down to less then 1 ps), photocathode can deliver high
current densities (several thousands of kA/cm?) and RF
cavities can sustain eiectric field as high as 1060 MV/m.

3 REVIEW OF ADVANCED
PHOTO-INJECTORS

The most advanced photo-injector projects are reviewed
below. ‘The main features of each project are discussed.
Table 2 summarizes the main parameters of each project.
Except for ANL and MIT, the results correspond to ex-
perimental data and represent consistent sets of typical
parameters. One should therefore be very careful while
comparing these data since some of them (eg. emittance)
are rather difficult to measure.

3.1 Los Alamos National Laboratory

As already mentionned, the first photo-injector was de-
signed and built at Los Alamos by J. Fraser and R.
Sheffield [8]. After this first prototype, LANL has built
APEX [20) and AFEL [21] photo-injectors. These devices
are sophisticated guns made of several RF cells and using
the emitiance compensation scheme devised by B. Carl-
sien {10]. The APEX gun brightness was so high that it
allowed the first UV FEL lasing on a linac [16]. AFEL gun
is made of 6 cells and produces a very bright electron beam
used to drive a very compact FEL. Present studies include
a detailed understanding of emittance measurement tech-
niques for these very bright beams.

3.2 Brookhaven National Laboratory

The BNL gun design [22] shown in figure 2 is the most
popular one, since it was already reproduced 10 times.
The careful design of the cavity shape is intended to com-
pletely suppress higher spatial harmonics of the field, thus
minimizing the non-linear emittance. The high gradient
operation (up to 100 MV/m) allows to produce the very
small emittance beams needed by the FEL and advanced
accelerator physics experiments done at the Brookhaven
ATT facility.

The most oustanding recent result is the convenient use
of a magnesium cathode, that proved both to have a rei-
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Figure 2: BNL one and a half cell gun

atively good quantum efficiency (5 x 10~%) and be very
robust (lifetime over 5000 hours).

This one and a half gun is now being replaced by a three
and a half gun conjointely designed and fabricated by BNL
and Grumman [23] and that can work at very high duty
cycle (1%). A new laser system is also bei: ' 2ssembled.
Together with SLAC, UCLA, NRL, and LANL, BNL ia
now designing an inexpensive gun that would allow smaller
laboratories or universities and smaller groups inside big
laboratories to afford such a bright gun for any type of
application.

3.3 CEA at Bruyéres-le-Chatel

At CEA, the photo-injector is made of one 144 MHz cav-~
ity and is used as the electron source for the infra-red high
power FEL [13]. Recent emphasis has been put on im-
proving the stability and reliability of the system. An am-
plitude feedback system is being developed to improve the
laser stability.

3.4 CERN

The CTF (CLIC Test Facility) was built at CERN to test
some components of the CERN Linear Collider project
[24] based on the concept of the two-beam accelerator. In
order to generate the RF power at 30 GHz necessary to
obtain the high accelerating gradient needed for the 30
GHz CLIC accelerating section, one accelerates a train of
short intense electron bunches, that can produce RF power
through electromagnetic interaction with a so-called tran-
fer structure. This train of intense short electron pulses is
produced by a BNL type RF gun, using a Cs;Te photo-
cathode. Recently a train of 24 pulses, 14 ps long and 1.6
C each led to the production of 34 MW of 30 GHz RF
power [25]. When running with a single pulse, a charge
as high as 14 nC was extracted from this photo-injector.
The Cs;Te photocathode presents a good combination of a
very good quantum efficiency (2-5 %) and a good lifetime



Table 2: Parameters for the main photo-injectors

Parameter CEA LANL | ANL BNL CERN | KEK UCLA | LAL MIT
Purpose FEL FEL Wakefield {| Advanced { Linear | Linear | FEL Linear High

accelerato accelerator] collider | collider collider | gradient
First operation 1990 1992 - 1989 7 1990 ? ? 1993 -
Number of cavities 1 11 1 1.5 1.5 1 1.5 2 1.5
Frequency (MHz) 144 1300 1300 2856 2998 2856 2856 2998 17136
Cathode field (MV/m) 28 20 S0 70 100 40 83 50 250
Cathode CsaK28b| Cs2Te | Y Cu Cs2Te | CsSb Cu Cu Cu
Quantum efficiency (%) 3 5 0.05 0.001 2 ? ? 5x10™* | 0.001
Lifetime 1h months | ? 00 70 h ? oo o) ?
Laser YAG YLF Kr-F YAG YLF YAG YAG Ti:sa Ti:sa
Wavelength (nm) 532 263 248 266 262 532 266 260 2680
Pulse length FWHM (ps) 20-50 6 3 15 8 10 4 0.2 2
Encrgy (uJ) 20 50 12000 300 1 100 300 250 200
Spot size FWHM (mm) 2-7 4 20 0.1-1 5 ? 0.6 4 1
Energy (MeV) - 2 16 1.7 3 4 0.9 3.5 2.2 2.8
Charge (nC) 055 |3 100 0.5 4 3.2 0.5 0.11 0.1-1
Pulse length FWHM (ps) 20-50 20 14 11 13 ? 5 ? 1.5
Jitter (ps) 3 <1 <10 <1 <1 ? ? ? 2
Normalized rms emittance | 4@1nC | 5 130 4 ? ? 10 ? 3@1nC
(7 mm mrad)

(several months).

3.5 KEK

A 1 cell S-band RF gun was developped at KEK in view of
JLC linear collider [26]. This gun is the only one working
with relatively high accelerating gradient (40 MV /m) and
using an alcaline cathode (CsSb). A special emphasis has
therefore been put on the vacuum system design with the
use of NEG pumping. Since linear colliders need polar-
ized sources, KEK is working on the subject of polarized
photocathodes [27]. '

3.6 University of California at Los Angeles

The UCLA RF gun is a modified BNL gun. It allows 70
degree laser illumination of the cathode that produces an
enhancement. of the quantum efficiency when compared to
normal incidence. Extensive measurements and compari-
son to simulation were made and proved to be satisfactory
[28].

3.7 Laboratoire de I’Accélérateur Linéaire Orsay

A two decoupled cell S-band RF gun was recently put
into operation at LAL [17]. The cathode is illuminated
by a Ti:sapphire laser that produces 0.2 ps pulses [29].
This project is the first sub-picoseconde laser driven photo-
injector.

3.8 Argonne National Laboratory

In order to do wakefield accelerator experiments, it is nec-
essary to generate a very intense and short electron bunch
[3]. At ANL, a photo-injector designed to produce 100
nC pulses is being commissioned. To maintain a pulse as

ghort as possible in spite of the enormous space charge
forces, a concave shape of the laser wavefront is created
[30]. To probe the wakefield excited by this intense pulse,
a second pulse is generated by a 7 cell photo-injector. An
alternative design for this witness beam gun is a dielec-
tric loaded cavity that allows to produce a perfectly linear
acccelerating field [31].

3.9 Massachussets Institute of Technology

The MIT photo-injector is a one and a half BNL type gun
scaled at 17 GHz [32]. The use of such a high frequency
makes possible very high accelerating gradient. 250 MV /m
is envisaged for this gun now under commissioning.

4 PHOTOCATHODES

A good photocathode for photo-injector operation should
ideally have a high quantum efficiency (> 1 %) at infra-
red or visible wavelength, have a long lifetime (> several
months) under moderate vacuum conditions, and be easy
to prepare and install in the gun cavity. Such a perfect
cathode does not exist yet, but progress were made re-
cently, especially with Cs;Te and Mg cathodes. Table 3
shows the most commonly used photocathodes and a sum-
mary of their main advantages and drawbacks.

The only photocathode presently available to generate
polarized electron is GaAs. However this cathode that is
extensively studied [33] has never been used in an RF gun
so far [34].

The choice of the photocathode to be used depends on
the type of applications. It depende of course on the charge
required from a single pulse, but also on the pulse format
via the existence or not of a suitable laser. The typical
cases are the following:



Table 3: Main photocathodes used in photo-injectors

Cathode Advantage Drawback
Cs3Sb, CsK,Sh, ... high quantum efliciency difficult to prepare
0.5 pm laser short lifetime

do not sustain high field
expensive preparation chamber and trans-

long lifetime

fast response

sustain very high field
sustain bad vacuum

fer system
need good vacuum
Cs3Te high quantum efficiency need UV laser
long lifetime expensive preparation chamber and trans-
fer system
sustain high field response to train?
Cu, Y, Mg no preparation chamber low quantum efficiency (except Mg)

need UV laser

LaBs, WCaOBaO no preparatian chamber

long lifetime

low quantum efficiency
need UV laser

need to be heated prior to operation

¢ if a single pulse of charge below 5 nC, is required, a
Mg photocathode is probably the best choice.

o if train a pulses of charge less than a few nC are re-
quired, then one should probably go to Cs;Te.

e for very high repetition rate or very high duty cy-
cle and high charge, it is probably difficult to avoid
CsK,5b.

5 LASERS

One of the key components of a photo-injector system is
the laser. Amplitude, phase and position stability of the
electron beam depend almost completely on the laser per-
formances. A laser is typically made of an oscillator that
generates a continuous train of pulses of small energy (few
nl). This oscillator is synchronized via an appropriate elec-
tronic system to a sub-harmonic of the RF frequency (typ-
ically 100 MHz). One single pulse or a train of a few hun-
dred pulses is then selected through a Pockells cell and
is then amplified. There exist several types of amplifiers
(single pass, multiple pass, regenerative, ...) and accord-
ing to the energy desired, it might be necesssary to have
several amplifier stages. When the oscillator pulse is very
short, one has to extend the pulse temporally before am-
plification to avoid damage of the amplifier cavity compo-
nents. The pulse is then compressed back to its original
duration. This technique is called the chirped pulse am-
plification. The oscillators used so far for photo-injector
applications produce infra-red light. To obtain usable light
for the photo-cathode, it is therefore necessary to gener-
ate higher harmonics. This is done by using non-linear
crystals, with a typical efficiency of 10-15% from the fun-
damenta) to the third harmonic.

Nd:YAG and Nd:YLF (eg. [35)) are the most commonly
used systems in existing photo-injectors. They typically

produce pulses of 6-15 ps, with up to 300 uJ of energy in a
single pulse. More recently the advent of Ti:sapphire has
open a way down towards the very short pulses (eg. [29]).

The recent progress of diode pumping made possible
the design of very compact, stable, reliable and relatively
cheap Nd:YLF oscillators. More work has yet to be done
to improve the performances of amplifiers and harmonic
generation in terms of output energy, amplitude stability
and beam quality.

Sophisticated feedback and feedforward loops are now
being envisaged to improve the different types of stability.
Temporal and spatial filters allow in principle to produce
any longitudinal and transverse profile, at the expense of
energy. These features are interesting to do experimen-
tal tests of theoritical schemes developped to reduce the
transverse emittance,

The R&D on short pulse lasers relevant foWashington,
May 17-20,r photo-injector application is described in de-
tail in references [36, 37].

6 BEAM DYNAMICS

RF gun beam dynamics was worked out in an analytical
manner by K.J. Kim [12]. This simple model provides
the gun designer with handy formulas for the different
gun parameters, and are especially useful to understand
the scaling of these parameters with such variables as the
bunch length, the spot size on cathode, the peak acceler-
ating field or the bunch charge. An improved model giving
more accurate results, especially for the transverse bunch
dimension was recently derived by L. Serafini [18].

Most of the theoritical work done on RF gun beam dy-
namics concerns the possibility to obtain smaller emit-
tances, either by compensating the correlated emittance
generated mainly in the first cell, or by removing the causes
of extra emittance growth. Most of these techniques are



reviewed in reference [38]. Not all of them were experimen-
tally proven or even tested. The most successfull one is the
compensation of the correlated linear space charge induced
emittance by the use of a magnetic focusing solenoid, due
to B. Carlsten [10]. This technique experimentally proven
at Los Alamos allows a ten fold reduction of the emit-
tance. Once thought unapplicable at high frequencies and
high gradient, it will soon be implemented at BNL [39].

Besides emittance compensation schemes, recent ideas
being studied include travelling wave RF gun [40] and asy-
metric guns for linear colliders [4i].

7 CONCLUSION

Ten years after its invention, the photo-injector has
reached the point where it is used daily at users facility (cf
BNL), and where it opened the way to new results such
as UV FEL and the generation of 30 GHz power. When
the remaining problems mainly concerning the laser sta-
bility and reliability will be solved, and that should not
take too long, the photo-injector will be ready to replace
the conventional DC gun + buncher injector for any kind
of applicaticn. It will then be possible to have a 100 times
brighter injector, 10 times more compact, and probably
for less than half the price.
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Abstract

CANDELA photo-injector is a two cell S-band photo-
injector. The copper cathode is illuminated by a 200 fs
Ti:isapphire laser. This paper presents the preliminary ex-
perimental results. Measurements of the beam charge as
a function of the laser/RF phase, the laser pulse energy,
and the accelerating field are presented.

1 INTRODUCTION

CANDELA photo-injector is a two decoupled cell 3 GHz
RF gun. Its design is described in refererices [1, 2, 3].
The Ti:sapphire laser system designed by the "Institut
d’Optique Théorique et Appliquée” at Orsay is presented
in reference [4]. The RF conditionning of the gun and
the dark current measurements are reported in reference
[5). This present paper concentrates on the first experi-
mental results about photo electrons. The preliminary ex-
periments reported were dcne during the fourth trimester
of 1993. Since the laser illuminating the cathode has a
pulse length of 200 fs, and since all other photo-injectors
in the world have lasers with pulse length longer then 1 ps
[6], this experiment can be considered as the first photo-
injector driven by a ”femtosecond” laser.

The only measurable parameter at the time of the ex-
periments was the pulse charge. Therefore the results pre-
sented here show the variation of the charge with the fol-
lowing parameters: laser/RF phase, laser energy, and ac-
celerating field.

2 EXPERIMENTAL SETUP

The gur described in reference [3], is powered by an old
THOMSON TV2013 that can deliver a maximum mea-
sured peak power of 2.6 MW. This power is shared be-
tween the two cells in a way that the peak accelerating
field is equal in the two cells. Its value at full power is 65
MV/m. In these preliminary experiments, the RF phase
between the two cells was kept fixed.

Right at the gun exit, a wall current monitor (WCM)

allows to mecasure the peak current and the position of the
beam. The beam then goes into a coaxial Faraday cup hav-
ing a 3 GHz bandwidth. The signal frorn the WCM and
the Faraday cup are recorded on a TEKTRONIX TDS520
oscilloscope. Figure 1shows a schematic of the experimen-
tal arrangement.
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Figure 1: Ezperimental setup

The laser is a Ti:sapphire laser described in reference
[4]. 1t produces one single pulse (at 12.5 Hz), 200 fs long
with an energy of 225 pJ at 260 nm. The optical path
between the laser room and the gun cathode (around 25
m long) includes several lenses that were not covered by
an anti-reflection coating at the time of the experiment.
The overall efficiency of the light transport was therefore
as low as 50%. The laser light is injected into the gun via
one of the two 54°30’ entry port. The laser is focused onto
the cathode and its size is roughly estimated to be 5 mm.

The laser is synchronized to the RF frequency via an

ascilloscope



clectronic feedback loop that is driving a piezo-electric
transducer that adjusts the laser oscillator cavity length.
Due to problems with the mounting of the cavity mirror on
the piezo transducer, the overall bandwidth of the feedback
100p was not large enough to ensure a small jitter between
the laser and the RF wave. This jitter was typically 40 ps
rms. This fact made the measurements very uneasy, since
this jitter led to large amplitude fluctuation of the signal.

3 EXPERIMENTAL RESULTS
3.1 Typical signal

Figure 2 shows a typical signal of the photo-current pulse
seen by the Faraday cup. The width of the signal is due
t0 the long cable that transports it to the control room.
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Figure 2: Typical Feraday cup signal from a photo-current
pulse (top trace)

3.2 Charge vs. relative lascz/RF phase

Only a certain span of the relative phase between the laser
and the RF wave allows acceleration of the electrons emit-
ted by the photocathode. Figure 3 presents the extracted
charge as a function of the laser/RF phase, showing that
the possible phases only span over 120 degrees. The tri-
angular shape of this curve is due to a rather large spot
size when compared to the beam aperture of the cavity. If
the phase is not optimized, the outer electrons are easily
scraped by the cavily aperture. This explanation is sup-
ported by a simulation made with the PIC code PRIAM
[7). If the laser spot size is made smaller, the shape of the
curve "current vs. phase” looks like a trapezoid.

3.3 Charge vs. laser energy

Figure 4 shows the charge as a function of the laser en-
ergy on the cathode, measured both by the Faraday cup
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Figure 3: Charge vs. relative phase between laser and RF

and the WCM. The slight discrepancy between the two
measurements is due to the fact that the WCM signal is
recorded on one of the four outputs, while beam was not
well centered. From the slope of the Faraday cup curve, it
is possible to calculate the effective quantum efficiency of
the cathode. Its value is § x 10~5, which is already rather
high for copper. It should be noted here that this set of
mecasurements was made for a rather low accelerating field
of 55 MV /m.
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Figure 4: Charge vs. laser energy

3.4 Charge vs. accelerating gradient

Figure 5 shows the variation of the charge with the accel-
erating gradient. The fit shown on the figure represents
Schottky law. According to this law, the emitted current



P

is expressed by:

J=al(hv — ¢ + \/BE)* (1)

where a is a constant, I is the laser energy, hv the photon
energy, ¢ the work function of the cathode materiel, 8 the

_ field enhancement factor and E the electric field on cath-

ode. Similar behaviour was also measured at Brookhaven

8].
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Figure 5: Charge vs. accelerating gradient

4 CONCLUSION

The first photo-electrons produced by a femtosecond laser
driven RF gun were measured. A total charge of 0.11 nC
was extracted under moderate accelerating field. A sepa-
rate measurement has shown that due to Schottky eflect,
going to higher field would increase by a rather large factor
the emitted charge. As we install the beam transport line
and the various diagnostics, other beam characteristics will
be measured.
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Abstract

~ The status of the finite clement package PRIAM/ANTIGONE,
developed at LAL for clectromagnetic engincering, is
presented. A short review of the available capabilitics of the
package is given.

1 INTRODUCTION

The design of accelerators and detectors needs computing
tools for solving the Maxwell's cquations in two as wcll as in
three dimensions. There exist for a Jong time different
programs treating ¢lectromagnelic problems, which are based
on finite difference methods. The finite difference mcthods
arc popular, mainly because they seem to be staightforward to
implement. However they prescent some drawbacks as, {or
instance, the necessity of special trcatments on the boundaries
or the difficulty of moduling the density of the mesh of the
compuled structure.

Finite element metheds do not present these drawbacks ; that
is why they arc more and more used in the clectromagnetic
domain. An other advantage of using these methods is the
possibility of coupling clectromagnetic calculations with
mcchanical, thermal or other calculations, where [.e.m. arc
widely implemented for a long time.

We present here the status of a package developed at LAL [1],
PRIAM for 2D case and ANTIGONE for 3D, using Raviart-
Thomas [2] and Nedelec [3] finite elements based on the
propertics of the operators div and curl involved in the
Maxwell's equations and related to the well-known physical
laws : Gauss's, Ampere's, Faraday's. Applications of the code
arc described by other anthors in this conference [4].

2 THE FOUR VECTORS DESCRIBING THE
ELECTROMAGNETIC FIELD

The clcclronm_g_{lclic ficld is characterized by four vector
. lields : E’, T,B s H satisfying the four Maxwell's cquations :

%—L’)+curlﬁ=f ¢))
B +curl E=0 2)
o
divD= P 3
divB=0 @

together with the constitutive relations :

D=¢E
- _ (&)
B=uH
p and __)-) are respectively the charge and current density, € and
W arc permittivity and permeability of the medium.

When solving these cquations on a bounded domain one has
to take into account boundary conditions and, in the case of
cvolutive problems, initial conditions.
In applying numerical formulations one usually takes care of
the continuity of the physical quantitics as potentia] or fields.
This point is important in presence of different media in the
structurc : the right continuities have to be ensured on the
interfaces. The problem may be not trivial, if the choice of the
numerical method is not adapted. Concerning the Maxwell's
%ualion;s_) it is worth noting that only normal components of
and B and (angential component of and are
continuous on interfacces between different media. In a similar
manncr the boundary conditions are of two types : perfectl
canducting walls where tangential components of E and
vanigh and | symmetry boundarics where normal components
of D and B vanish.

3 A MADE -TO-MEASURE FINITE ELEMENT
FORMULATION

Take, for cxample, the electrostatic problem. The principle of
a "classical” f.e.m. would be to scarch the potential under the
form of a lincar combination of well chosen basis functions
(or interpolation functions) wj(x.y.z):
N
V(x,y.2) =Y,V w;(x,.2) (6)

i=1
the unknowns of the problem,Vj, beeing the values of
potential on "nodes" of a mesh which can be irregular. N is
the total number of these nodes. The formulation is consistent
if the w's satisfy the following rclations (if xj. yj, zj are the
coordinates of the node number j) :

w,-(xj.yj,zj)= 5,1

(Kronecker's symbol)
The clectrostatic problem may be solved, for example, by
putting the above expression for V in Euler's cquations of the
clectrostalic cnergy minimization problem (variational
formulation) leading to a linear system for the Vi 's. If, for
instance, the computational domain is meshed with
tetrahedras (what we will assume from now on), the lincar
approximation consists of taking the vertices as nodes and the
barycentric coordinates as basis fonctions. By this method we




get continuous poteatials. The electric field derivated from
this potential is not continuous, nor its tangential component
on interfaces. In the following, this finite clement will be
called "P1".

There exisl a little bit more sophisticated, so called "mixed”
finite clements. Through this formulation, the calculated

quantity is not only the poteatial but both and V.
D is searched under the form :
Ntl

D(x,y,2)=» ®; N;(x.1.2) @D

i}

i

The unknowns @; becing now fluxes of B through the faces
of the tetrahedras (in the casc of lincar approximation).
Conscquently the basis {unctions have to satisfy :

JJ/V,.ﬁ,(iS: 5,1

5

®)

This surface integral is taken over the face number j, —n)j is
thc  unit vector normal to that face, outgoing {rom the
tetrahedron to which the basis vector function is related. For
consistency rcasons V is supposed to be constant in each
tctrahedron.

Thesc expressions arc put, as before, in Eule:'s cquations.of a
cnergy minimisation problers. There arc at least two
advantages in this approach arising from the /act th-t the
unknowns of the problem arc fluxcs of U, i.c. normal
components of this vector: a) onc can ensurc strictly the
Gauss's law when integrating on the surface of a tetrahedron,
h) onc get automatically the right continuity for normal
component of on interfaces between different media. In
the following this finite clement will be called "H(div)".

In a very similar manner one can dcfine a finite clement
whose unknowns arc circulations ( instcad of fluxes) along
cdges of tetrahedras, ensuring Faraday's and Ampere's laws on
cach of them and the right continuities of langential
components. These clements will be called "H(curl)".
Combining thesc thrce kinds of elements the
PRIAM/ANTIGONE cade solves specific electromagnetic
problems (clectrostatics, magnetostatics, cigenmodes...) as
well as the full time domain Maxwell problem.

4 STATIC DOMAIN

Llectrostatics

The package offers the possibility of using both P1 or H(div)
clements, The first onc is recommended when the user is
intercsted in getting good values for the potential. The second
one is well suited in presence of different kind of dielectric
materials : this is especially true when one is intcrested in
getting values of capacitics.

Magunetostatics

H(curl) element is used in solving the magnctostatic problem
with H as unknown:

12

curl H =7

R )
div(uH)=0
Although not yet programmed in PRIAM/ANTIGONE an
other formulation is possiblc using a H(div) clement solving
L=
the problem with B as unknown:

divB=0

B

- (10)
=7
u

curl

The choice between the two possibilities depends on whether
one wi_s_bcs to ensurc the right continuity on interfaces for
orfor B'.

S FREQUENCY DOMAIN

In the frequency domain the mixed finitc elements provide
very attractive_results. The HF cigenmode problem for the
clectric ficld E is :

lr:urI—l—r:urIl:I= w’E
£ H an
with the boundary condition on conducting walls :

Exi=0
Obviously the H(curl) clement is very well suited in solving
this problem. The formulation provides values of the
circulation of E along the edges of the tetrahedras. So it is

straightforward to get values of the fluxes of magnetic ficld B
on the faces of the tetrahedras through the relation :

I} E.ﬁdS=%”cur1§.ﬁdS=%§l§d§ =C+G+GCy (12)
F F

C1, C, C3 becing the previously calculated value of the
circulation of E along the 3 edges of the face F. A very
interesting property of the method is that it does not provide
any "'spurious’’ (or "parasitic") mode unlike more classical
approaches. In these latter the phenomenon scems to be due to
the fact that these formulations do not ensure the divergence
free condition for = g¢E. The H(curl) clement lcads
intrinsically to a divergence free D.

The vector H is solution of thc same eigenvalue problem as E
(but with "dual" boundary conditions). Both formulations (in
E and in H) arc implemented in ANTIGONE (3D). It can be
shown that H-formulation approximates the frequency by
upper values whercas the E-formulation approximates it by
lower values. In this manner we can get a range within lies the
cxact value. It worth noting that in the 2D case the H-
formulation is equivalent to the method uscd in the well-
known program SUPERFISH. .

In PRIAM/ANTIGCNE quasi-periodic houndary conditions
are implemented in addition to the classical ones.

In the 2D case it is possible to get "transversc modes"
(dipoles,quadrupoles ctc.) for an axisymmetric gcometry.




6 TIME DOMAIN

The usc of the H(div) and H(curl) clement for spatial
discretization can be coupled with a time scheme for solving
cvolutive problems described by the cquations (1) and (2)
rewritten under the form:

«%Q= j—curl H
o (13)
%=—cur1§

PRIAM/ANTIGONE use a "leap-frog” scheme.

given (curl ?)"'”2 and B at the time step n. the time step
n+1 consists in the tollowing :

* calculate the time derivative of the circulations of E along
cdges of the tetrahedras (H(curl) elecment) ;

IC‘.|+(‘:2+(:3

© (curl B2 =(curl EY'V? + A on cach

tetrahedron (volume V) ;

° l'1u+l =B" - Arcnrl E)n+112‘

This scheme is used with the driving term ? cqual to 0
(travelling waves calculations) or cqual to a given function
(wake ficld calculations). If particles arc present in the
structure, the driving term has to be estimated as wec will sce
below.

The Maxwell's equations (3) and (4) arc automatically
satisficd if they are at the initial time.

In the time domain absorbing boundary conditions ("opcn”
boundarics) are implemented, in addition to usual ones.

7 SELF-CONSISTENT CALCULATION WITH
PARTICLES

In presence of a charged particle bcﬂn, the particles
contribute to the the driving terms p and j . Such a bcam is
moadelized by a sct of macroparticles represented as Dirac
distributions, so we have :

p=2,q,6(F-F,)
,}
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Gp. fp» vp becing respectively the charge, position and
velocity of the macroparticle p. The Maxwell's equations arc
solved for cach time step by the above described space
discretization and time scheme. In the finite clement
formulation the Dirac distributions for the driving terms occur
inside intcgrals and arc regularized from this fact.

In addition to the Maxwell's cquations we have to take into
account the Newton-Lorentz cquations for each
macroparticle ;

1 = e
L (¥B,)=2=(E+cB,x B) (15)
di mc

(e,m charge and mass of the considered kind of particle ; ¢
light velocity, ﬁp ratio of the macroparticle velocity to c)

The time cycle of such a program consists of the following
steps :

* solve the field cquations (finite element method, here
H(curl) clement) with current positions and velocity of
macroparticles ;

* from the ficld provided by the preceeding step, get the ficlds
at the current positions of the macroparticles 5

® from thesc fields solve the Newton-Lorentz equation for
cach macroparticle (A Buncman-Boris algorithm is used) and
update macroparticles positions and velocity.

The implementation includes the generation of particles at
emitting surfaces following rectangular or gaussian pulse
shape. Any shape is casily programmatile.

Different initial conditions are available : ~lectrostatic field,
RF field etc. These ficlds arc computed un the same mesh
with the described above finite clemeiiis, avoiding any
interpolation.

8 INTERFACES

Tuc "RIAM/AN"IGONE package do not impoue the use of
determined mesh gencrators nor postprocessor. It can be
inwerfaces with uny finite clement package or graphical
software. At the moment interfaces with MODULEF,
ANSYS, SYSTUS finite clement mesh gencrators arc
available. Implement other interfaces is straightforward.

The code is written in standard FORTRAN-77 and therefore
can be implecmented on any system.

9 CONCLUSION

PRIAM/ANTIGONE offer a appreciable number of modules
for solving the Maxwell's cquations both in two and thrce
dimensions, in static, frequency, time domains as well as in
the particle coupled case. The package presents the advantage
of using a consistent finite clement formulation taking into
account foundamental propertics of the Maxwell's cquation
which can be interpreted in terms of continuities of field
components.

Further devclopments are planed in the harmonic domain,
especially S-matrix computation.
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Abstract

The TESLA Test Facility (TTF) Linac is a 500
MeV, 1.3 GHz superconducting accelerator under construction
at DESY (Hamburg) by an i.termaticaal collabo-ation. The
linac is being built to demonstrate the viability of the
superconducting RF approach to a future e*e linear collider.
Within the collaboration three participating French
laboratorics (LAL, IPN and DAPNIA) have undertaken the
task of dcsigning and constructing a phase 1 injector for TTF.
We describe the studies towards the realisation of this 7 - 14
MeV, 8 mA high duty cycle (800 ps pulse, 10 Hz repetition
rate) injector. The front end of the injector will consist of a
250 keV electron gun, a 216,7 MHz sub-harmonic bunching
cavily and a superconducting capture cavity at the main linac
frequency. This is followed by a beam analysis line and a
transport scction to match the beam from the capture cavity to
the first cryomodule of the main linac.

1. INTRODUCTION

The TTF linac will essentially consist of an injector, four
12 m long cryomodules each containing eight 9 cell
superconducting (SC) 1.3 GHz cavities of length 1.04 m, and
a becam analysis line to mcasure the propertics of the
acceleraicd becam. To properly test such issues as HOM
dissipation and wakefield excitation requires an injector
capable of delivering a train of bunches with the characteristics
of the TESLA proposal itself, i.e. 5x10'0 electrons per pulse
at 1 MHz intervals during an 800 ps macro-pulscl. In
contrast, the problems of operating high gradicent (15 to 25
MYV/m) SC cavities under high beam loading can be
investigated using an injector capable of delivering the same
average current albeit at reduced bunch charge and increased
repelition rate. With this goal in mind we are constructing a
‘phase 1'injector for TTF for which the specification is given
in wble 1.

Table 1
Specification of TTF phase 1 injector
beam energy > 5 MeV
average current 8§ mA
pulse Icngth 800 ps
bunch length 1 mm (rms)
encrgy spread < 1% (rms)
RMS cmittance 5 - 10 mm-mrad (nonmalised)
repetition rate 10 Hz
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2. DESCRIPTION OF THE INJECTOR

The principal components of the injector consist of, (i) a
triode electron gun capable of delivering micro-bunches with a
variable frequency, (ii) a sub-harmonic bunching (SHB) cavity
to provide longitudinal pre-bunching of the electron pulses,
(iii) a superconducting 'capture cavity' to further bunch the
electrons and to provide some pre-acceleration before injection
into the linac, (iv) an analysis line to verify the correct
adjustment of the beam parameters and (v) a transport section,
consisting of two triplet magnets, to match the correctly
adjusted beam to the main linac.

The bunch repetition frequency will be controlled by the
application of fast (<1 ns) pulses to the gun cathode at the
desired rate. The maximum rate of repetition is equal to the
frequency of the SHB (216.7 MHz). At this frequency the 8
mA average current corresponds 0 bunch charges of 37 pC
(2.31x108 e's per pulse). For good pre-bunching the initial
pulse-width should be sufficiently short in comparison with
the period of the SHB and we sct this to be 640 ps (£ 25° of
RF phase at 216.7 MHz) which corresponds to gun currents of
115 mA for 'Iriangular’ pulses.

The choice of a superconducting structure (identical to
those used in the cryomodules) for the capture cavity is
influenced by the long macro-pulse width and consequent high
average power that would be required of a copper structure to
provide significant pre-acceleration of the beam coming from
the gun. On the other hand, the leakage ficld of the SC cavity
and the fact that it is not B-graded, necessitates the use of a
gun producing electrons of energy superior to 200 keV.

2.1 The Electron Gun

The electron gun will be a modificd triode gun, built by
Hermosa Electronics (California), and originally employed on
the ALS linac at Saclayz. After reduction of the anode-cathode
spacing we have measured currents in excess of 500 mA at 30
kV. This is largely sufficient to provide the possibility of
operating the injector at frequencies lower than 216.7 MHz.
The additional encrgy of the beam will be provided by an
electrostatic accelerating column capable of sustaining 300 kV
in air, as is cmployed on the S-DALINAC at the TH
Darmstadt3, Simulations of the injector using the PARMELA
code indicate that we need to maintain the gun voltage to
better than 0.1% during the 800 ps pulse if we wish to keep



the final beam parameters within the required specification. In
order to do this we power the column via a 33 nF capacitor fcd
by a 300 kV - 1 mA power supply. The risk of clectrical
breakdown and the consequent release of stored energy in the
system presents a major concem for the succesful operation of
the injector. Simulations using the EGUN? code indicate that
not all of the current available from the gun can be rcasonably
transportad through the electrostatic column and so initial
operation of the injector will be restricted to 216.7 MHz.
However the installation of an "Einzel’ focusing lens at the
input to the column holds the promise of increased bunch
charge operation at a later dated.

2.2 The Sub-harmonic Buncker

The frequency of the SHB cavity is chosen to be 1/6 of the
frequency of the main accelerating cavitics in order that its
period is sufficicntly larger thun the gun pulse widths. This is
required to ensnre good pre-bunching of the beam and to avoid
as much as possible the loss of electrons on the SC walls of
the capture cavity. The SHB cavity consists of a single re-
entrant cell and is fabricated from stainless steel. To provide
the cavity with a high quality factor (Q = 24300) the inner
walls of the cell will be coated with a thin (20 pm) deposition
of copper. SUPERFISH calculations indicate that the cavity
will have a transit-time corrected shunt impedance (Rg =
V2/2P) of 3.11 MQ. The peak cavity Volts required to
provide the necessary pre-bunching is calculated to be 50 keV
leading to 2 modest peak power dissipation of 400 W. In order
to provide some margin for safety the cavity will be powered
using an RFTS (Bordecaux) amplifier, capable of delivering 2
kW pulses for up to 5 ms at 10 Hz. The amplifier is rated to
have a phase stability of + 0.5° and amplitude stability of +
0.5% during a 1 ms pulse.

23 The Capture Cavity

The role of this cavity is twofold; (i) to terminate the
bunching initiated upstream. The bunches will have a duration
of < 100 ps at the entrance to the cavity and will be
compressed by a further factor of 10, (ii) in addition this
cavity will provide the necessary energy (7 - 14 MeV) for
injection into the first cryomodule, the energy depending on
the ficld at which the strucure is operated. The capture cavity
is a standard TESLA cavity (9 cell, 1.3 GHz) identical to the
32 cavities of which the TTF linac is composed. 1t
incorporates all of the new concepts developed for the TESLA
project, i.e. the helium vessel integrated to the body of the
cavity with a reduced LHe volume (25 liters), and with both
the main and HOM couplers located in the cryostat vacuum.
This cavity is installed in a special cryostat connected to the
cryogenic distribution lines of the linac and is operated at 1.8
K. Although there is sufficient reserve power in the 4.5 MW
klystrons which power the main linac cavities (1 klystron per
16 cavitics) the capture cavity will be powered with its own
individual 300 kW klystron. This will permit improved
control of the klystron phasc and amplitude thus simplifying
the operation of the injector. It should be noted that, as for the
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main linac cavilies, this structure will be operated in pulsed
mode in contrast to other SC RF systems which accelerate
continuous beams and are constantly powered with RF.

2.4 Beam Diagnostics

To verify that the bcam has the required characteristics it
is necessary to install appropriate instrumentation along the
linac. A capacitive pick-up moritor will be used at the exit of
the column to monitor the beam pulse from the gun. Current
measurements elsewhere will be made with toroidal monitors,
in particular, differential measurements of the current before
and after the capture cavity will detect the presence of any
beam losses and provide a signal to "trip-off” the gun. Beam
position monitors (BPM) will be "button clectrode” devices as
employed at the ESRFS. An additional electrode on onc BPM
will allow a measurcment of the RF phasc of the beam with
respect to the master-oscillator phase.

The transverse profile of the beam will be measured using
retractable aluminium-oxide screens, Quantitative information
on the horizontal beam profile will be obtained for the 250
keV beam using a secondary electron-emission monitor
(SEM-grid). The low range of 250 keV electrons in suitable
grid materials make the design of this monitor particularly
delicate. A non-rotating magnetic lens upstream of the SEM-
grid will enable the calculation of the bcam emittance from
measured profiles using the "3-gradient’ technique.

The transverse profile of the beam after acceleration in the
capture cavity will bc measured using optical transition
radiation (OTR) from a thin metaliic foil placed in the beam
path. As above, profile measurements for different settings of
the first of the triplets will allow calculation of the emittance
of the accelerated beam. In particular, the use of an image
intensifier coupled to a CCD camera may permit time resolved
emittance measurcments of a small window (>100 ns) within
the macro-pulse. Streak camera measurements of the OTR
signal will permit measurement of the bunch length with 2 ps
resolution. A second SEM-grid, placed at the focal plane of
the bending magnet of the bearn analysis line will measure the
horizontal profile of the dcviated beam thus allowing
measurement of the energy dispersion. The SEM-grid will
have forty tungsten wires of 0.1 mm diameter placed 2 mm
apart and will provide an energy resolution of 0.1%. The
vertical profile of the deviated beam will be measured using
OTR.

Faraday cups, placed before the capture cavity and the first
cryomodule, will be used during commisioning of the linac
which will start cautiously with reduced pulse-widths of 10
us, gradually building up to the full 800 s pulse-width. X-
ray monitors placed in the neighbourhood of beam collimators
will provide an alarm in the event of beam scraping.

3. INJECTOR SIMULATIONS

We have performed extensive modelling of the injector
beam dynamics from the exit of the electrostatic column to
the entrance of the first cryomodule using the simulation code
PARMELA”. Initial runs were uscd to optimisc the distance
from the SHB to the capture cavity for rcasonable SHB ficld




amplitudes. The distance between the gun and the SHB is set
1o a minimum whilc still allowing spacc for appropriatc
clements (pumping, focusing, steering, diagnostics...). The
simulation uscs the electromagnetic ficlds of the capture
cavity and SHB as calculated from thcir gcomeltrics using
SUPERFISH. In the case of the capture cavity the important
contibution of the lcakage ficld is taken into account. The
final layout of the injector is shown in figure 1. To maintain
rcasonable transverse beam sizes four magnetic lenscs are
cmployed between the gun cxit and the entrance to the capture
cavity cryostat, their positions and ficld strengths being
optimised in the simulation.

At the time of writing the largest uncertainty among the
beam parameters is the size and divergence of the beam which
will emerge from the electrostatic column. We assume for the
moment therefore, as reference input parameters to the code, a
maximum beam radius of 2.5 mm, a maximum divergence of
6 mrad (edge emittance = 15 mm-mrad), an energy of 250
keV, a pulse-width of + 150° at 1.3 GHz and a bunch
population of 2.31x108. Initially we have used a capture
cavity ficld corresponding to a maximum energy gain of 15
MV/m but our simulations show that equally good beam
characteristics can be found for energy gains as low as
TMV/m. A lower RF ficld offers the advantage that the RF
focusing cffect of the cavity is reduced leading to a less
divergent beam exiting the structure. This in turn makes the
matching of the beam to the linac less sensitive to the setting
of the triplets8, In addition the required performance of the
capture cavity is easier to achieve. The simulations show thai
de-bunching of the beam in the long (6.36 m) transport
section between the caplure cavity and the linac is negligible
for encrgy gains of 10 MV/m and we now take this valuc as
our 'reference case'’. The final beam characteristics at the exit
of the capture cavity are shown in table 2 and can be scen to
be compatible with the injector specification.

focusing magnet

A —

Table 2
Injector bcam characteristics as calculated by PARMELA
(for capturc cavity energy gain of 10 MV/m)

Encrgy 9.9 McV
RMS phase width 0.77°
Total phase width 3
RMS bunch length 0.49 mm
RMS cnergy spread 78 kaVv
Total encrgy spread 300 keV
Relative energy spread (rms)  0.8%

Norm. rms emittance
(both planes)
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Abstract

The study of an accelerating structure, without cylindrical
symmetry, by means of a 3-D electromaguetic code gives

"a better knowledge of the electromagnetic properties of

the structure. In particular its allows to conmpute some
important RF characteristics for comparison with either
analytical method or prototype measurement.

1 INTRODUCTION

In a backward travelling wave structure, the cells are mag-
netically coupled through some small apertures located out
off the axis. Then the cylindrical symmetry is broken and
to entirely simulate the electromagnetic field, 3-D com-
puter codes are necessary. The package ANTIGONE (3-
D) (1] was used to calculate resonant modes. The present
study deals with a particular S band accelerating section
operating at 37 /4 mode in which the magnetically coupled
cells have different geometries without smooth transition
between low field cells and high field cells with longer noses
(see figure 1).
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Figure 1: The backward wave section MECCANO
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First, the two types of cells are studied separately.
When the magnetic coupling holes between the cells are
meshed, the program gives directly the frequencies, dis-
persion curve and coupling coeflicient for the fundamental
mode as well as for higher order modes. If the coupling
aperture is not meshed, an analytical approach also per-
mits to calculate the coupling coefficient [2] and to com-
pare it to the foregoing simulations. Several significant RF
characteristics are determined for every cell, for instance
three methods to find the effective shunt impedance in the
cese of a phase advance per cell of 37/4 are proposed, per-
formed and compared.

2 COUPLING BETWEEN CELLS

For each type of geometry, a three-dimensional mesh com- .

posed of tetrahedrons of various dimensions describes two
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half volumes joined by the coupling apertures and beam
tube. To limit the number of mesh points, only one quarter
of the cavity in the azimuthal direction is generated.

2.1 Dispersion Curve

With Neuman boundary conditions, the code ANTIGONE
can, of course, calculate the 0 and w modes. Moreover, the
phase advance can be forced between identical extremal
planes of the cavity. So, one single cavity is sufficient to
compute precisely the frequency variations with the phase
advance. This program also provides two methods of reso-
lution: the E or B formulation. The wave equation applied
to the electric field E (or magnetic field B) is numerically
solved in determining the E (or B) flux along the mesh
lines. Once E (or B) are calculated, the complementary
components B (or E) are deducted from the Maxwell’s
mixed equations [1]. Two different dispersion curves cal-
culated from E and B formulations are shown in figure
2, where the measured dispersion curve is just sitting in
between.

Frequancy (MHz)
. — . E formylgtion
3080 |- ..
[ . Bfor
\\ ———e wxperiment
3040 |- “a

3020

3
2090 [} 20 IOO 0 80 100 120 teo 1860 180

Figure 2: Dispersion curves of the low field cavity

These data also are correctly fitted by the classical for-
mula of dispersion

wi = w,z,/2 (1 + kcosf) (1)

where 6 is the phase advance per cell, wy is the correspond-
ing angular {requency and k is the coupling coefficient (if
k > 0 the coupling is mainly magnetic, if k¥ < 0 it is elec-
tric).




2.2 First Passbands

The first modes of the two types of cells have been simu-
lated and compared to T'M,,,,; and TE,,,,; modes of cylin-
drical cavities. Since the used meshes describe only one
quarter of the cell, they are delimited by two perpendic-
ular planes containing the mechanical axis. Each plane is
treated by the code as a boundary condition (B.C.) of ei-
ther metallic or symmetric. This choice implies a fictive
polarization of the field in the cell. If the two planes are
metallic (mm), the field variations with the azimuthal an-
gle  are cos(n¢@) or sin(ng) like with n even; then only the
TMupm modes with n even are calculated. If the planes
are diffcrent, and either the metallic one cuts the coupling
aperture (ins) or does not (sm), only the T Mnwmi modes
with n odd are found. For frequencies less than 7000MHz
the results computed with E formulation are shown in ta-
ble 1.

Table 1: First modes for high and low field cells

High field cell Low field cell
Modes | B.C. f!r/2 k fn/z k

MHz x10=3| MHz x10-3
TMuo | ss | 2988.93 9.39 | 3008.98 11.22
TMpo | sm | 5534.31 5.30 | 5056.45 11.40
TMyo | ms | 5547.55 2.06 | 5085.60 0.24
TMan | ss | 7317.36 -1.04 | 6599.38 3.81
TMgoe | ss | 6808.68 3.93 | 6781.45 2.47

For the two types of cell, the same T My, modes appear
in the same order as with a perfectly cylindrical cavity, all
except the inversion of TMyz¢ and T Mj1o modes for the
high field cell. The explanation is that the introduction
of a metallic nose in an electric field decreases the reso-
nant frequency and the larger are its dimensions and the
magnitude of the E field, the stronger is the variation.

2.3 Semi-analytical approach

The coupling coefficient in equation (1) can be also de-
duced fromm a perturbative method [2]. Opening an aper-
ture in a cavity creates a shift of the resonant frequency.
If the aperture has an elliptical shape of small dimensions
compared to the wave length and if the electromagnetic
field is uniform on this region, the new frequency can be
calculated. In the case of a phase advance per celi equals
to 6, the new frequency becomes

'!L; =1 +2N"1(;-Efe g ﬁl (1 - cosf e~ 3b)
L]

QNW%S“‘LW ol (1‘“’5” ) ()

n(1-ed) —aab
~2N o (e ] el 27 (1 - cosd e=o)

where fy is the resonant frequency of the cavity without
aperture, N the number of similar apertures opened in the
cavity, b the depth of the coupling aperture, 2!; and 2!,
the lengths of the major and minor axes of the elliptical
aperture, eg = (1 —123/13)1/2, K{ep) and E(ep) the ellip-
tical integrals of the first and second kinds, Ea, B, and
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B; the fields on the metallic walls at the center of the cou-
pling apertures before they are opened (see figure 3), U the
stored energy in the cavity and o, ag, as the attenuation
coefficients inside the aperture.

The results obtained with E formulation for the high
field type of cell when the coupling aperture is not meshed
are given in table 2. A reason of the discrepancy of these
values with 3-D simulation ones is that the numerical cal-
culations are not very accurate. In the case of high order
modes, the difference is larger than for the fundamental
because the field varies more rapidly with r and ¢ and the
hypothesis that the fields are uniform over the region of
the coupling aperture becomes wrong.

=,
Figure 3: Elliptical aperture and the Ej, B,, B; fields

Table 2: Analytical method for high field cell

E3,B,,Bs av. F3,B(,Bz max.
Modes { B.C. fxy2 k fx/2 k

MHz x10-3)] MHz x10-3
TMopio 88 2976.44 8.45 | 2974.54 9.58
TMii10 | sm | 5562.52 0.88 | 5558.79 3.51
TMi10 | ms | 5547.51 1.39 | 5542.22 1.48
T Moao ss 6831.51 0.61 | 6813.28 4.77
TMas ss 7319.29 -1.18 | 7321.28 -1.16

3 SHUNT IMPEDANCE

If the 3-D code well simulates the magnetic coupling, the
knowledge of the electromagnetic field, the energy stored
in the cavity and the losses in the walls will allow to de-
tzemine the magnitude of the effective shunt impedance.
It is usually expressed as:

i 2
rz(f e, dz)

o=1

3)

where r is the eflective shunt impedance per unit length, {
is the section length, e, is the electric field seen by the par-
ticle and P,.; is the power lost along the distance . Since
the structure operates in a travelling wave with a phase
advance of 3m/4 per cell and since the program computes
standing waves, three methods to calculate the effective
shunt impedance of the 3w/4 mode are proposed, with the
aim of limiting the number of mesh points.

3.1

The phase advance per cell being equal to 37/4, it becomes
3n/2 for two cells and the 37/4 mode can be obtained
by generating a mesh with only two cells and setting the
boundary conditions either symmetric or metallic at the

From 3w /4 mode with two cells




end planes. Using the properties of the waves in a peri-
odic structure for 8 = 37/4 and the previous boundary
conditions, the equation (3) after a simple calculation be-
conies

Y =9 fE.u[Z[a 24 (4)

[
PO— 24

where tw indicates the travelling wave and sw the standing
one, E.g is the fundamental amplitude of the stationary
wave, d the length of one cell and P§¥,, the wall losses for
the two cells.

3.2 From 37 /4 mode with cne cell

Anothier method using the possibility to set the 3x/4 phase
advance between two identical planes of a single cell and
the expansion in space harmonics of the magnetic field has
also been performed [3]. Corresponding results are shown
in table 3.

3.3 From m mode

the electric field on the axis is very small at the location of
the iris. In the first half volume the electric field pattern
ET of the m mode is similar to that of the 3x/4 mode.
The electric field E; of the 3x/4 mode is then reconsti-
tuted along the two cells with the relations:
E,(z)=ET(2) if0<z<d/f2,
E.(z)=cos(3n/4) * ET(d — 2z} ifd/2< z< d,
E,(2)=cos(3x/4) * ET(: —d) ifd <2 <3d/2,
E.(2)=0 if3d/2 < z< 2d.
Assuming the losses are proportional to the square of
E., they are approximated for 37/4 mode by Pp_34 ~
2 (y Py Finally, the shunt impedance becomes equal to

tw ., E.0/2)® 2d
r ~ 2 2 L1 9
QP(;—d/Q ( )

3.4 Validity

The calculated shunt impedances are presented in table
3. The three methods are validated by the fact that the
maximum difference of 7% between the different results is
less than the estimated measurement error of 10%. They
should be generalized to other values of phase advance.
The method using two cells appears as the most natural
and is surely the most accurate because it uses a formula
without approximation. Moreover, the  mode is very sim-
ple and gives a good performance although rough approx-
imation is used.

Table 3: Shunt impedance for the high field cell

form. method JoR Po—24 v
mode mnbcell {f MV/m W MQ/m
E In/4 2 0.547 25.90 108.52
T 1 0.546  26.05 107.39
B 3n/4 2 0.596 29.07 114.6
In/4 1 0.597 29.11 114.98
T 1 0.597 29.63 112.7
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4 OTHER RF CHARACTERISTICS

A more complete analysis of the simulations gives ad-
ditional RF characteristics for the accelerating structure
such as the quality factor Q, the group velocity v, or the
attenuation coefficient a. The simulaied and measured
values appear to be in very good agreement as shown in
table 4.

The visualization of the electromagnetic field in all the
meshed volume allows the study of the problem as a whole.
So, the variations of the field may be observzd (particularly
the points of maximum electric amplitude on the metallic
surface.)

Table 4: RF characteristics for the low field cell

Janya k Q cfvy, ¥ a
MHz  x10-3 MQ/m Nep.
Sim. | 2997.02 11.2 1300 104 95 0.12
Exp. | 2998.07 12.7 - 94 93 0.11

5 CONCLUSION

The computer simulations of a magnetically coupled struc-
ture made of different cell geometries (low field and high
field volumes) have shown that the 3-D code ANTIGONE
is quite well suited due to its ability of setting the phase
advance per cell and because it offers the two types of field
formulations (E and B). Consequently the difficulties of a
3-D meshing for long structures together with the time
consumption are partly overcome.
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Dark Current under Low and High Electric Field.
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Abstract

Using CERN/LIL type ceils an one meter long high tem-
perature brazed, S band travelling wave section has been
tested in our high power test facility NEPAL. In order to
provide data for S band linear collider (SBLC), we have
systematically investigated the characteristics of the dark
current from this structure under low electric field con-
ditions (less than 20 MV/m). We show that spectrum
peaks are close to the nominal energy of the section so
that dark current may be transmitted from section to sec-
tion. An overview of experimental set-up and method of
measurement of very low self-emitted current is described.
the spectrum chape is discussed.

A beam has also been accelerated under high electric field
conditions, the structure being fed through a peak power
multiplier (SLED type).

1 INTRODUCTION TO LOW
ELECTRIC FIELD CONDITIONS

In accelerating structures running under low electric field
- lower than 20 MV/m - dark current is generally disre-
garded. If a long multi-section linac is proposed (SBLC)
the dark current will be transmitted from section to sec-
tion. At the end of the machine, the value of self emitted
current may grow-up enough to disturb the main beam.
In order to characterize the flow of field emitted electrons
the measurement of an extremely low current is required.
This problem is cleared-up by an electron counting system
usually dedicated in particle physics domain.

2 ORIGIN OF DARK CURRENT
UNDER LOW FIELD

Electrons pulled out from cavity surface, give a beam. for
all phase conditions, if the strength of accelerating ficld
reaches the critical value E.:

eE.A

kﬂ' < .E_Tq

mpc~
where k is a factor dependant of the intern shape ol cclls.
usually k =~ 2{1] so that for an S band structure:

E.>30MVm™!

If the field is lower than E., dark current is not directly
yielded by field emitted electrons, but by secondary elec-
trons, like it is reported on simulation [2] of figure I.

4 2
‘.‘0{‘ 2
. Fza ‘h& ~.-.' .,
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Figure 1: Simulation of dark current under low field

3 EXPERIMENTAL SECTION

The experimental section SERA/LIL-2 is an one meter
long S band TW element. It is derived of our work on LIL
structures [3]. Contrary to LIL technic cells are assem-
bled by high temperature brazing. Mains characteristics
of section are given by the table 1.

Table 1: experimental section parameters

Nominal frequency 2998.55 MH:z
Total length 1.10m
Number of cells 30
Shunt impedance 70 MOQm™?!
Attenuation 3.0dB
Filling time 0.55 ps
Energy gain 6.2v/Pprew MeV

4 MEASUREMENT CONDITIONS

The sketch of experimental set-up is reported on the figure
2. The section is fed by a 3 us RF pulse with a 100 #-.
repetition rate.

The collimator input aperture is fixed at : 5X5 mm® and
the image slit of spectrometer is opened at 0.4 mm

5 COUNT DEVICE

Three plastic scintillators §; S2 S3 are set on the deviated
way of spectrometer axis, as is reported on the figure J.
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Figure 2: Measurement set-up

Gains of photomultipliers are equal, their signals are sent
to three discriminators which give § ns puises . A RF
synchronous signal is injected into the gate G.

An event is considered as good if:

(511152} Ss
—_—>0.6
(511 S2)
For an adequate statistics, the counting time has been Figure 3: Counting device
fixed at 100 s.
1.2
6 RESULTS - Ea = 16.4 MV/m
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Figure 4: Spectrums of dark current
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Spectrums of figure 4 has been respectively recorded at
the beginning of experiment and after 3 h of continuous
running. The average accelerating field is 16.4 MV m™!
and the theoretical maximum gain is Uyfar = 18 MeV
After 3 h the dark current amplitude decreases by about
10%. After a break, the initial intensity Tevel is found
again. On the figure 3 is reported the time dependence
of the selif emitted current, this bargraph is the sum of
spectrums, recorded at various moments into the RF pulse
(with a path of 0.5 ps). ,
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6.1 Charge and inteasity

Under our conditions, the electric charge and the peak

current are respectively: 0.4
@=02JC £0.35F
z <
I =60 pA 3 0.3k
o E
5 0.25F
7 SPECTRUM SHAPE S E
Q 0.2k
In a constant impedance structure, the surface field de- § F
creases all along of the section, so that the number of = 0-15E
cmitted electrons (respectively the number of secondary = 0.1F
electrons) decreases versus the RF Fowller-Nordheim law. fi 3
As electrons are rapidly relativistic their energy gain is di- = 0.05¢
rectly dependent of their emitted point.The spectrum peak 0

is maximum for the maximum energy gain (18 Mel') and 0
decreases exponentially in accordance with experimental

records.
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Figure 5: Time dependance of dark current
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Figure 6: Relative number of events versus frequency

8 FREQUENCY DEPENDANCE

The consequence of a increase in the RF frequency has
been also investigated in a narrow band around the nomi-
nal frequency (F, = 2998.55 M H z). Resuits are reported
on the figure 6. The maximum intensity of dark current
is obtained for F = F, + 0.9 M H z (gain of 30%), consec-
utively the maximum energy decreases as far as 12 \MeV/.

9 HIGH ELECTRIC FIELD
CONDITIONS

The main RF source of NEPAL supplies a 35 M W rectan-
gular pulse of 4.5 us length. It is also possible to feed the
structure by a compressed pulse (SLED). In this case the
buncher is connected to an auxiliary RF source of 4 MWV,
In compressed mode the available peak power is about of
210 MW

9.1 Rectangular pulses

With rectangular pulses. it is possible to feed our section
at the nominal work conditions of the main klystron. For
35 MW the accelerating field reach 40 MVm™!. Unfor-
tunately the level of the dark current is too high to be
measured by the device described in 5 and too low tor a
direct measurement by a faraday-cup located at the direct
output port of spectrometer.

9.2

In compressed mode the intensity of dark current is enough
high for a measurement by means of torroid transformer
set at the end of deviated way.

The peak dark current intensity versus the average ac-
celerating field is reported on the figure 7. for a 0.8 us
compressed pulse.

Compressed pulses
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Figure 7: Dark current intensity in compressed mode
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Figure 8: Accelerated current spectrum

10 ACCELERATED ELECTRON
BEAM

Two moving plungers, located into the SLED cavities, al-
low us to switch easily from a SLED RF type puise to a
rectangular pulse. In this two cases, for radiation safety
reasons, the repetition rate is decreased at 25 Hz.

The compressed pulse mode has bean used for acceler-
ating routinely an electron beam of 600 mA as far as
58 MeV. The energy spectrum is reported on the fig-
ure 8. After subtracting the thermionic gun and buncher
gain the energy gain for our SERA/LIL-2 section is:

54 MeV per meter
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A Versatile TBA Lattice for a Tau-Charm Factory
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Abstract

Optics for a high luminosity ete™ collider at a CM en-
ergy of 4 GeV with and without monochromatization of
beams and achromatic TBA cells in the arcs have been
carefully studied, including chromaticities correction, dy-
namic apertures and beam lifetime.

1 LUMINOSITY AND BASIC
PARAMETERS CHOICES

The choice of the basic parameters has been done in two
steps considering successively a standard optics and a
monochromator optics.

In the case of a standard optics we will use a conven-
tional flat horizontal beam collision optics without disper-
sion at the interaction point, IP. From [1] we can deduce
that high luminosity will be obtained with §; ~ 0.01 m,
a minimum bunch spacing Sp =~ 12 m, and a large emit-
tance €., provided the necessary beam current, I, can be
achieved. At 2.0 GeV per beam, to obtain L = 10% cm~2
s~!, the emittance has to attain the value e; = 3.0 107
m rad.

In the case of beam monochromatization, positrons with
energy Ep(l + €) colliding with electrons at Ep(l — ¢)
and vice-versa are needed. In that case the CM en-
ergy resolution, o, is reduced while the effective lumi-
nosity is increased [2]. This will be achieved by means
of opposite vertical dispersions at IP for the two beams
(Dyy = —Dy_ = Dy). 1If we consider the introduction of
vertical dispersion as the only modification of the usual flat
beam scheme (o7 > oy, 87 3> By), it has been shown in {3]
that this procedure leads to a gain factor A in the energy
resolution and a loss in total luminosity by the same factor.
If we take a horizontal flat beam with finite vertical disper-
sion at the 1P, the vertical beam size is dominated by the
beam energy spread o, (0 ~ 0¢Dy). Consequently the
beam space charge parameter §y < £z = mnas- The reduc-
tion in luminosity can be compensated by a reduction of 3
[4). For practical reasons a small 8] supposes a larger By
This inversion is only valid if we keep £, = &naz, and that
supposes a reduction in horizontal emittance (07 < a}).
Under these conditions we can achieve a factor A in energy
resolution without loss in total luminosity. According to
beam-beam studies using finite dispersion at the IP [5],
and assuming Dy # 0 and D7 = 0, we get a condition on
the vertical beam-beam parameter £, ~ 0.015, together

*On leave from IFIC, Univ. of Valencia-CSIC
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with a normal condition on the horizontal beam-beam pa-
rameter £, < 0.04. Let’s assume that g7 = 0.0 m and
& = 0.04. At Eq = 2.0 GeV per beam for keeping the
luminosity at the level of 1.0 1033 em=2 s~V with a collid-
ing frequency k,f,=25 MHz, the number of particles per
bunch must be Ny=1.2 10'! and the horizontal emittance
€z < 2.2 1078 m rad. We can conclude in the case of
an optimized monochromator optics, that the parameters
choice is very different from the case of a standard optics.

2 DESIGNING A VERSATILE
COLLIDER

The Tau-Charm Factory (TCF) is a double ring with head-
on collisions and electrostatic vertical separation scheme.
In the following we describe the three main parts of the
accelerator: the arcs, the insertion region (including the
low-g8 insertion and the slopes) and the utility straight
section.

2.1 Arcs and emittances

Most of TCF designs have used conventional FODO cells
in the arcs. The passage from low to high emittance is
obtained by means of a special design of the standard arc
cells. The emittances can be further reduced or increased
with the help of Robinson, damping or emittance wigglers
(4] [6].

In our study the original idea is based on low emittance
lattices designed for the 3"¢ generation synchrotron ra-
diation storage rings. At 2.0 GeV these emittances are
typically of the order of 10~8 m rad.

These lattices are constructed from basic achromatic
cells. In this context, achromatic means that the disper-
sion function is zero at the entrance and exit of the cells.
Two parallel studies with two kinds of cells, namely Double

Bend Achromat (DBA) and{Triple Bend AchromatT'TBA')) >

have been made [7]. The procedure followed in both stud-
ies is the same. We can deduce from [8] that the TBA
lattice gives better performances than the DBA lattice.
So in the following we will concentrate on the TBA lattice
only.

In the first part of the study we have designed the low-
emittance arc (2.0 108 m rad) essentially by choosing
the right number of TBA cells. The change from low to
high emittance (3.0 107 m rad) is achieved by displacing
and increasing the Prnin in the magnets. To get these
conditions we decrease the strength of the quadrupoles in
the achromat and allow the dispersion to be non-zero at



the ends of the module, to achieve a large contribution
to the emittance. The optics of high and low emittance
versions of these basic modules,matched with the codes
BETA and MAD, are shown in figure 1. The dispersion
for the high emittance case is finally suppressed at both
extremities of each arc by a special matching of the last
module, as shown in figure 1(b).

2.2

In this study the interaction region is designed in a more
conventional way. It is essentially composed of a micro-g3
insertion and a separation scheme.

To achieve in the two modes of operation a low-£3
(B: ~0.01 m with monochromatization, B; ~0.01 m in
the standard case) we use a superconducting doublet. 'The
distance between the first superconducting quadrupole and
the 1P is kept at 0.8 m to locate the detector and to match
easily both optics. However the distance between the first
and sccond quadrupoles has been reduced from 1.0 to 0.5
m [4] [6] to avoid the growth of the high S-function, which
is responsible for the high chromaticity in this kind of lat-
tices.

The passage from monochromatization to standard
scheme has been obtained freezing the location of the su-
perconducting doublet and vertical dipoles and having ad-
ditional quadrupoles in the sloping region. The figure 1
shows the optics for the two modes of operation.

Interaction region

2.3 Utility insertion

The double ring scheme has only one crossing point, hence
the opposite insertion is made of two long straight sections
corresponding to the two rings, with an equivalent length
to the sloping insertion region.

The straight section is made of regular FODO cells with-
out dipoles, leaving enough space to house RF cavities,
beam instrumentation devices and additional sextupoles.
These sextupoles will help the correction of chromaticities
if necessary. The quadrupoles of this region are used to
adjust the tunes (Q;, Q,) and make other compensations.

2.4

The performances for the TBA lattice are given in ta-
ble 1. In this table we have included also the values of
natural chromaticitics, Q’,.y, the strength of sextupoles,
(SF, §D), and the maximum stable betatron amplitudes,
Azy. To calculate the chromaticities and the sextupoles
strengths we have used the IARMON module of MAD.
To estimate the quality of this correction we have tracked
the particles with =0 during 10? turns with MAD. We
have obtained the maximum stable betatron amplitudes
in both planes, i.e. Az(with Ay=0) and Ay(with A.=0),

. _e\2 .
where Azy = S’—'.”L, as a function of sextupoles posi-

Yy

tions and tunes (Qz, Qy). To adjust the tunes we have
used the quadrupoles of the FODO cells in the utility in-
sertion. For the best configuration we have then tracked
the particles, with §=0 and § 0, to obtain the dynamics
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apertures. These have been finally obtained using a faster
tracking code, RACETRACK.

The performances of an improved case, from the point
of view of dynamic aperture are also included in table 1
(3" column). In this case we have two additional sex-
tupoles families in the utility insertion, where we have
made D, #0, to help the correction of chromaticities.

In all cases the rings were considered to be perfect, with-
out any closed orbit or field errors. Tlowever the syn-
chrotron radiation damping has not been included.

TBA TBA TBA
M-LE S-HE S-HE
(D: #0)
Eo 20 2.0 2.0 GeV
) 6.31 6.31 6.31 m
de 6.81107° 68110~ 6.8110~*
C 387.0 387.0 387.0 m
kuf. 27.89 27.89 27.87 MHz
K 0.067 0.033 0.033
€x 19107 291077 271077 m rad
€y 1.310°* 95107 9.110~° m rad
2 0.01 0.3 0.3 m
M 0.15 0.01 0.01 m
D; 0.32 0.0 0.0 m
& 0.04 0.04 0.04
&y 0.035 0.04 0.04
N 1.2 10" 1.1 10" 1.0 10"
) 0.55 0.47 0.50 A
L 1.1 10% 8.4 10% 8.0102 cm~%~!
A 15.8 1.0 1.0
Cw 0.1 1.9 1.9 MeV
Q: 18.4 11.5 10.9
Qy 10.7 15.1 14.5
A -40.9 -32.6 -31.8
: - 419 -40.4 -39.8
SF 53.3 41.0 37.9 T/m
SD -80.3 -46.7 -44.5 T/m
A: 30 12 21 ols
Ay 84 68 67 o5s
Vrr 2.0 12.0 12.0 MV
h 612 612 612
ob 5810~ 6.0107% 6.110-° m
€RF 0.024 0.024 0.023
€E 0.018 0.022 0.021
Ter 166.0 4813.6 4679.7 min
) 400.5 410.4 404.2 min

Table 1: Performances of the TBA lattice in the two modes
of operation.

3 BEAM LIFETIME

In a TCF the two main contributions to the lifetime are
the Touschek effect and the beam-beain bremsstralilung.

The Touschek effect is important at low and medium
energies, with flat beams and low emittance. Hence in the
monochromatic case the beam lifetime comes essentially
from this effect.

To compute the Touschek lifetime, 7, [9] it is necessary
to know the energy acceptance of the machine, ¢g. Both




gl ey g gy

V-T0A~LE-61

5 VAX ~ VNS varsion 8.20 20/04/03 17.08.18
G l 8. - D, o £
- o

...,-,\

12004 il

I

0.0

1 T -0.40
[ 1) 20 .0 ©00

8a/0c = O.

Nﬂ ImD |N-ﬂ noo |nﬂ VNB 200.0
s {m)

(a) Monochromatization.

1 (m

ORI R

. v:,‘:‘*v&‘f.‘mm 20/0a/o3 170811 -
. ), D, =

T
®0o

mn lWll lm |wﬂ 1”-5 IHD m
o (m)

(b) Standard.

Figure 1: Optics along one superperiod of the TBA lattice.

energy acceptance and Touschek lifetime have been calcu-
lated using a numerical code [10] which takes into account
the jumps in particle energy from this effect all around the
ring,

In a very high luminosity machine the beam lifetime
may also come from beam-beam inelastic collisions (e*e~
bremsstrahlung). The lifetime due to this effect, ns, has
been calculated with the usual formula [11]. The energy
acceptance at IP, ek, is calculated with the code [10], and
found to be equal to the RF acceptance, egp. The results
are summarized in table 1.

4 CONCLUSION

From this feasibility study we can conclude that a single
ring geometry can include both monochromatization and
standard schemes with the same luminosity, 1.0 1033 cm~?

1 at Ey =2.0 GeV.

Concerning the arcs, we have observed tinat TBA cells,
although non-conventional for a collider, are more flexible
than FODO arcs. Hence we can change from low (2.0
10~8 m rad) to high (3.0 10~7 m rad) emittance by simple
detuning of the optics without additional quadrupoles in
the arcs and without wigglers.

The bearn lifetimes have been considered also. In the
standard mode beam-beam bremsstrahlung is the dom-
inant loss mechanism. However in the monochromatic
mode the high beam density causes the Touschek effect
to dominate.
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