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BEAM EMITTANCE DETERMINATION USING
OPTICAL TRANSITION RADIATION

R.Chehab M.Taurigna
G.Bienvenu

Laboratoire de l'Accélérateur linéaire, IN2P3 et Université de Paris Sud
F 91405 ORSAY Cedex

Abstract

Optical transition radiation produced by an electron beam,
with an energy scaling from 80 keV to 20 MeV, on alu-
minium and silver foils, has been observed in backward
direction. Count rates of photons were measured for three
orders of magnitude of the electron energy. Emittance
has been determined at 4.8 MeV, by the three gradient
method, varying the spot size on Al foil with a solenoidal
lens. Images of beam spots were observed on a sensitive
CCD camera. A dedicated program on a PC computer
allowed achievement of equidensity domains, X-Y profiles.
Accurate determination of beam width provided emittance
values which compared with those obtained with the tra-
ditional moving slit method present reasonable agreement.

1 INTRODUCTION

Investigation and monitoring of electron beam qualities re-
quire a precise determination of its emittance very often
calculated by the three position or three gradient method.
In such a case only beam dimensions have to be accurate-
ly measured. Therefore characteristics as sensitivity, res-
olution, dynamic range, rapidity are strongly dependent
on the chosen profile monitor. We have studied at LAL-
ORSAY a monitor based on the observation of the optical
transition radiation (OTR) emitted by an electron beam
crossing metallic foils at oblique incidence. Observation
of the backward radiation was provided at different beam
energies scaling from 80 keV to 20 MeV. Particular em-
phasis is put on emittance determination realized by the
association of such monitor with a magnetic lens allowing
beam dimensions variation.

2 THE TRANSITION RADIATION :
A SHORT RECALL

Since the theoretical prediction of Ginzburg and Franck[l],
the transition radiation gave rise to many experimental
works; application to beam diagnostics presented an in-
creasing interest since almost twenty years after the pio-
neer work of L.Wartski et al.[2] The relative sensitivity,
of OTR, 10~2 photon per incident electron in the optical
domain for particles in the range (7 = 1 - 10:i) makes
this method easily practicable [3]. The absence of energy
threshold as well as its simplicity make it also attractive
for low energy beams [4].

The optical image of the electron beam is usually taken
with a large acceptance angle of the optics. Therefore the
yield integrated on angles much higher than the classical

emission angle 7 ' , and in the frequency interval
gives [3]:

N = -{Ln(~fO)2 - I]Ln- (1)

where a is the fine structure constant (a = 1/137)
Simulations concerning low energy beams - from some

tens of keV to some MeV - based on theoretical work
of Ashley [5]and experimental results of Mahan and Gal-
lagher [6] have been worked out [7], They allowed useful
estimation for the yield and helped the monitor design.

3 THE EXPERIMENTAL SET-UP

3.1 LAL Accelerator Test Facility (NEPAL)

The facility consists of a short linac (JS < 20 MeV) with
a thermoionic gun; a bunching system made of piebunchcr
and buncher precedes a short accelerating section. Optics
are provided with solenoidal lenses between the gun and
the buncher and just before the section ( lens SL used
in three gradient method ). A schematic diagram of the
facility is presented on figure 1.

Figure 1: scheme of NEPAL test facility
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3.2 System configuration

The schematic diagram of the profile monitor is reported
on figure 2. The optical image of the beam is transmitted
to the CCD camera [ RTC 56475 ] through a telescopic
lens system. A very usual transformation ratio /2//1 has
been of 2.5. We have also used classical lens with foc.il
length 35 mm. (In the latter case the spatial resolution
was of 0.1 mm / element ; optimization of the optics may
improve this resolution ). The CCD camera has an active



area of 6 x 4.5 mm2 with pixels 9.8 x 9.2 (im2. Its mini-
mum sensitivity is 10'1 photons/s/pixel. Automatic gain is
provided in order to get the best dynamic range for light
intensity. The video signal given by the CCD camera is
numerized through a DCSOl TEKTRONIX video digitiz-
er. The image - with 256 possible gray levels - is stored in
a 512 x 512 octets memory and analyzed by a dedicated
program in C language in a PC computer ( COMPAQ ).
Triggering is ensured with light detection.

Figure 2: Schematic diagram of the profile monitor
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The program allows unique or averaged acquisitions. The
image can be observed on a VGA screen with 16 colours.
Many figures could be derived from the digitized data :

- Horizontal or vertical profiles in every chosen point
- Intensity distribution of the beam image
- Pseudo 3D representation ( 2 dimensional beam distri-

bution )
- Beam width measurements expressed in pixels for a

given intensity level.
All images can be stored on floppy disks. As beam im-

ages can be displayed for every cycle of linac operation,
that system is working as a real-time profile monitor.

4 MEASUREMENTS

Measurements concerned electron beam energies as low as
80 keV to 20 MeV.At 80 keV OTR observations were
done using aluminium and silver foils with a thickness of
20 /ira. Polarization test, for an electron beam impinging
on a silver foil at 30" incidence, showed that the main com-
ponent of polarisation vector lied in the incidence plane
(formed by the incident ray and the normal to the mir-
ror). The observations at low energy were completed with
measurements at energies above 3 MeV. The angular ac-
ceptance of the optics ( see figure 2 ) was of 0.35 Sterad
quite comparable to the angular aperture of the backward
OTR at 3 MeV. The overall OTR photon yield integrated
over all angles and in the optical range was above 3 10"3

photon/electron. This value is somewhat lower than the
expected one - close to 10 '' photon/electron; reflections
on the glass window and lenses could explain such lower-
ing. A rough control of the beam position regarding the

accelerator axis is possible by comparison of this position
with the cathode image. The latter is then removed by an
appropriate filter to do the measurement.

4.1 Emittance measurement

The three gradient method associating an axisymmeiric
solenoidal lens to the profile monitor is here used. If three
profiles are theoretically needed to calculate the three co-
efficients of the beam emittance ellipse equation, a more
larger number - 10 to 20 - is suited and provides precise
determination of these coefficients through least square
fitting. Using K. Brown formulation [8], the coefficients
£rl;(0) of the beam matrix in the (0) plane where we wish
to know the emittance are related to the transform matrix
coefficients R\j from the entrance of the lens to the mirror
by the expression:

R]ioru(0) + 2RuR12<r2i(0) + = .T11(I) (2)

In that equation, c n ( l ) represents the square of the mea-
sured dimension at the mirror : y/ir\i(l) — xm

5 RESULTS

Measurements have been realized with an electron beam
of 100 nCb/pulse with 100 Hz repetition rate.

5.1 Preliminary measurements

Using a moving slit placed before the mirror, we got a set
of horizontal profiles when varying the lens magnetic field.
Using the three gradient method with appropriate RtJ co-
efficients we derived a beam emittance ( of3iz mm mrad at
E = 4.8MeK for 90% of the particles. This gives roughly
30 K mm mrad as normalized emittance en. (fn — fi~f()

5.2 Measurements using OTR

Typical example of beam distributions is shown on figure
3. From this kind of images it is possible to derive the
intensity profile in horizontal and vertical plane in terms
of intensity versus number of pixels.

Figure 3: Profile distribution

Top: Beam image

Boilom: Beam profile
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Two-dimensional beam distribution (X-Y) is also avail-
able (figure 4). Both representations (X/Y and X-Y) may
be observed when changing the lens magnetic field.

Figure 4: Two-Dimensional beam distribution

Figure 6: Emittance ellipse
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Square beam width variation with lens magnetic field
is shown on figure 5. From this data, emittance is deter-
mined according to equation (2), using least square fitting.

Figure 5: Square beam width variation
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The emittance ellipse for the horizontal plane, at the en-
trance of the magnetic lens, is represented on figure 6. The
numerical value of the emittance - for 90 % of particles - is
found to be 4.4 ir mm mrad. at E = 4.8 MeV. Normalized
emittance is therefore 42 ir mm mrad. The discrepancy
with the moving slit method - with identical beam condi-
tions and the same amount of particles in the phase space
is about 40 %.

A simulation program - PARMELA - [9][10] provided an
emittance value for an electron beam of the same intensity
( 100 nCb/pulse - 100 Hz). A value of 15 r mm mrad
as normalized emittance was found. Emittance growth due
to second order contributions of optics or disalignememt
effects in rf cavities and not considered in simulation may
explain such difference with the measurement.

6 SUMMARY AND CONCLUSIONS
The monitor chosen for emittance measurement seems ad-
equate due to its relative sensitivity, its good resolution,
the big dynamical range for electron energies, its great
rapidity allowing almost real time observation. Improve-
ments could be made and concern mainly the optics be-
tween the mirror and the CCD as well as Peltier cooling
of the camera which may enhance the signal over noise
factor.
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Abstract

Since the beginning of 1990, lhe "Laboratoire de
l'Accélérateur Linéaire" (LAL) at Orsay, has started to develop
a high-brightness photoinjector [1,2]. The project, now named
CANDELA (CANon DEclenché par LAser), consists of a two
cell 3 GHz microwave electron gun. The photocathode is
illuminated by a Ti:Sapphire picosecond laser designed by the
"Institut d'Optique Théorique et Appliquée" (IOTA) also
located at Orsay.

The gun and laser designs are briefly described and the
project status is reviewed.

1. INTRODUCTION

Future linear colliders and short wavelength Free Electron
Lasers require very bright electron beams. The advent of
microwave gun [31 and photoinjeclor 14] concepts shows the
way towards the production of such bright beams. A large
worldwide endeavour |5] has been undertaken to understand
well the RF photoinjector physics and to bring its techno-
logy to a high level of performance and reliability.

As part of this general R&D effort, LAL and IOTA are
constructing an experimental photoinjector named CANDE-
LA. The purpose of this project is to widely study the RF
gun physics by comparing experimental results and computer
code simulations. It is a natural continuation of LAL's
previous developments in the field of high gradient
accelerating structures [6] and photocathodes [71 and of IOTA's
expertise with short pulse lasers [8].

The gun is made of two independently powered 3 GHz RF
cells. The first cell is designed to minimize the linear
emitiancc growth. The second cell is used to reduce the energy
spread. The details of the calculations that led to this design
arc given in reference [9].

At the beginning of the project, computer simulations
were performed for a conservative 30 ps laser pulse [21.
Recently, we obtained the evidence that the real laser pulse is
much shorter. New simulations arc now being done. Since
our project is devoted to RF gun studies, the working
parameters will be widely varied. Therefore, in this paper, we
will not give any nominal performance of the gun. We will

simply describe the main components; gun cavities, laser and
beam transport line.

2. GUNCAVITIES

The cavities are made of oxygen free copper. In each cell,
there is a loop to measure the RF field and a tuner to adjust
the frequency. In the first cell, two ports are provided to allow
off-axis laser illumination. While illuminating the cathode
normally, these ports will be used to position the spot
correctly.

The cathode is de-mountable in order to test several types.
Since we want to have the possibility to heat the cathode, it
should be thermally isolated from the cavity though in RF
contact. To solve this problem, we used the SSRL design
[10]. The cathode stem is held in the back, far from the
hottest part. The RF contact is made via a toroidal thin
tungsten-wire spring very near the cathode surface. To avoid
heat propagation, the cavity wall in contact with the spring is
made of stainiess-stccl. The loss of the quality factor due to
the poor electrical conductivity of the stainless steel was
considered to be acceptable (less than 20 %). The volume at
the back of the spring is designed to make an RF trap thus
allowing operation without the spring if necessary. However,
this last solution is less attractive because there exists large
electric fields in the trap that could lead to arcs. Figure 1
shows a view of the cathode region.

spring

* Work supported b
number 9ON89/OO18

ami ULT1MATECH under the conuacl

Figure 1: Cathode region

The first cathode to be tested will be a dispenser cathode
[7]. It consists of tungsten impregnated with aluminatc of Ba



and Ca. This cathode does not have a very high quantum
efficiency but has a long lifetime. Moreover, it can be re-
conditioned at high temperature after being exposed to air.

The gun cavities are powered and phased separately. The
phase between the cavities is chosen to reduce the energy
spread. By choosing the field ratio between the two cells, it is
possible to improve the linearity of the energy-phase diagram,
thus allowing further magnetic compression.

Started in February 1991, the design and construction of
the cavities shown on figure 2 were completed one year later.

Figure 2: CANDELA RF gun cavities

3. LASER
The laser consists of an oscillator followed by an amplifier

as shown in figure 3. It is based on recent developments
around the Ti:Sapphire amplifier medium. The crystal
combines the advantages of the dyes with a large fluorescence
bandwidth (700 / 1000 nm) and those of the solid slate
medium with a saturation fluencc of 1 J/cm2. The laser is
designed to produce short pulses on the order of 1 ps with an
energy of 0.5 mJ in the blue region of the spectrum. The
production of short pulses in Ti:Sapphirc is based on the Ken-

lens effect in the rod itself due to the high peak power in the
cavity. In order to synchronize the pulses with the RF signal
at 3 GHz, we add in the cavity an acousto-optic modulator.
The oscillator produces pulses in the range of 1 ps to 100 fs
at a 100 MHz repetition rate but with a very low energy of a
few nanojoules. In order to increase the pulse energy we use a
regenerative amplifier pumped by the second harmonic of a Q-
switched Nd-Yag laser working at 10 Hz repetition rate. In
order to avoid non linear effect in the components of the
amplifier (such as self-focusing) we use the chirped pulse
amplification technique. This technique consists of a strecher
(hat temporaly broadens the pulse before the amplifier and a
compressor after the amplification in order to return to the
initial pulse duration. After the amplification, a non-linear
crystal is used to generate the second harmonic beam at 400
nm. The energy of the blue pulse is expected to be in the
order of 0.5 mJ. By changing the alignment of the
compressor, we will be able to change the pulse duration in
order to study the performance of the photoinjector as a
function of the characteristics of the light pulses.

The laser is currently being tested.

4. BEAMLINE
In order to characterize the beam quality, it is necessary to

measure the following parameters; charge, current, bunch
length, energy, energy spread, transverse size, emittance.
Since it is not possible to measure all these parameters at the
same location, one has to build a beam line. In order to access
the beam energy and energy spread, it is necessary to have at
least one bending magnet. A second bending magnet is
necessary to obtain an achromatic system. Since the beam
divergence at the gun exit is very large, one needs a strong
focusing system which consists of a solenoid and a quadrupole
triplet. The beam line is shown in figure 4. U is similar to
that of BNL [11] and CERN [12]. All the magnets which are
now being measured have been designed to operate at a
maximum energy of 20 MeV which will allow us further
development of the experiment (new gun with more cells or
addition of an accelerating section). Because of the reasonable
size of this beam line, it will be installed on a 3 by 1.5 m
marble table. The instrumentation system is not yet fully
designed.

5. CONCLUSION

The CANDELA RF gun will soon be able to produce its
first photo-electrons. It will then take some time to complete
all the diagnostics and the control system which are
compulsory for obtaining good experimental results. From
the beginning of 1993, it will then be possible to do
systematic experiments by varying all the parameters over a
large range.
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Theoretical Investigation of Traveling Wave RF Gun
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Abstract

In this paper a traveling wave type rf gun (TW gun) is
investigated theoretically. Analytical formulae concerning
energy gain, energy spread, and transverse emittance are
derived. Some numerical results are calculated to demon-
strate further the behaviours of the TW gun and to com-
pare with those from analytical formulae.

1 INTRODUCTION
As a potential high brightness electron injector for FEL
and future e + , e~ linear colliders, rf gun have been exten-
sively investigated theoretically and experimentally both
for thermionic cathode [1][2] and photo-cathode [3][4][5].
Because of the historical reasons, almost all the experi-
mental and theoretical works are confined within standing
wave rf guns (SW guns). However, as pointed out by J. Le
Duff [6], TW gun might be very interesting also to rf gun
technology. In this paper TW gun will be theoretically
investigated in a way different from that in ref. [7].

Before going on to the next section, it is assumed that
the radius of the cathode is small, and the nonlinear force
effects both from the space charge and the rf fields are
neglected.

2 TW GUN THEORY
Quite different from a SW gun which is similar to a conven-
tional DC gun except mainly that the accelerating electric
field is oscillating with time, a TW gun is a little bit dif-
flcult to imagine at the first glance since there are almost
no evident relations between a TW gun and a conventional
DC gun. However, if one shifts his point of view from DC
gun to a linear traveling wave accelerator, the confidence
about a TW gun could be established without much dif-
ficulty. Now let's start with the "rapture condition" of a
linac [8] which says: if

Ex =

then

cos(<j>o) -
2 *

A9 eE0 + /3.0
1/2

(1)

(2)

where <j>t, is the phase when an electron is injected, 4>i >s

the asymptotic phase when the electron's velocity reaches
almost light velocity c, An is the wavelength in the accel-
erating structure, En is the peak accelerating electric field
strength, pzo corresponds to the initial injectron electron's

velocity, and moc2 is the electron's rest energy. If we as-
sume that a cathode is just put at the end plate of the
coupler cavity of a linac with pzQ = 0, and require that
<j>] = JT/2, one can determine the necessary electric field
strength En with respect to the injection phase </>n

A9 ecos(<j>n) i + TV12
(3)

For example, if A9 = 10cm, /3I() = 0 and <̂(> = TT/4, from
eq. 3 one gets E0 = 45MV/m. It is obvious that E<, =
45MV/m is a practically possibilbe value. It is now very
easy to imagine that when a short laser pulse illuminates
a photocathode at an initial rf phase (J>Q < 7r/4 with ED —
45MV/m, the electron bunch will be accelerated continu-
ously with its final asymptotic phase frozen at #/ < TT/2.
In the following section we will investigate in much more
detail on the beam longitudinal and transverse motions.

2.1 Longitudinal Motion Due to Rf Fields

The longitudinal electric field inside a cylindrical symmet-
ric TW structure is expressed as follows:

z(r, z, t) - Ez(r, - (3gz (1)

where u> = 2ir/, /3g is the foundamental wave number of
this slow wave TW structure and ^n is the emission phase
of the center of the electron bunch. Since only linear term
is kept, the electric field near the axis can be expressed as:

Ez(r,z,t) = -Pgz + (Po)

In the following analytical treatment, U2(O, z) has been
chosen as a constant. From eq. 5 we have

dz

where

, = kf(-
Jo \

(6)

(7)

ib = 2T/A and A is the electromagnetic wavelength in free
space. P9 has been chosen equal to k (that is to say the
phase velocity of this traveling wave equals to the speed of
light). 7 is the ratio between electron's relativistic energy
and the rest energy rruyc2. As the first order approximation
of 7, eq. 6 can be integrated as follows:

#n + S<f>)kx (8)



«£,(0,0)
(9)

where B1(O1O) is the peak electric field on the cathode
surface. T is an approximate expression of y. In eq. 8 a
very important parameter 60 is introduced. The physical
reason of there existing this parameter is due to electron's
low initial longitudinal velocity and the rapid increasing
of 4> in the cathode region. The introduction of 6<j> is to
improve the accuracy of this first order approximation. It
should be pointed out that for the theory of SW gun, this
parameter should be introduced also. By using eq. 8, eq. 7
can be integrated as follows:

1
: ( ( r 2 - i)) +

asin(0o + 6(f>)

If F 3> 1 then <j> will be frozen at its asymptotic value

1

(io)

( H )

where 6<j> can be calculated from an empirical formula
which is given as follows:

6(j>{degTee) = (12)

where E1(O1O) is in MV/cm. It is obvious that 6<j> ss 0
corresponds to Ez (O10) approaching infinity. From eq. 8
and eq. 11 one can get the second order approximation of
the final energy gain of a TW gun

T/ = 1 + asin((j>f)kL (13)

where L is the length of the TW gun structure. For an
electron bunch emitted from a cathode with the emission
phase of the bunch center being <po, and the bunch length
being A<£o, the energy spread of this electron bunch can
be calculated readily from eq. 13

If <t>s = 90°

where 4>Q corresponds to <j>j ~ 90". Prom eq. 11 the asymp-
totic bunch length can be calculated

(16)

where A^o, A(j>j are the initial and asymptotic bunch
length respectively.

2.2 Transverse Motion Due to Rf fields

From V E = O and E^ - 0

1 8(vEr) BE1

r 8T dz
(17)

ET(r,z,t) = — - ( — * , ' - sin(ut

— P9E1(O, z)cos(wt -PgZ

From V x H = f o ^ , only Hv exist, therefore

1 d(rHv) _ dEz

T dr =e°~dF

rEz(0, z)cos(u>t

From eq. 19 we get

„ _ CQU

From
Fr = qEr

We know from eq. 18, eq. 20, and eq. 21 that

(18)

(19)

(20)

(21)

O, z)cos(uit - Pgz

+ (kP, ~ P9)Ex(Q, z)cos(ut - P9Z + <fo)) (22)

where Px = vz/c. From eq. 22 one can get the transverse
momentum gain due to rf field

PrJ -PrO= [ '
Jto

Frdt

Pr

(23)

(24)

where r' = ^-, ;pr is normalized transverse momentum. If
we assume that at the cathode surface PTt> = 0, during the
acceleration r keeps constant value, and at the exit of the
TW gun 7 > 1, pz ss 1 and Ez(0,z) from constant value
K2(O1O) in any manner drops to B(O1L) = 0, by using
eqs. 13 and 22 we get

-

Since electrons emitted from cathode around emission
phase 4>o have an initial phase spread A0o, at the exit of
the TW gun there is also a transverse momentume spread
Aprj which can be derived from eq. 25

(26)

Ap r / is the source of the electron bunch's transverse emit-
tance produced by the linear rf field. From eq. 25 one
can derive the analytical formula for the transverse r.m.s.
emittance

«r(irm • rad) = -Pr - < prr (27)

where r denotes x or y components. Since this analytical
formula is complicated, it is omitted here. On the contrary
we use the definition that the transverse emittance er is the

10



a r e a o c c u p i e d b y t h e e l e c t r o n s i n t h e p h a s e s p a c e d i v i d e d
b y I T , w e h a v e

( 2 8 )

akrc

( 2 9 )

( 3 0 )

(31)
w h e r e r c i s c a t h o d e r a d i u s .

3 DISCUSSIONS

T h e m a i n a d v a n t a g e o f T V V g u n i s t h a t i t i s s u i t a b l e f o r
p r o v i d i n g h i g h e l e c t r o n b e a m c u r r e n t . L i m i t e d b y t h e
l e n g t h o f t h i s p a p e r t h e s p a c e c h a r g e e f f e c t s a n d t h e c o m -
p a r i s o n s b e t w e e n T W g u n a n d S W g u n h a v e b e e n o m i t t e d
[ 9 ] . F i g s . ( 1 - 4 ) f r o m t h e o r e t i c a l f o r m u l a e a n d n u m e r i c a l
c a l c u l a t i o n a r e u s e d t o s h o w t h e b e h a v i o u r o f a T W g u n .

A s f o r t h e p r a c t i c a l T W s t r u c t u r e d e s i g n i t h a s b e e n s u g -
g e s t e d t h a t a b a c k w a r d w a v e T W g u n s t r u c t u r e a s s h o w n
i n F i g . 5 c o u l d b e u s e d i n o r d e r t o a v o i d t h e p r o b l e m o f t h e
u n s y m m e t r i c field p e r t u r b a t i o n c a u s e d b y t h e w a v e g u i d e -
T W s t r u c t u r e c o u p l i n g a p e r t u r e i n t h e c a s e o f a f o r w a r d
t r a v e l i n g w a v e s t r u c t u r e [ 1 0 ] .

4 ACKNOWLEDGEMENTS

T h e a u t h o r w o u l d l i k e t o s h o w h i s t h a n k s t o J . L e D u f T
f o r h i s c o n s t a n t i n t e r e s t s i n T W g u n r e s e a r c h a n d t h e p r e -
c i o u s e n c o u r a g e m e n t s a n d d i s c u s s i o n s . H e t h a n k s a l s o B .
M o u t o n f o r t h e h e l p o f u s i n g E P A C L a T e x .

5 REFERENCES

[1] G. A. Westenskow and J. M. J. Madey, Laser and Partirai
Beams, Vol. 2, Part 2, pp. 223-225 (1984).

[2] J. Gao and J. L. Xie, Nucl. Instr. and Methods, A304 (1991)
pp. 357-363.

[3] J. S. Fraser et al., Proc.1987 IEEE Particle Accelerator
Conference, IEEE cat. No. 87CH. 2387-9, 1705 (March,
1987).

[4] K. J. Kim, Nucl. Instr. and Meth., A275 (1989) pp. 201-218.

[5] J. Gao, Nucl. Instr. and Meth., A297 (1990) pp. 335-342.

[6] J. Le Duff, Private communication, 1988, Pékin.

[7] T. Shintake, to be published as CERN internal report, 1991.

[8] J. Le Duff, CAS, CERN 85-19, 27 November 1985, p. 144.

[9] J. Gao, LAL/RT 91-14, December 1991.

[10] J. Le Duff, private communication.

0. 25

0.2

IYJJo 15
Y

0.1

0.05

No space charge I j I
L=7.5cm / / /

(to compare with / / /
SW gun) / / /

I l I0.8Mv/cm / / /
y ^ V I f J

/0.5 Mv/cm\ / / /

--. 35

2 30

E 2 5

I 20

1 10

20 40 60 80 100
l;igl Initial phase (degree)

No space
L=7.

8 Mv/cm

10 60 80 100
Fig. 2 Initial phase (degree)

• 9 9 • 9

tneoret

EZ(O

ca l

N u

Z)

' * a .
a

result B

mencal recuit

=0.4MV/cm

*
•a

fc»

a

2 0 1OO 12040 6O 60

<!>0( degree)
Fig. 3 TW gun: Comparison between the numerical

results and theoretical results
5,

o> 2

i
UJ

Ez(O.2)-O4 MV/cm

Backbombarding
electrons' energy

on the cathode

r Electron energy~ CIWI.IIUII uiiwiyy ^^hHa_> •

; al L= IO cm "I I

: A />tL-
O 50 1OO 150 200

* 0 (degree)
Fig. 4 TW gun: Energy vs initial injection phase

coupling trfouipui
rf input

Laser b

c o u p l i n g a p e r t u r e

L a s e r b e a m
e l e c t r o n b e a m

F i g . 5 B a c k w a r d w a v e T A V g u n



Analytical Formulae for the Resonant Frequency Changes
due to Opening Apertures on Cavity Walls

J. Gao
Laboratoire de L'Accélérateur Linéaire

Centre d'Orsay, 91405 Orsay cedex, France

Abstract

Based on the perturbation method, the resonant frequen-
cy changes due to apertures on a cavity wal! have been
investigated, and analytical formulae have been derived.
The dispersion relation of a periodic disk-loaded slow wave
structure, which relates the group velocity explicitly to the
shapes and sizes of coupling apertures, is established. Lim-
ited by the length of the paper the comparisons with the
unmerical and experimental results have been omitted [I].

1 INTRODUCTION

The aim of this paper is to find out analytically the reso-
nant frequency changes due to apertures on cavity walls,
such as apertures for pumping, tuning and coupling etc.,
by the perturbation method. Based on the same method
the analytical dispersion relation of a periodic disk-loaded
slow wave structure is established, which relates the group
velocity and other properties of this slow wave structure to
the shapes, sizes, positions of the coupling apertures and
cavity geometries. Another important quantity concern-
ing a cavity in the microwave engineering is the coupling
coefficient /3 between a cavity and a waveguide. An an-
alytical formula for this coupling coefficient /3 has been
established, verified and shows itself in ref. [2].

2 PERTURBATION THEORY

Slater's perturbation formula [3] which relates the reso-
nant frequency change of a lossless resonant cavity to the
perturbation on the boundaries of this cavity, states that

(1)

where <ii() is the resonant frequency before perturbation, m
is the resonant frequency after perturbation, V is the total
energy stored in the cavity, Av is the small volume change
on the boundaries, and E, H are the electric and magnetic
fields in this small volume with the values equal to those
before perturbation. Eq. 1, can be rewriten as follows also
[4]

(2)

where AWe and AWn, are the time-average electric and
magnetic energies stored in the perturbation volume.

3 FREQUENCY CHANGE DUE TO
APERTURES

According to ref. [5] it is known that an nperture <m the
cavity wall can be made equivalent to -ome combination
of electric and magnetic dipoles (if the dimension of this
aperture is small compared with the wavelength), surii as

- e 8 )

:H,

(3)

(4)

e o ) - ( l -eJOATM) "

where e() is the permittivity of vacuum, /in is the pcrino
ability of vacuum, P and M\, Mi arc the electric and mag-
netic dipole moments, respectively. Ea is the electric field
perpendicular to the surface of the ellipse. H1 and Hj arc
the magnetic fields parallel to the major and minor axis i>f
this ellipse. /1 and /2 are the lengths of demi- major HIM)
minor axis, respectively (see Fig. 1). K(eu) and /'-"(r,,) <"-if
complete elliptic integrals of the first and second kinds (fi

It should be mentioned that the apertures discussni
above have no volumes, but only have elliptic surfaces
Since the apertures on the cavity wall can be equivalent
to electric and magnetic dipoles as expressed in eqs. 3-5.
AWe and AWm can be calculated by imagining that these
electric and magnetic dipoles interact with applided driv-
ing electromagnetic fields. According to Bethe's theory
[7], these driving fields in the center of tht aperture are
the halves of those values of En and H,,, 1 which are the
electric and magnetic fields at the center of the aperture
before being perturbed. Remembering to take the time
average of the energy changes due to these electromagnetic
dipoles, we have

AU Vn^ = -AWn, (8)

AUm:i _ - M 2 • H 2 =-• ^ ^ 7 ' e f r - ^ A : (
[H))
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where E' = Eo/2, H[2 = #1,2/2, E0 and #,,2 are the
electric and magnetic fields at the center of the aperture
before being perturbed. By combining eqs. 2, and 7-10 we
get the iesonant frequency change due to an open aper-
ture on the cavity wall. Sometimes a cavity is perturbed
as shown in Fig. (2), where the frequency change also de-
pends on the distance 2 as in the case of a frequency tuner.
If the hole is a circular one, the frequency change will be

with AU,,, AUm as expressed in eqs. 7 and 8 z > 0 and
with a ] , a-2 expressed as follows:

( A Ar2

where A is the wavelength in free space, Aci = 2.62a is
the cutoff wavelength of TMm mode wave, \c2 = 3.41a
is that of TEn mode wave, and a is the radius of the
circular pipe. The necessity of there existing two factois
( l - e - 2 ° ' 2 ) and (1 - e - 2 a " * ) in eq. 11 can be proved easily
and it is omitted here. To show the applications of eq. 11,
two examples will be given here. First example is shown in
Fig. (2a) where a circular aperture is opened. Since there
is almost no magnetic field where the aperture is located,
eq. 11 reduce to

U
i(l-, (13)

(14)

(15)

The second example is shown in Fig. (2b). Since there
is no electric field where the circular aperture is located,
eq. I l reduces to

It is known consequently that

du

«3 = «2(1

Su = -U0
3U

and consequently

(16)

(17)

(18)

Numerical results from Superfish have been compared with
the theoretical results calculated by eqs. 14 and 15, and the
LAL (Orsay) RF Gun [8][9] experimental results [10] have
been compared with those calculated by eq. 17 and 18.

4 FREQUENCY CHANGE DUE TO
COUPLING BETWEEN CAVITIES

Now we consider two cavities coupled by an aperture on
the common wall. Aiming at explaining physics, a simple
case is dicusscd and shown in Fig. (3a), where the cou-
pling is conducted only by a circular aperture (an electric
dipole). Since there is coupling between the two cavities,
the energy change in the first cavity due to electric dipole
will be as follows (assuming that the electromagnetic fields
in both cavities oscilate with the same frequency):

(19)

where P j is the dipole moment corresponding to first cav-
ity, E'j = 1/2E1, E'2 is the electric field of the second
cavity seen by the e!?ctric dipole of the first cavity, with
E~ = l/2e~<*'rfE2, d is the thickness of the common wall
where the aperture is located, and E 1 , E2 are the electric
fields at the center of the aperture in the two cavities when
the aperture is replaced by an ideal metallic boundary.
Therefore according to eq. 2, one can get the frequency
change of the first cavity as

E 1 E 1

U

U

E1E2COsO _a d

- — e ) (20)

where 0 is the phase difference between E 1 and E2. As
for the second cavity one could follow the same procedure
accordingly. If the two cavities are coupled magnetically
through a circular aperture as shown in Fig. (3b), the
frequency change of the first cavity will be expressed as
follows:

U

H 1 J

U U

(21)

where 9 is the phase difference between H 1 and H2- If this
coupling aperture is located where electric and magnetic
fields both are not vanishing, the total frequency change
caused by electric and magnetic dipoles could be evaluated
by combining eqs. 20 and 21 according to eq. 2.

5 DISPERSION RELATION OF
SLOW WAVE STRUCTURE

As a practical application of eqs. 20 and 21 we consider
a periodic disc-loaded accelerator structure as shown in
Fig. (4). According to Floquet's theorem it is known that
9 — /SoZ?, where /% is the founJamental wave number,
and D is the space periodicity jf the periodic structure.

14



We consider first the case of electrical coupling structure.
According to eq. 20 we have

(22)
where N is the number of the coupling apertures on the
wall of each cavity (assuming that the physical conditions
for these N apertures are same). If PnD = T/2 (TT/2 mode),
then

(23)

Usually I (w0 - w*
as

3 U '

0, eq. 22 can be rewritten

(24)

It is very clear to see that eq. 14 is the dispersion relation
of an electrically coupled periodic slow wave structure, and
by comparing with that obtained from an equivalent cir-
cuit as shown in Fig. (4) [Jl1

u,2 = wl/2: coa(PoD)) (25)

where k = 2C/(2C + C), we know that the coupling con-
stant k in the classical dispersion relation, eq. (31), can
be represented as follows:

-ir«- (26)

The group velocity of this electrically coupled slow wave
structure is

6 U

where ae = \Ei/Ei\, 1 > ac > 0, and in an normal accel-
erator structure ae = 1.

If magnetic coupling is chosen as shown in Fig. (5),
started from eq. 21 we get the dispersion relation of mag-
netic coupling structure:

where
H\

(28)

(29)

Compared with the equivalent circuit shown in Fig. (5)
and the classical dispersion relation [11]

(30)

where k = M/L, we know that

(31)

The group velocity of this magnetically coupled slow wave
structure is

= EL - - —3 amDH?sin{0oD) d
Vg dpo U*/2 3 a ^ U

where a,n — \H2/Hi\,l > am > 0, and in an normal
accelerator structure am = 1.

If the aperture is an ellipse rather than a circle general
formulae can be obtained by using eqs. 3-5 [I].
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First lasing of the CLIO FEL
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Abstract

Laser oscillation between S and 10 |im has been obtained
with CLIO ("Collaboration for an Infrared Laser at Orsay").
An S-band FEL dedicated linac has been built for this
purpose. The electron beam energy was 40 MeV in this set of
experiments. A 0.5 nC charge per bunch of 15 ps duration
was passed through a 2 m long undulator. The resonator is a
4.8 m long, metal mirror, optical cavity. The optical beam
was coupled out by a CaF2 or ZnSc plate near Brcwster
incidence (60°). The first measurements of the accelerator and
laser characteristics arc presented.

1. INTRODUCTION

The CLIO collaboration was started in 1987 [1] in order to
build an infrared laser at LURE, Orsay. This goal has been
achieved on 17lh January 1992, when a first laser beam of
5 nm wavelength was obtained. The project had the benefit of
both the experience of the LURE team in the FEL field, and
of the LAL laboratory in the design of 3 GHz RF linear
accelerators.

CLIO is a user dedicated machine, but fundamental FEL
experiments will also be performed. According to ihe first
results described hereafter, the expected main characteristics of
the laser beam are summarised in table 1.

Table 1
Main FEL features
Spectral range
Max. average power
Peak power (macropulse)
Peak power (micropulse)
Energy / macropulsc
Repetition rate:
macropulse
micropulse

2-20 um
2OW
6 - 50 kW (8 us)
15 MW (10 ps)
40 - 300 mJ

1 - 50 Hz
every 4 - 32 ns

The general synoptic of the machine is shown in fig. 1.
The main components of the accelerator and the optical cavity
are described in the following sections.

2. THE CLIO MACHINE

2..I. Accelerator

The linac consists of a 100 kV thermionic triode gun, a
500 MHz subharmonic buncher, a 3 GHz fundamental
frequency buncher (standing wave), and a 3 GHz travelling
wave accelerating section.

The gun operates in a pulsed mode: it emits short pulses
every 4, 8, t6 or 32 ns (optical cavity round-trip lime) during
an 11 us long macropulse. This 11 us duration corresponds to
the flat-top length of a 12 p.s klystron pulse. The electron
bunches have a gaussian-like temporal distribution, 2 ns long
at the base and nearly 1 ns at half-width. Each of them carries
a 1 nC charge.

The subharmonic buncher phase compresses the bunches
by velocity modulation, allowing them to reach the
fundamental buncher (FB) within it's phase acceptance
($<)> = 0.2 ns). The FB in turn compresses them to 10-15 ps
FWHM, while accelerating them to 4 MeV (or 3 MeV if
beam-loading arises, due to high average current). Then the
TW section accelerates them to their final energy, between 30
and 70 MeV. In our set of experiments, current was low (one
micropulse every 32 ns, macropulse repetition rate of 6.25
Hz), and final energy fixed at E = 40 MeV. Both
experiments and PARMELA simulations indicate the
bunching process produces a 65% current transmission at the
exit of the FB with a micropulse length in the 10-15 ps range
12]. The emittance at the same location was estimated by
PARMELA to be 40it mm rnrad (90% particles, normalized).
A maximum value of 6On mm mrad was experimentally
obtained in July 1991 by using two slits located after the
accelerating section and 3 m apart. A second measurement
yielding 80rt mm mrad was made at the entrance of the
undulator in December 1991, using a glass plate irradiation
method. Within the limits of experimental error, the
agreement between these two set of measurements is very
satisfactory.
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^îubharmonic bunchcr (5OO MHz)
Buncher(3O!!z)

Accelerating section (TW) Analysing slit

Dipolc Mirrors <

Thermionic gun

Fig. 1. Synoptic of the CLIO experiment.

Table 2
Main accelerator features
Type
Energy range
Electron gun

Subharmonic buncher freq.
Fundamental bunchcr type
Accelerating section type
Klystron
Micropulse length (FWHM)
Macropulse length (flat-top)
Micropulsc peak current
(estimated)
Micropulse charge
at gun exit
at undulator entrance

Micropulse interval
Macropulse repetition rate
Average beam power
Emittance: 47CPTCTCT'

required
calculated
measured

Measured energy spread (FWHM)

3 GHz rf linac
50 ± 20 McV
gridded thermionic
dispenser cathode
500MHz
standing wave
travelling wave (4.5 m)
TH 2130 V
10-15 ps
11 (is

50A

1 nC

0.5 nC
4, 8, 16, 32 ns
6.25, 12.5, 25, 50 Hz
up to 7.5 kW

< 150JC mm mrad

40TC mm mrad

80rt mm mrad
0.7%

The measured characteristics and other main features of the
accelerator are summarised in table 2. Measured characteristics
refer to experimental conditions described previously.

Among minor problems to be solved on the accelerator is
a remaining linear phase shift of the microbunches of 5°
(3 Ghz) at the entrance of the undulator. This should decrease
the laser quality, because it corresponds to a temporal shift of
5 ps, not negligible relative to the 10-15 ps duration of the
light micropulse. It is also planned to measure the micropulse
length (by dephasing the accelerating scction/bunchcr and
measuring the induced dispersion) in order to obtain a better
estimate of the peak current and of the overall stability.

2.2 Optical cavity and undulaior

The optical cavity, defined by two metallic mirrors, is
4.8 m long. It includes a 2 m long unduhitor |3], some
magnetic devices for electron beam guiding and focusing,
beam position and profile monitors, and an extraction device.
The main features of the undulator arc summarised in table 3.

At the present time, the optical beam is coupled out by a
or ZnSc plate near Brcwster incidence (60°). CaF2 and

ZnSc extract respectively 0.8 % and 5.0 % of the power in the
cavity. CaF2 has been used to minimize the losses in order
to obtain the laser for the first time and to lasc on the third
harmonic, and ZnSc to optimize the power coupled out.

Table 3

Main features of the undulator
Length
Period
Number of periods
Gap

K

0.9c m + 0.96 m (tapered)
4 cm
2x24
adjustable > 11.7 mm
0 - 2

3. FIRSTRESULTS

3.1. Lasing on the fundamental

Lasing at wavelengths between 5 and 10 nm has been
achieved on the fundamental since January. Changing the
wavelengths requires modification of the cavity length
according to dn/dX. in the extracting plate so that the
wavelength cannot be swept continuously yet. This will be
done in the near future by changing automatically the cavity
length and/or by using hole coupling. Saturation and
measurable power have been obtained in all cases. Table 4
summarises the most significant results.

Table 4
Measured laser characteristics.
Spectral range ( l s l harmonic)
Gain at 5 pm
n measured
theory for 1=50 A

Gain at 8 pm
measured
theory for 1=50 A

Extracted power
peak (micropulsc)
average (macropulse)
time average

Efficiency
measured
theoretical

' 5 - 10 ^m

25%
4 0 %

70%
75%

6MW
2kW
100 mW

0.3 - 0.4 %
0.5 %



Reported gain values are nci. They arc estimated from the
laser riseiime at the very beginning of lhe laser growth to
which llic losses, estimated from the decay time, arc added.

The following figure shows an example of observed
saturation.

Fig. 2. Laser saturation at 8 iim; ZnSc plate.

With the ZnSc plate, total losses are estimated to be 7%
(by assuming 2 % losses on the mirrors). This is in
agreement with the measured value ol S %.

This corresponds to good experimental conditions, with
saturation achieved in 2-3 (is, and a 8 |is steady slate. By
extrapolating these results to the maximum rate (for which
administration authorization is awaited), we should obtain
6.4 W of average produced power, and 16 kW per
niacropulse, corresponding to 110 mJ in a macropulsc. By
using a tapered undulator configuration, we should gain a
factor 2 to 3 on these values, thus reaching the specifications
ol table 1.

.< 2. Harmonies

Coherent harmonics have been detected up to eighteenth
order (at 1.27 |im) for a fundamental wavelength of 10.1 u.m,
using the ZnSe Brewstcr ex trading plate wilh E=40 McV and
K=2.

leasing on the third harmonic has been achieved at 3.3 p.m
in the same conditions but with CaF2 rather than ZnSe, as
shown in fig. 3. The net gam was r casurcd to be 12-15 %, to
he compared to 22 % theoretically However, this gam is too
small to reach a level where a significant amount of power
could be extracted. It is planned to lasc ai this wavelength on
lhc first harmonic at 50 McV.

Fig. 3. Laser on third harmonic (3.3 |iin)

4. CONCLUSION AND PERSPECTIVES

These lirst results of CLIO will be improved and extended
in the next few months, but are already good enough to
consider the first applications. The next stages of development
will include:

- Extending the spectral range, by running the linac at 30
and 50 McV. The 3-15 urn domain should not cause any
problem. Below 3nm, some problems of klystron power
breakdown may arise. For A>15 tim, trouble may come from
optical materials or machine adjustment at low energy.

- Systematic studies of laser properties (power, spectral
width, stability) versus optical cavity length.

- Study ot optical beam outcoupling by a hole in a mirror.
- Installation of the optic line for users.
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