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Time Resolved Energy Measurement of the TESLA Test Facility Beam
Trough the Analysis of Optical Transition Radiation Angular Distribution

M. Castellang A. Cianchi, V. Verzilov INFN-LNF CP 13 00044 Frascati (Italy)
L. Catani, G. Orlandi INFN-Roma 2

Abstract gate by steps of iicrosecond, we coultbllow the whole
macrobunchevolution. To ensure the bunch to bunch

The study of theenergystability along themacropulse of stability we repeated the measure several times.

the TESLA Test Facility Linac (TTFL) [1] wasbtained by
the measurement of the angular distribution of the Optical
Transition Radiation (OTR). Thiechnique doesot require 2. RESULTS
a dispersive section and can be performed atpaiyt of the We performedwo different measures adifferent stages of
beam line. the commissioning of TTF.
Measurements have been performed with diffesettings of The first one wagealized with the so-called injector |
the RF low level control and alifferent values of thebeam delivering a beam current of 6 mA at a repetitrate of 216
current. An energyvariation along the macropulse wasViHz, with a single accelerating module in operation.
observed in a good agreemenith the measured energy A 45° beam splitter waased toperform inthe same time
spread of the whole macrobunch. the measure oboth the beanenergy(with the ICCD) and
The analysis of the OTRngular distribution pattern allowsthe spot size (with a normal CCD). The reflectivity of the
also, to some extent, to evaluate the beam angular spreaddeam splitter depends on the radiagmarization, resulting

in a differentintensity in the horizontadnd vertical planes

1 INTRODUCTION (see Fig.1.)

We used a thin achromatic lens of f = 200 rfonal length.
Peak positionsandhencethe beam energwyere found by
applying a fit to the profilebtainedfrom the OTRimage
along the vertical line crossing the center.

The energystability along themacropulse of the TESLA
Test Facility Linac (TTFL) [1] is the result of aaccurate
timing betweenthe RF pulseand the beam injection to
compensate for the beam loading. A digifeédback and
feedforward algorithm takes care of fast and slow
fluctuations. A measurement of thenergy stability is
required for a fine tuning of the algorithm parameters.
Typically, energy and energy spread measurements are
performed in the dispersive section at the end of the transport
line, where adipole magnetendsthe beam by 20° and
drives it to the dump.

Energy variation along the macropulsn be measured by
means of the strip-line beaposition monitoravailable in

the same dispersive section, but the large beam width, of the
sameorder orlarger than the linearange ofthe monitor,
strongly reduces the accuracy of the measure.

Instead, we usedhe angular properties of the Optical
Transition Radiation (OTR) emitted by the beam crossing a
thin aluminum foil, to realize atime resolved energy
measure. Thisneasure doesot require adispersive section
and can be done, inprinciple, at every section of the
accelerator.

A sensor isplaced inthe focal plane of athin achromatic

lens to allow the imaging of the OTR angular distribution.

Th_e radiation i_s _emitted in a cone .of semiaperture, iYj Fig 1 An image of the OTR angular distribution. The
being the relativistic factor of the incident particles. difference between horizontal and vertical planes is due to the
In our casethe sensor is theathode of arintensified CCD use of a beam splitter

camera that haseveral advantagesith respect to a normal
CCD. It providesthe possibility of a fastontrolled gate
(down to 200 ns), allows a 12 bittynamicsandhas a high
signal to noise ratio.

We integratedhe signalover 1 microsecond. Delaying the

Fig.2 displays the results of the measurement for two
different beam energies.
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Fig 2 - Variation of the beam energy along the macropulse Loop Gain = 44
for two different RF gradients. 195
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point, the totalenergyvariation along the macropulse is of time [us]

the order 0f2.5%. This result is in good agreementvith
the measuramade inthe dispersivesection, which gives a  ,,,
rms energy spread of about 1% over the whole macrobunch. ? 3

At a secondstage of the commissioning, veperatedwith PA:] S — 294'65 *0.:24857x R= 0'62?32
the injector I, which supplies dlifferent pulse time 1 |
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Fig. 4 - Energy variation in the macropulse with three
different setting of the RF loop gain

Fig 3 - A typical image of the OTR angular distribution - Although the statistical fluctuation of the points rither
with the injector I large, it is possible t@oncludethat theenergystability is

better at larger values of the loop gain.
In addition,the installation of asecond accelerating moduleA more accurate andystematic work igequired in order to

increased the energy of about a factor of 2. In Fig.3 a typieiltermine the best setting for the low-level RF control, and
image recorded in this condition is shown. it will be performed in the next run this Summer.



As a by-product ofour measurements, wiund that an a spot size value of about 20fh could be obtained, for the
information about the beam angular spread coulddteined same conditions, from the emittanceneasurements
by the analysis of the OTR angular distribution profiles. performed just before. According this value, anormalized
In Figs. 5and 6 anexample of the vertical profile is emittance of about 60 mmradcan be estimatedlhis is
presented. fully consistent with themeasuredralues thatrangedfrom
50 to 100 mm mrad, depending onbeam transport
conditions.
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3. CONCLUSION
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f sy i We usedthe properties of the OTR to monitor teeergy

N variation along the macropulse of TTF beam.

< Two different measuresere performed at differeistages of
the commissioningand in both cases we found aincrease
% Y of the energy along the macropulse.

; %, We have provetthat the loop gain value of tHew-level

. i RF controlcan affectthe timeenergydependence, anthat

@%ﬁ’“ w %@; the correctvalue forthis parametemust still befound. A

g, more accuratemeasurement iseeded toexplore betteithis
point.
0 0.01 0.02 0.03 0.04 A preliminary analysis shows that it is possible to obtain
8 [rad] from the samealataalso the beam angulalivergence that,
Fig 5 - A profile for the vertical plane of the OTR angular together with themeasure ofthe spot sizecan give an
distribution and fitting curve for a parallel beam independent emittance measurement.
To improve themeasure accuracy, waan to use a lens
The solid line inFig. 5 is a fitaccording tothe theoretical With a longerfocal length. A higher number of images for
prediction for a zero divergence beam. each setting point is alsoneeded inorder to reduce the
The fit in Fig 6 takes into account the bedivergence and Statistical fluctuations.
reveals a better agreement with the experimental data.
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Fig. 6 - Profile of the OTR angular distribution with a
fitting function taking into account the beam angular
divergence.

A rms angularspread of0.7 mrad isobtained inthis case.
Unfortunately, for this data set, in order to avoid the
distortion introduced by the beasplitter, wewerenot able
to measure simultaneously the beam spot dieeertheless,



EFFECTS OF DIFFRACTION AND SCREEN SIZE ON CTR BASED
BUNCH LENGTH MEASUREMENTS

M. Castellano, A. Cianchi, V. A. Verzilov INFN-LNF, G. Orlandi INFN-Roma2
Abstract 2 EFFECTS OF DIFFRACTION AND

TARGET SIZE ON TR SPECTRA
Coherenttransition radiation (CTR) is now well established

as one of basic tools to measure electron bunches on a sifbihe pioneering works [1] the treatment of the problem
picosecond scale. However, a series of experiments h4@s performed for a thin layer of matter and TR emitted in
demonstrated that suppression of CTR spectra at low frthe forward direction. As a consequence, the resulting pic-

quencies, occurring in practice, leads to a great uncertairi€ of the effectincludes interference between TR, the par-
in the bunch length determination. In addition to knowdicle field and diffraction radiation and, therefore, is rather

sources of suppression, it was recently found [1, 2] that tHeomplex. _ . _

size of a screen used to produce transition radiation (TR) !N the present analysis, we rely on the Kirchoff diffrac-
can be a factor strongly affecting the spectrum. In this pdion theory to describe the propagation of the field gener-
per we calculate TR spectra emitted by a relativistic ele@!€d by a charged particle on the boundary between the vac-
tron from a finite-size metallic screen and influenced byum and a perfect conducting material [5]. TR is considered

diffraction on apertures in environment and collecting opt® €merge in the backward directions with respect to the
tics. momentum of the particle crossing the boundary at nor-

mal incidence. Three different schemes of measurement,
which are simplified models of those typically encountered
in practice, are investigated.

1 INTRODUCTION
2.1 Spectrum of TR filtered by a finite aperture

Operating with subpicosecond bunchesis crucial to the "e first scheme considered is characterized by the pres-

generation of: "¢ colliders and FELS for reaching their ence of a circular diaphragm between the emitting screen
final goals, which are respectively high luminosity and high phrag : 9 ;

e and the detector. For ease of calculation we assume a cylin-
peak current. To obtain this result, much depends on th

o . . ; aerically symmetric geometry. A circular screen with a ra-
ability to monitor bunch dimensions on such a small scal€,. ; .
dius » made of a perfect metal is placed at a distance

Coherent transition radiation (CTR) iS now intensivelwrom the diaphragm' whiléis the distance between the di-
used for ultra-short bunch length measurements due to ghragm and the detector having a diametg( Fig. 1a).
simplicity of implementation and small perturbations proThe incident particle with chargeand velocityv hits the
duced to the beam. screen at the center. Emerging TR propagates in tthie

In this technique the bunch longitudinal dimension carection. Let us introduce three different sets of coordinates
be extracted from the measured CTR spectrum if the iff%s,ys),(§,n) and ,y) for the screen, diaphragm and de-
coherent TR spectrum is precisely known [3]. In practicg€ctor planes, respectively.
however, there is a number of experimental factors, such asIn cylindrical coordinates we have:
the limited bandwidth of the detector and diffraction effects . .

_ . . Ts COS @ x COS X
due to finite apertures in the radiation transport channel, { } = Ps { } ,{ } = { } ; (1)

- Y sin @ Y sin x
which cause hardly evaluated losts of the low frequency
part of measured spectra, thus leading to a considerable un=
certainty in the bunch length and shape determination [4]P(

S

hen the TR field components at an arbitrary point

X,y) in the detector plane in the first order Fresnel ap-
Furthermore, the proper role of the size of the targgiroximation of the diffraction theory, and neglecting phase

in modifying the power spectrum of incoherent TR wasonstants, are found to be

shown [1, 2] recently. It was found that the TR spectrum 2 k2 71 (kL ps)

from a finite target is a complex function of the beamen-  E, ,(P,w) = q2 _/dpsps/dkj_l;i%

ergy, target extensions, frequency and angle of emission, 2m?v ab ki to

i.e, very different from the flat spectrum given by the FrankXei(k/Qam)pi/dso{COS @}e_i(k/am)pps cos(eX) £ (p), (2)

formula, that has been used so far. The effect occurs when sin ¢

the paramqteﬂA, whgrgy is the relativistic factor of the wherek is the projection on the xy plane of the the photon
beam and\ is the radiation wavelength, exceeds the trangy e vector: — wie,a = wjvy, m = 1+ b/a, Jy is the

verse dimensions of the target. Bessel function of the first kind and

* Email: verzilov@Inf.infn.it

D
L(p) = 27Tei(k/2bm)p2/ dCCei(km/Qb)cz Jo(kCo/b), (3)
0



8 @ allowing to approximate the aforementioned phase factor

R - by 1.
A o As a consequence of simplifications made, the total spec-
PR 5 ! trum of TR from the finite-size screen, integrated over the
®) detector aperture, in the wave zone is found from Eq. (2)

e upon a change of variabje= am sin 6:
<] =

— — 2(]2 k2 [Om
: > S, = E@/ dfsinfcosd ®%(r, a, k, ksinf) , (6)
0

whered,,, = arcsin(d/am) is the angular acceptance of
the detector and

1) ar
' . O(r,a,k,d) = peR - R [0 K1 (ar)Jo(or)
Figure 1: Three schemes of measurements under consider- r
ation. + aJi(0r)Ko(ar)] —/ dpsJo(kps)Ji(dps) . (7)
0
p= \/pz T (2/a2)p2 + 2(b/a)pps cos(p — X) » Here K,, is the modified Bessel function of the n-th order.

Figures 2 and 3 show the spectra calculated by using Eq.

As follows from Eq. (2), the field in P is built up by a (6) for parameters and frequency ranges typical for bunch
coherent summation of the waves emitted by all points dgngth measurements, and normalized to the corresponding
the source and so it depends on both the shape and the $ip&ctra from an infinite screen.
of the screen. The functiof, mainly determined by the
integral over the diaphragm surface, gives a contribution
from the standard diffraction by the aperture. The above

11— ;
[ 100 MeVv

integral is well known (see, e.g., [6]) and is expressed in 08
terms of the Lommel functions. 1
Thus, Eq. (2) includes effects given by both the size of 06l
the screen and the diffraction produced by the diaphragm. & |
The latter is well known to produce, basically, a low fre- 3 oal
guency spectrum cutoff, almost entirely defined by the di- o
aphragm aperture and angular acceptance. Hence, from I
this point on, we found it reasonable to focus our study 02
on that of the screen size. To this end we formallyllet I
tend toco. ol ]
1.516? 2102

(R R RN R SRS I
0 516* 1102

In terms of the theory of radiation, the phase factor )
frequency (set)

qguadratic inps in Eq. (2) specifies first order corrections
to the so-called wave zone (or radiation zone) approximia_.-.

tion due to the extension of the source and the sphericity ofdure 2: Spectra;, of TR n the first scheme of measure-
: ments, for a screen with radius of 20 mm and a detector
wave fronts at the point P.

- . . . ngular acceptance of 0.05 rad.
For a finite-size screen these corrections are notlceabqeg P
if
7“2 am

— >A> . (4) 2.2 Spectrum of TR from a screen in the focal

am ¥
and their effect s, in last instance, to reduce the "effective” plane of a lens
size of the screen. The second scheme under consideration ( Fig. 1b) is a sim-
It should be noted that these corrections are relevaptified geometry normally used in autocorrelation interfer-
even for an infinite screen causing it to act like a finiteometric measurements, when the screen is placed in the
size one with an "effective” dimension depending on théront focal plane of a converging lens (parabolic mirror) to
wavelength and the distance to the observation point, if TRroduce, behind the lens, a quasi-parallel photon beam.

is observed at distances The analysis performed for a thin lens with diameter
and focal lengthf results in the expression for the field
M >z (5) identical to Eq. (2) and (4) if one puts= f andm = 1.

The power spectrum, in the infinite lens approximation, is,
In the far-infrared region, that represents our main intekherefore, given by Eq. (6) with

est, the wave-zone condition can be well fulfilled by ad-
justing the distance between the target and detector, thus O = arcsin(d/f) . (8)



is just a "magnified” image of that in the source plane,
i ] both screen and detector are equivalent in producing re-
08} strictions on the transverse region over which the power
I | spectrum must be calculated; namely, the spectrum is only
determined by the minimum values &fM andr.

inf
(A

(8]

3 EFFECT OF THE SCREEN SIZE IN
CTR BASED BUNCH LENGTH
MEASUREMENTS

Considering a low-frequency distortion of the TR spectrum
B due to a finite-size screen in the context of bunch length
2107 measurements one can expect that its effect on the accu-
racy of the bunch information retrieval may be sufficiently

. . . small as long as the corrupted portion of the spectrum is
Figure 3: Spectra of TR, in the first scheme of mea- negligible compared to the frequency content of the bunch

surements for a screen radius of 20 mm and beam energy o, o represented by the bunch form-factor. For the

of 1 Gev. Nur_nber;_next to the curves are detector angu'ﬁ%ussian—shaped beam the following qualitative criterion
acceptances in radians. can be used to estimate whether for a given bunch length
o the effect of the screen size is important

The similarity between the first and second schemes can
be seen by simple ray tracing: the effect of the lens is ba-
sically to "draw” the detector towards the screen, resultin
in an increase of the angular acceptance of the system.

S /S

0.4

0.2

P I S S S TS SO ST S EN SR
0 516" 1107 15167
frequency (set)

0. < ¢/V2uwen . (12)

gierewch is a characteristic cutting frequency of the spec-
trum due to the effect. If, as usual for such kind of prob-

) . lems, one defines the cutting frequency as a 10% dropoff
2.3 Spectrum of TR in the screen’s image plar@ spectra from the high-frequency plateau, simple approx-
Here the diaphragm of the first scheme is replaced byi@ate relations fow., may be obtained by analyzing Egs.
lens of the same size amdandb are chosen such that the (11) and (6), respectively

conditionl/a + 1/b = 1/ f is satisfied ( Fig. 1c). In this B )

geometry the screen is simply imaged onto the detector. wen(sec™!) = 3.3 - 10°E**T(MeV)/ /8, (rad)  (13)

The expression for the field is given by

and
g K k3 (K Lps) _
Eyy(Pw) = 5720 ab /dpsps/dklw wen(sec ) = 8.3 - 100 B8 (MeV) /d(mm) . (14)
i(k/2a)p? cos
Rl ET2 e V- N

where, as before; is the pattern resulting from the diffrac- 4 REFERENCES
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A SIMPLE DERIVATION OF THE LONG WAVELENGTH EDGE
RADIATION FROM A BENDING MAGNETS

M. Castelland
INFN - Laboratori Nazionali di Frascati - CP 13 - 00044 Frascati - ITALY

Abstract The radiation field amplitude produced by avelocity
direction change ighat of a “prompt” bremsstrahlung in
which the velocity module remainsonstant. The total
amplitude is thesum of all the bremsstrahluremplitudes
with their relative phase difference.

For long wavelengths araroundthe direction ofentrance
or exit from the magnet, only few terraserequired togive
a good description dhe radiation ascomparedwith exact
calculations [2]. TheBosch approximation consists in
considering only the first term.

A simple derivation ofthe “edge radiation” emitted by an
electron beamgoing through abending magnet in the
directions ofits entranceandexit from the magnet itself is
presented.This radiation is characterized bywavelengths
much longer than the synchrotromadiation critical
wavelength in the same magnet.

The far field radiationemitted by an electrofollowing a
curved trajectory inside a finitebending magnetcan be
approximated with any required accuracytbgt produced by
an electron following a segmented trajectory made of straighé THEORETICAL CONSIDERATIONS
lines with suddenchange ofthe velocity direction. The
radiation field amplitude produced by avelocity direction The starting point is the expression of the radiation intensity
change isthat of a “prompt” bremsstrahlung in which theemitted by achargedparticle in an arbitraryaccelerated
velocity module remains constant. The total amplitude is theotion [3]
sum of all the bremsstrahlung amplitudes with thelative

phase difference. M 2
For long wavelengths aratoundthe direction ofentrance 2 5 | nx @Q —B) x3 iw@_néﬂﬂ

or exit from the magnet, only few ternase required togive s _ e B _He ~ e Oy

a good description dhe radiation ascomparedwith exact dwdQ  4mlc I (1‘(3 Dh)z

calculations T ==

1 INTRODUCTION

The so-called “edge radiation” is emitted by an elechream
going through @ending magnet irthe directions of its

entranceandexit from the magnet itself. It isharacterized bending magnet, the integral will lxerformedbetween the
by wavelengths much longer than the synchrotemtiation time of its entrance, &ind the time of its exit.t

critical wavelength in the same magnet. lcansidered for —\ye can always subdivide the integral as a sum of integrals
possible scientific applications because may be brighter than cmaller time intervals
the analogousadiation emittedalong thecentral trajectory
inside the bending magnets. 5
It has been ofteassumedhat thisradiation coulddepend f tnxdn —B) y [.?ED _ (00
from the behavior of the magnet fringing field. will di? e Z S _H Iw@-n H
t

in which n is the observatiomlirection and 3 the particle
velocity.
For aparticle travellingonly oncetrough a finite length

demonstrate that it is only theandardsynchrotronradiation ="
from a finite length magnet. dedQ  4r’c

R.A. Bosch has given a simple interpretation [1] that has i1
some validity in the verjong wavelengthlimit andcan be

considered a “zero order” approximation. For sufficient short time intervaland long wavelength,

| will give a more general derivation, valid for all e canassume that the phagactor is constant foreach
wavelengthsand emission angles, whicleoincides with  jntegral, so that we can perform an analytical evaluation
standard synchrotron radiation at short wavelengths.

The starting point is the observation that tlae field
radiation emitted by an electron followingcarvedtrajectory a1 2 = (HI xB
inside a finite bending magnet can be approximated with any. Z e'¥ Q‘——
B

required accuracy by that produced by an eledimiowing a dadQ  4r’c
segmented trajectorynade of straight lines with sudden
change of the velocity direction.

d
. @
¢l

#michele.castellano@Inf.infn.it



This corresponds tapproximate thecurved path of the two radiating foils, and, equivalently, but less known, as an
particle with a segmentedrajectory, in which theparticle ynder threshold Cherenkov radiation.
velocity, constant in module, changes suddenly its direction. T petter understand the effects of these terms otothk
Theradiation amplitude foeach change of direction caNymplitude, we willanalyzethe behavior of one of them in

be written as that of a particle in unifommotion suddenly o™ 17 ontay plane,where its contribution is more
stopped, plus that of garticle startingwith constant sensible

velocity in the new direction. The two amplitudbave h | litude of . d
opposite sign due to the different accelerations. We havetwo equalamplitude of oppositesign separate
This approach of “prompt bremsstrahlung” has proven iy a phase difference that can be written as

efficacy in many radiation processes, from standieausition

radiation to undulator transition radiation [4]. (p:@(l—ﬁcose)
For our purpose, we can rearrange the terms of the sum in A
) in which d is the distance traveled by the particle Gisdthe
observation angle with respect to the particle velocity.
0 0 2 The intensity distribution produced by a single segment of
il -®)0 nxp. nxp o, the trajectory is given by .
4 _ 2 _ 2] 2 2 . C5ing
dlz - 62 Hl DI:EBO) (l Dl:l}f) H (2) &%Q:%E%ggnzeﬁa
dodQ 4 f g nxp nxp (0 -0 )0 It is clear that the smaller is the ratid dthe lesser is the
z ——kee > K 5 e'((pk %) intensity, but spanning largerangle range. This must be
T E(l—ﬂ H}k_l) (1—D H}k) kept in mind wherdecidinghow segmenting thérajectory

and how many terms of the sum in (2) should be considered.

The first two terms in (2) represent, respectively, the
radiation field amp_htude produced by a partithat, moving 3 NUMERICAL SIMULATIONS
at constant velocity, stopsuddenly atthe entrance of the
bendingmagnet,and that of a particle at rest that starts
moving in uniform motion at the exit of the magneéach To demonstrate¢he effectiveness othis approach, lhave
of these amplitudes, thaare often found in radiation calculated the radiation anguldistribution in the horizontal
phenomena, as Optical Transition Radiatigmpduce a plane for a real caseg. the Super-ACO storageing, for
radiation anguladistribution with a maximum intensity at which exact calculations and measurements exist [2].

an angle equal to yivith respect to the particle velocity, The machingarameters relevant fahis calculation are
being the particle relativistic factor. summarized in Table 1.

If the bending angleaused bythe magnet is muclarger
than 1y, the two amplitudes do nanterfere,independently Table 1 — Relevant parameters of Super-ACO
of the wavelengthand wehavetwo separate sourcesach Energy 800 MeV
with the properties of a prompt bremsstrahlung. This is thq Bending angle 4 rad
approximation introduced in [1]. In thisasethe radiation is Curvature radius| 1.7 m
distributed symmetrically around the direction of entrance
and exit of the beam from the magneind has a flat The large bending angle prevents aimgerference

spectrum. Exact numerical calculations [2] show between amplitudes at the entrance and exit of the magnet,
approximation has some validity only fovery long  for all reasonable wavelengtfalue, so that the first two
wavelengthsand isnot able to give theadiation intensity amplitudes in (2) can be considered separately.

at larger angles, where the other terms inaf2much more In the following | will show someexample of the

important. radiation angular distribution along the editection from
These termsalso arenot new in theradiation panorama. the magnet. In thiscasethe first term in (2)can be
Each element othe sumrepresentsthe field amplitude  neglected. IrFig. 1 theeffect of asingle bremsstrahlung
produced by aparticle starting, from rest, at constant amplitude (second term in (2)) is shown. Thiresponds
velocity in a givendirectionandthen stoppingafter afinite to the“zero length” modelpresented if1]. Intensity and
path length. In thesegmented trajectorymodel, this  angular distribution of theadiation donot dependfrom
represent the radiation amplitugeduced bythe particle in wavelength. It must be noted that faractical reasons the
a single rectilinear segment. This amplitude has Iseefied  jntensity is given inarbitrary units, but thescale is the
in transitionradiationemission as thénterference between gzme for all the pictures, which can be directly compared.



Positive angles are towards the inner part ofcireed Even if based on a small number of terms, this result is
trajectory. accurate, compared to exact evaluations, to better than 1%
on the peaks and to better than 5% on the tails.

Increasingthe number of segmenend the number of
terms considered in(2), the intensity distribution at
shorter wavelength can be computedth the same
accuracy. As it is shown #ig. 3, theasymmetry of the
] lobes increasesand the distribution approachegshe flat
/ \ / \ ] behavior of the “standard” synchrotron radiation.
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4 CONCLUSIONS

2
/ \ The approximation of the trajectory inside banding
e \ magnet as a sum of straight segments allows an intuitive

dl/dwdQ [A.U]
N
(4]
—

andsimple evaluation of theadiation emittedalong the
1 \ directions of entrancand exit from the magnet. In the
/ case oflong wavelengths araccurate result can be

0.5 ; \ obtained by asimple expression. The use of prompt
// \ bremsstrahlung amplitudes allows also donsider the
o - interferencewith other possiblesource of radiation along
0006 -0.004 0002 0 0002 [?53]04 0.006 the straight sectiorfue toinsertion devices oreven the

mirror used to extract the edge radiation, in a simple way.

Fig 2 — Angular distribution of edge radiation at 300 5 REFERENCES
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Abstract

The fastcodeHOMDYN has been recentlgeveloped, in
the framework of the TTF (TESLA Test Facility)
collaboration, inorder to study the beandynamics of
linacs delivering high brightness beams as thaseded
for short wavelengtiFEL experimentsThese linacs are
typically driven by radio-frequencyphoto-injectors,where
correlatedtime dependenspace charge effects are gieat
relevance: these effects cannot be studiedtbydard beam
optics codes (TRACE3D, etc.) and they have been
modeled so far byneans of multi-particle (PIC oquasi-
static) codes requiring heavy cpu time and memory
allocations. HOMDYN is able to describethe beam
generation at thephoto-cathode and the emittance
compensation process in the injecesenrunning on a
laptop with very modest runningtimes (less than a

minute). In this paper we show how this capability of th
code isexploited so to model a whole linac up to the

point where the space charge dominateggime is of
relevance (200 MeV).

1 GENERAL CRITERIA FOR
OPTIMIZATION OF A PHOTO-INJECTOR

The art of designing optimized RF Photo-Injectcapable
to deliver high brightnesselectron beams hasoved in
the last decade from a cut and try procedguoied byrule
of the thumb guessesdgoing through time consuming
simulations, up to a fagtarameter spacgcanningguided
by the analytical results of the theoreticalodel for
laminar beams [1]achieved bymeans of a fast running
code based on multi-beam multi-envelope description of
the beam dynamics. Bthis technique it ispossible to
study the time dependent space changiblem inherent in
the beamdynamics ofsuch devices, so toreach the
optimum operating point whichorresponds tanaximum
beam brightness.

The code HOMDYN [2] is actually tailored to describe,
within a multi-envelope multi-beanframe, the space
charge dominated dynamics laiminar beams impresence
of correlated, ortime dependentspace charge forces:
becauseit's not a multi-particle code, but a multi-
envelopeone, thecode behavedike any beamtransport
codelike TRACE-3D or TRANSPORT, giving rise to
very fast modeling capability for photo-injectors.

It hasbeen bynow understoodhat the optimization of a
photo-injector corresponds to acceleratamgl propagating
the beam through thdevice asclose as possible to two
beam equilibrium, a laminar Brillouin flow (idrifts) and
the so-calledinvariant envelope (iraccelerating sections)

which is a generalization of Brillouin flow for an
acceleratedbeam. In thiscasethe beamundergoescold
plasma oscillations, i.e. th&pace chargeollective force
is largely dominant over the emittance pressuteere the
betatron motion(trajectory cross-over) isalmost absent
(laminar flow) and the frequency of the plasoszillations
due to mismatches between tmace charge forand the
external focusingyradient is tofirst order independent on
the current. It is such a frequenicglependencéhat brings
to reversible normalized emittance  oscillations:
acceleratinghe beam through the invariant envelgpst

makes these oscillations damped like the square root of the

beam energy, bringing theormalized emittance at the
injector exitdown to a steadgtate minimumwhen the
oscillations are properly tuned.
The laminar behavior of an electron beantlisracterized
l%y the laminarity parameter

0

_ 8 [19@)/21
= [
BV 3y /4+ Q7 B

which is defined in terms of the besaweragesnergy y ,
the peak current| (1, =17 kA) , the accelerating

gradienty’ = €E,./mc? , the Larmorfrequency of the
eBSO

solenoid focusingfield Q = > L and the rms
m

normalized thermal emittanc&, , . The beam isaid to

be laminar whenever
>> 1, which occurs fromhe photo-cathodesurface

up to energies even in excess W0 MeV for beams
carrying about 100 A of peak current.
The time dependence othe space charge field effects is

expressed through the geometrical fac@ﬂf ) , which is

a function of the longitudinal position in thelectron
bunch (the so-called slice position), defined as

{=z-[ct+2,

Wheneverthe geometricafactor g(Z ) has a significant
variation along the bunch, we obtain a bepenveance
term in the rmsenvelope equation, which islice-

dependent, therefore we are in presencémé (or slice)

dependeneffects. In thecase of a cylindricabunch we
have for instance

2 ] 40
2A g+12§5§+80§5§ 0.
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showing that when the bunaspect raticA= R/L is field. In the drifting tubedownstreamthe gun the rms

not much smaller than 1 theéependence orhe slice €mittance reach a first minimum (0.9 mm mrad)
coordinate can be quite relevant. corresponding to the minimurg'€0) enveloped, = 1.18

It has beenshown that the rmsprojected normalized mm) at z=1.2 m from theathode, wher¢he booster is

| placed,(Fig. 1).
emittance £, = p\;“<X2><X'2> —(xx')? oscillates with

a  frequency /2K, at an amplitude
R Gun + Drift
Q) | o\ 2 ) D
Ag, D\‘c—,\s\g >/<g> 1 whenever abunched a5 : 1o
Yy 3 t.M g 3s
beam (i.e. g(Z) #1) is rms matchedinto a focusing = 2.5 125 4
channel of gradientK, , i.e. on a Brillouin flow § 125 K“--..,\ is ?
. | lg(Z) . N7 N et S, S M
equilibrium UB(Z) = .|7=——3, (whereO is the rms 3
\‘\ 2|0y Kr 0.5 50,5
beam spot size, eventually slidependent). Accelerating *o 02 04 06 08 1 L2
= Z_[m]
on the invariant enveloped (Z) — 3 ‘q‘ Ig(Z) Figure 1: Beam envelope and rmarmalizedemittance in
v y' \‘ 3,y " the gun and drift up to the booster entrance.

which is a particulaexactsolution of the rmsenvelope T4 match the booster cavity (9 cells 1.3 GHz
equation in the laminar flow regime, brings ®#mittance s perconducting cavity) tthe beam we use the previous
to damped oscillations. The basic point in tesign of a criteria to compute thaccelerating fielcheeded. Itresults
photoinjector istherefore tomatch properly the beam atto be 10 MV/m with 1=40 A ang = 10.

injection into anyacceleratingsection,according to these

criteria:
~ Booster + Quads
o' = 0 ,implying a laminar waist at injection ¢ N
3.5 3.5
I 8 E s
,_2 g . : E
y =—_ , i.e. an rms match on the inv. env. £ 25 -_~=|_...q.‘_‘::\ S
O \“ 3|oy J 2 \ 2 3
1.5 .I""'\\'. 415 &
. . o L 1
Thesealso requiresthat focusing elements Ildrlf'tS pe LA = E
spaced close to one quarter of plasma oscillation 0.5 P e 10°
47Ty 2 ° 2 :1 6 8 10 120

wavelength, given by | =

Z_[m]

Figure 2: Beam envelope and rmsrmalizedemittance in
the booster and drift up to the cryomodule 1 entrance.

y' V3~

Downstream the booster the rms emittarezech asecond

2 APPLICATION TO THE TTF-FEL LINAC minimum (0.8 mmmrad) inthe drift and atthe booster
In this section we study how to implemenihese exit (z=2.4 m) the b.ea.m envelope; € 0'35. mm) isstill
matching criteria into thactual design othe TTF linac parallel to the z-axigith y = 35. In theideal case, as

.~ discussed in[3], the envelope should ballowed to
up to theend ofthe secondcryomodule, corresponding 10 pertorm small oscillationsaroundthe equilibrium value
abeam energy i200 MeV. A previous analysis [3] wasreached inthe boostemndsmoothly transported to match
devoted to ayenerallay-out for the linac withcomplete the conditiono’=0 at the entrance of the firstyo-module.
degree of freedom in thgpacing of focusing elements andThe situation is here complicated bythe technical
acceleratingsections (i.e. the cryostats containing 8 S€onstrains of thalrift section,foreseen tchouse focusing
acceleratingcavities, eachwith 9 cells working at 1.3 elements (onequadrupole doublet and two triplets),
GHz). In the following wewill comparethose results to diagnqsticstationsand achicanecompressor. Iraddition
the best onecan dowith the actual lay-out neglecting Py usingquadrupoles asocusing elements thenvelope
compressor magnets, not yet implemented in to the cog@nd the emittance oscillationare split in the x and y
The 1 nC beam igenerated irone and half cells RF-gun planes, resulting in difficult task to match bottplanes
operating atl.3 GHz with 40 MV/m peak field on the (© the cryo-module.
cathode, by a 8 ps (sigma) lotager pulsewith 1.5 mm
radius. The gun iembedded in ®.11 T split solenoid
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Figure 3: Beam envelope and rmarmalizedemittance in

cryomodule 1 and drift up to the cryomodule 2 entrance.
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The best solution wefound results to be the less
perturbing to thecylindrical symmetry of the beartFig.
2). We allowedindeedthe envelope taliverge up tog, =
1.75 mm with lowquadruolesgradients sathat to keep
the emittance oscillation in phase in both planes up to the
entrance of the firstryomodule (z=11.M). Thebeam is
there boostedvith 11 MV/m accelerating field, a low
gradient is chosen to avoid ovefocussing in the
acceleratingsection. Emittance oscillationare damped
during acceleration around 2 mm mrad (Fig. 3).

With the samecarethe beam igransported tahe second
cryomodulethrough aquadrupolefocusing channel and
boosted up t®200 MeV in thesecond cryomodulé¢Fig.
4),

Cryo2 + Drift
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Figure 4: Beam envelope and rmarmalizedemittance in
cryomodule 2 and drift.

4 CONCLUSIONS

By joining the analytical predictionsand optimizing
criteria produced bythe theory of intense relativistic
laminar beams with th@owerful capability of the new
codeHOMDYN to model afull photoinjector up to full
scale energy (200 MeV) in very short cfimmes (minutes
on a laptop), the optimization of a nedesign or the
searchfor the optimum operating point of gresentlay-
out can be accomplished quickBnd easily. Webelieve
that the general design of future injectors will benfedin
such a new user-friend procedure.



A 90 GHz PHOTOINJECTOR’
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Abstract

Photocathode rf guns depend on mode locked laser
systems to produce an electron beam at a given phase of
therf. In general, the laser pulseis less than 0, = 10° of
rf phase in length and the required stability is on the order
of A@ = 1°. At 90 GHz (W-band), these requirements
correspond to 0, = 333 fsec and A@ = 33 fsec. Laser
system with pulse lengths in the fsec regime ae
commercialy available, the timing stability is a major
concern. We propose a multi-cell W-band photoinjector
that does not require a mode locked laser system. Thereby
eliminating the stability requirements at W-band. The
laser pulse is adlowed to be many rf periods long. In
principle, the photoinjector can now be consdered as a
thermionic rf gun. Instead of using an alpha magnet to
compress the electron bunch, which would have a
detrimental effect on the transverse phase space quality due
to longitudinal phase space mixing, we propose to use
long pulse laser system and a pair of undulatorsto produce
a low emittance, high current, ultra-short eectron bunch
for beam dynamics experiments in the 90 GHz regime.

1 INTRODUCTION

In this paper we present adetailed rf and beam dynamics
design of an 90 Ghz electron source for use as a source of
unpolarized electrons for a switched matrix accelerator [1].
RF simulations in both the frequency and time domains
were conducted using GdifidL [2]. The beam dynamics
simulations were conducted using HOMDYN [3] ad
ITACA [4]. The design parameters of this injector ae
listed in Table 1.

2 THEORY

The scaling of a S-band design up to W-band following
scaling laws [5] for RF guns brings to on cathode
emissivity which are well present state of the art. In fact,
since bunch sizes scale like RF wavelength as well as for
the bunch charge, that implies that bunch peak current
scales invariant while current density scales like the square
of the frequency. This leads to a current density in excess
of a few MA/cm2 if the BNL/UCLA/SLAC [6] gun
designis scaled up to 91 GHz (see Table 1). Furthermore,
the cathode RF peak field, as well as the solenoid peak
field, scale like the frequency leading to a pesak field in
excess of 3 GV/m and a solenoid pesk field of several

"Work supported by USDOE DE-AC03-76SF00515
* Email: dtp@dac.stanford.edu

Tedlas. Because of the tight requirements imposed by a
pure scaling, together with the requirement of a laser
phase-jitter less than 30 fs, we abandon the conventional
scheme for RF guns and adopt a different lay-out.

We follow the scheme presented in [7], where a laser
pulse longer than the rf period is sent onto the photo-
cathode surface in order to extract a long electron bunch,
typicaly aquarter of the rf wavelength, carrying a modest
current, around 20 A. There is no need for phase stability
of the laser in this case, not even phase-locking: the
accelerating rf fidd sets up the time structure for the
beam. The scaling up to W-band of the lay-out presented
in [7] at 1.3 GHz requires a 1.5 GV/m peak field at the
cathode and an 11 pslaser pulse generating 170 pC at the
cathode surface, of which only 40 will be extracted from
the gun. Since the cathode spot size is 120 microns ad
the extracted current 10 A, the cathode current density is
limited to 20 kA/cm?2.

Table 1: Nomina S-band operating scaled to W-band for
both a pure scaling and the proposed long pulse scaling.

Nominal S-band | Scaled W-band | Scaled W-band
Parameters Parameters Long Laser
Pulse

Gradient [GeV/m] 0.140 45 1.5
Solenoid Peak Field [T] 0.23 7.3 2.5
Charge [nC] 1 0.032 0.166 (use 1/4)
Laser Pulse Length [ps] 10 0.3 11
Laser-rf Phase Jitter [fs] 1000 30 Anything
Cathode Spot Size [um] 1000 30 120
Current Density [A/cm?] 3x10 >10 3x 10

The HOMDYN and ITACA simulations shown in
Section 4 show that the linear energy-phase correlation at
the front part of the bunch (i.e. the first 30 RF deg), can
be transformed into a phase compression using a
undulator, achieving a current in excess of 600 A in a
sharp peak afew RF degreeslong.

3 DESIGN AND MECHANICAL
FABRICATION

This rf gun is basically a 1.6 cell BNL/SLAC/UCLA S
Band rf gun scded to 91.324 GHz. Power is
symmetrically feed into the full cell which adso has



symmetrical tuners, as does the half cell. The gun is
shown in Figure 1.

RF Feed

Half Cell

N\

Exit Port

Full Cell
RF Feed
Figure 1: A schematic of the 1.6 cell W-band electron
source.

The waveguideto full cell coupling slot is the full height
of the full cell. This was decided upon to facilitate the
wire EDM manufacturing process The waveguide feed in
the body of the gun is not dandard WR-10. The
waveguide cutoff dimension is still 2.54 mm or 60 GHz.
The waveguide height is dightly smaller at 1.016 mm
versus 1.27 mm for dandard WR-10 waveguide. This
decision was determined by our manufacturing technique
of wire EDM and our assembly process of high
temperature bonding at the high rf current joints. The gun
is manufactured out of 5 layers of Glidcop AL-15 [4] to
prevent distortion of the cell to cell and rf coupling iris
during the thermal cycle necessary for the bonding. The
first of these five layers consists of a cathode plate. A half
cell plate, which is the thickness of the half cell which is
wired EDM. The third plate isthe cell to cell iris. The full
cell plate which is dlightly thinner that the narrow
dimension of WR-10 waveguide. It should be noted that
the symetric waveguide feed does not extend to the
boundary of the material. Only after these five layers ae
bonded does the waveguide extend to the outer body of the
gun. This is to facilitate the alignment and assembly of
the gun. The last layer is the exit port of the gun. This
layer has the same ID as that of the cell to cdll iris. The
individually layers of the gun are produced out of a single
piece of Glidcop Al-15, in which aligment pin hole are
first bored in to the block. A section of this block is
diced off to produce the cathode plate with it alignment
pins. A wire start hole is popped through the remaining
block. The cell to cell irisiswired into the block and then
a section of the block is cut off. This section will be used
to manufacture the cell to cell iris and the exit port of the
gun. One of the blocks is then diced into thin section a
little thicker than the required cell to cell iris thickness.
These will be diamond fly cut flat and parallel to facilitate
diffussion bonding. Next the other half of the origina
block will be cut in half and the full cell cavity ad

waveguide profile will bewired and diced as was the case
of the half cell. Thesein turn are also diamond fly cut.
The assembly is then cleaned and diffussion bonded. At
this point the outer body of the gun is cut to expose the
WR-10 waveguide.
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Figure 2: Smith chart reperesnetion of GdifidL

smiulations of S;;

The rf simulation code GdifidL was ulitized to produce an
S;; = 1.00 with equd fields at the cathode and in the
middle of the full cell (see Figure 2). A Smith Chart
representation of this match is shown below in Figurer 3.

Figure 3: S of both the 0 and pi-modes.

Using the Shunt impedance calculated form Gdifidl we
find that the required power from a W-band rf source will
in excess of 1 GW.

4 SIMULATIONS

In this section we present a possible configuration for a
W-band injector based on a preliminary study of beam
dynamics in a system consisting of a 1.5 cell W-band



gun, followed by a solenoid lens, a SW 8 cell booster
linac and a short undulator. The gun is 2.5 mm long, the
drift up to the booster is 17.5 mm, the booster is 13 mm,
the drift up to the undulator is 12 mm and the undulator is
160 mm (8 periods with 2 cm period length).

In order to achieve anice phase focusing in the gun we
have to use a low value for afa (0.8), resulting in 1.5
GV/m peak field at the cathode. The solenoid lens, located
6.3 mm from the cathode (at z=0), must providea 25 T
peak field. The booster linac is run a 500 MV/m
accelerating gradient, while the undulator requires a pesk
fieldof 0.5T.

A bunch charge of 166 pC is produced at the photo-
cathode surface during the illumination of a 11.1 ps laser
pulse (as long as the RF period): because of the low afa,
only the first 65 RF degrees are successfully extracted
from the gun, i.e. the first 2 ps of laser pulse lasting from
the O cathode-field time (0O RF deg) until the 65 RF deg
time. The rest of the electrons are either back-acceerated
onto the cathode after leaving the cathode surface (those
between 65 and 180 RF deg) or not even extracted because
of the wrong sign in the applied field (those between 180
and 360). The nominal current in the extracted eectron
bunch is 15 A (30 pC in 2 ps), implying a cathode current

Correlation Allows
Compression in the Wiggler

o S LTl S o T
Pogdrion along bunch [mm|

933

Current Low at Booster Exit

40,5 40,5 3.7
Slce alang bunch [mm|

do.4

Figure 4: Correlated head of bunch at booster exit.

density of 33 kA/cm? at a cathode spot size of 120
microns (as was used in the simulations). The bunch is
then focused by the solenoid lens, which is needed to
overcome the RF defocusing kick, and injected almost

collimated into the booster, which brings up its energy to
7.8 MeV (at the gun exit 1.8 MeV). As aresult of the
huge phase spread, the energy spread is but nicely linearly
correlated in the head part of the bunch (the first 20 RF
degrees from z=40.65 to z=40.8, the bunch has just exited
the booster). The effect of phase-focusing, achieved thanks
to the operation at low alfa, brings a density compression
in the head part of the bunch, as shown in Figure 4,
plotting the local current carried by the bunch, which is
much larger than the nominal valuein the head part while
much lower in the tail: because of the phase-focusing one
obtains peak currents around 70 A, a factor 4 larger than
the nominal value.

idii

Figure 5: ITACA output of Gun, booster and undul ator
showing: the bean envel opes, emittance, longitudinal
phase space, and peak current.

The beam is further injected into an undulator (no other
focusing lenses were used in the short drift to the
undulator) that acts like a dispersive medium boosting the
phase compression mechanism which would take place
anyway even in a simple drift, because of the negative
correlation in the energy-phase correlation of the bunch
(head particles less energetic than tail particles).
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Abstract 60 degree incidence

Experimental results on photoemission by ferroelectric ce-
ramic disks, with a possible interpretation, are presented.
Two types of lead zirconate titanate lanthanum doped,
PLZT, ceramics have been used for tests. 25 ps light pulse
of 532 and 355 nm were used for excitation. The intensity,

ranged within the interval 0.1-3 GW/énThe upper limit

of the intensity was established by the damage threshold
tested by the onset of ion emission. At low value of the

intensity the yield was comparable at the two wavelengths.
At the highest intensity of green light the emitted charg
was 1 nC per 10nm?, but it was limited by the space

charge effect. In fact, the applied field was only 20 kV/cm,

allowed both by the mechanical design of the apparatus afggure 1: &) Sketch of the experimental apparatus used in
the poor vacuum, 10' mbar. No surface processing wasthe photoemission experiments: the two used Faraday cups

required. The measurement of the electron pulse length (& Shown for simplicity on the same figure (one behind the
der way. other); they are interchanged depending on the incidence

angle. b) Sketch of the cathode with the two front elec-
trodes used in tests. The passively mode locked Nd-YAG
1 INTRODUCTION laser provides some mJ of light at= 532 nm for a pulse

. . length of 25 ps. The illuminated area was abouti(2
Lead zirconate titanate lanthanum doped (referred as 9 P

PLZT) ferroelectric ceramic showed interesting properties

as photoemitter material [1, 2]: this type of photo-cathodgn relation to lead), zirconium and titanium relative atom

showed an emissivity higher than that of metals, they wefgercentage. Samples without and with prepoling, at room

able to emit at any photon energy from green to UV angemperature, were tested. Ceramic 8/65/35 is in ferroelec-

they were very robust, they did not need any processingc phase, while 4/95/5 is in antiferroelectric phase. These

and, furthermore, they did not require high vacuum condimaterials have a high density of defects whose activation

tion. energy is about 1 eV [6]. The cathodes are disks of 16 mm
An experimental program has been set at the LNF (Lattiameter and 1 mm thickness, coated by a uniform metallic

Nationali Frascati-Roma) based on the fact that the profitm at the back surface and by either an external ring or a

erties of this material can be determined simply changingrating at the front surface, see fig.1 b). The best results

the compositional percentage and changing the polarizatioame with the ring front electrode and 8/65/35 unprepoled

state. The physical state of the surface is strongly changsamples.

by prepoling and by setting a polarization state. In partic-

ular, it seems possible to set a polarization state such that 2 EXPERIMENTAL RESULTS

the surface electrons are acted on by a repulsive force, or,

alternatively, it is possible to set at the surface a very dendde emission in the log-log diagram from a PLZT 8/65/35

sheet of electrons[3]. is shown in figs. 2 and 3. The emission was limited by the
The sketch of the experimental setup is shown in fig. Space charge effectin the case of green light shining, it was

Two incidence angles were use)° and0°. In the latter Notin the case of violet light shining.

case a hollow Faraday cup with a front grid was used. No The damage threshold has been checked reversing the

variation of the y|e|d was measured for the two Configuradirection of the accelerating field. In f|g 4 it is shown that
tions. the energy at which the ion emission starts is farther than

the beginning of the space charge effect.
The experimental program started with the material good From figs. 2 and 3 we notice: a threshold with green
for emission with electric excitation [4, 5], that is PLZT light, a yield of an angular coefficient nearby 4 for green
8/65/35 and 4/95/5, where the numbers refer to lanthanuiight and nearby 3 for violet light. Extrapolating with an
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Figure 2: Emitted charge versus laser energy for PLZT

fitting the points scales agal*. points are obtained at 7 kV of applied voltage, while the

. points of the upper curve are obtained in succession but

0 e PLZT 8/65/35 P& after having reduced the voltage to 3.5 kV. The hysteretic
10© A= nm @E?@ behavior was not observed keeping constant the voltage.
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Figure 3: Emitted charge versus laser energy for PLZT s
1 1 |

8/65/35 shined with violet light in log-log frame. The slope ‘5 T T T ns 25

of the line isQaJ?.
il p— oL2T 8o D Figure 6: Succession of two electron pulses 2 ns apart
pC A=532nm
o All the tested ceramics had the scaling l@a1? at rel-
® a o atively low light flux for both wavelength.
5 We have tested the emission with two light pulses sep-
. £ o Jaser energy arated by 2 ns 6. The two emissions are substantially sta-
o g 0B B my10mm? ble. The system seems able to provide pulse trains with
0 " 5 3 nanosecond time separation.

The yield of the prepoled samples was higher than that
Figure 4: Starting of emission of ions versus laser enerdf the unprepoled ones, but the damage threshold was con-
with green light. S|dgrably lower. They showed an emission law whlch'was
a bit faster than the two photon emission, but the relatively
low damage threshold did not allow an efficient emission.
accelerating field high enough to avoid saturation effects,
the emitted charge at 3 mJ of laser light would be 2 nC. 3 DISCUSSION
The value of quantum efficiency results around 4 @vith
both wavelengths. The two main characteristics of the strong emission are:
With violet light we could shine with an energy up to 0.5a very low emission up to a laser intensity of about 0.5
mJ only. GWi/cn? and the high non-linearity starting from that
The experiments with the antiferroelectric materiapoint. In addition to this, the other notable fact is the
4/95/5 and hard ferroelectric materielad titanate(PT) change of the operational regime for the PLZT 4/95/5 sam-
gave a much lower yield. The 4/95/5 material showed quitple when it is immersed in a relatively high electric field.
a high enhancement of the yield increasing the acceleratingThe energy diagram of the material shows a trap level at
field in the gap as shown in fig. 5. It is notable that thisl eV from the conduction band and has an estimated elec-
antiferroelectric material shows an hysteretic behavior ason affinity of 3 eV. The electron affinity Eis not well
function of the applied voltage. defined because the surface state is un-defined: is like a



patchwork of pieces with different physical characteristics,
which range from insulating to metallic [8]. A value of
the potential barrier greater than 4 eV is a fairly crude ap-
proximation. The quadratic power law of the emission at
both photon energy of 2.3 and 3.4 eV is congruent with the
energy diagram.

Furthermore, our disk is immersed in the electric field [1]
applied through the diode gap, hence a counter field is cre-
ated by the induced polarization. When the crystal is polar{2]
ized, there is a band bending at the surfaces with a potential
well for electrons at the positive side of the polarization.

The generalized Fowler-Dubrige theory [7] cannot ex-[3]
plain these results. The emission at 2.3 eV and its nongg)
linearity with a power equal or greater than 4 would en-
vision the anomalous heating regime [9], cooperating with[s]
the Auger effect [3]. More generally, we should have the
concurrence of different contributions: one and two-photon[
emission, thermally assisted and Auger emission.

The increase of the emission of 4/95/5 sample as a func[-7]
tion of the applied field, together with its hysteretic behav-
ior of fig. 5 tells that the polarization is very important: [
when the polarization builds up in the sample, the emis-
sion steps up, then the sample remains polarized when tHél
electric field is reduced because of the hysteresis loop. The
experiment with PT material says that the polarization by
itself is not sufficient for obtaining strong emission, but a
strong doping, that is a large number of defects, must be
also present.

Assuming that the electron pulse length is strictly corre-
lated to the light pulse length, that4s 25ps, since the il-
luminated area is about 10 ndgrithe current density would
be higher than 1 kA/cfh

4 CONCLUSIONS.

A new very efficient configuration for ferroelectric photo-
cathodes has been investigated. We got 1nC level of emis-
sion only because the charge was limited by space charge
effect. Since the damage threshold of a ceramic is relatively
high, a large amount of extracted charge can be foreseen.

The emission has shown to be very sensitive to the sam-
ple polarization. This fact allows to foresee a large en-
hancement of the quantum efficiency just increasing the
polarization. This polarization increasing occurs naturally
with the high electric field that are applied in electron guns.

The characteristics of these cathodes, are: a)strong ro-
bustness, they work in any kind of vacuum showing a long
life; b) they do not require any particular processing; c)they
can be operated with green light. In the next future the ex-
tracted electron beam will be characterized in terms of time
structure. If the electron pulse duration is strictly related to
the laser pulse duration, these cathodes promise to deliver
current densities larger than 1 KA/érand to be valid com-
petitors of both metallic and alkali cathodes.
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