P s
INTERMATIONM AL ATOMIO BPNERGY LAGENOT "
ONITED NATIONA LDUCATIONAL. SOIENTIFIO AND CULTURAL OROANIZATION

~

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS ) A Reprint from the

24300 TRIESTE (1TALY)- P.O B.#8n - MIRAMARY. - BATRADA COSTIERA 1] - TELEPHONKS: 224"'71/2/'0/48 8

CABLE: CERTRATOM - TELEX 4803921
SMR/I1Y - 3} HaEEum

SPIE Volume 463

WINTER COLLEGE ON LASERS, ATOMIC AND MOLECULAR PHYS1GS
(21 January - 22 March 198%) Free-Electron Generators of Coherent Radiation

28 June-1 July 1983
Topical Mecting on the free Electron Laser Rosario Resort, Orcas Istand, Washington

Gein messurement and optimization of the snergy extraction from the slectrons
of the Frescati-ADONE FEL

THRE LELA EXPERIMENT M. Biagini, A. Bonl, 5. De Simone, 8. Guiducci. M. Preger, M. Serio,
8. Tozzeri, F. Tazzioli, 8. Trilo, M. Vescovi
LNL.F.N_, Laborstori Nazionali di Frascati

Ch -terization of High Reflecrivity Mirrors M- A . @.C. - M. M. Co F- C ’
aracterization g ¢ b4 ! M. A. Masulio, P. Patterd, R. Rinzivillo, 8. Solimeno
{ M.R. MASULLO) I.N.F.N., Sazione di Napoli and Istituto di Fisica Sperimentale, Napoli

pescription of the LELA Experiment
(5. SOLIMENO)

Nonlinear Optical Problems in Free Electron Lasers
(A. CUTOLD)

- | Y,

5. SOLIMENO
Istituto Nazicnale di Fisica Nucleare
Sezione di Napoli
Mostra d'Qltremare, Pad. 20
80125 Napoli
Italy

-um try the Sotiety of Photo-Opsicel inswrumentatien Enginders
Bou t gton $6217 USA. T 208/676-3290

These are preliminary lecture notes, intended only for distribution to participants.
Missing or extra copies are available from Room 229.



Gain measurement and optimization of the energy extraction from the electrons of
the Frascatl-ADONE ¥FEL

M. Blagini, R. Boni, 5. De Simone, S. Guiducci, M. Preger,
.M. Serlo, 5. Tazzari, F. Tazxioli, 8. Trillo, M. Vescovl

I.N.F.N., Laboratori Wazionali di Frascati

M. Ambrosic, G.C. Barbarino, M. Castellanc, N. Cavallo,
F. Cevenini, M.R. Masullo, P. Patteri, R. Rinzivillo,
§. Solimeno

T.M.F.N., Sezione di Napoli and Istituto d1i Fialca Sparimentale, Napoli

Abstract

fecent results on optical gain measursments on the ADONE FEL are reported and discussed.

In addition, the results of a computer analysis of the Raylaigh length which optimizes the
extraction of energy from the ADOWE beam are discussed togethar their implications on the
configuration of ths optical cavity to be used for the FEZL osclllator. Thess simulations
have been based on a suitable sxtension of ths Madey's theorem and on a representation of
the elactron work against the fleld of a gaussian Leam by means of the far field radiated
Ly the single electron. In turn, the accuracy of the calculated far field has been tested
by comparison with the measursd patterns of the spontaneocus radiation,

Introduction

In the yaars since Madey and co-workers developed the first free-slectron laser, exper~
iments have been set-up in some laboratoriaes! to investigate the aperation of & FEL In a
wtorage ring used as electron source. Thase sxparimsants have now made considerable Prograas.
Recently, the laser built on the ACO storage ring has oscillated fo;‘hnf an hour!, thus
proving the feasibility of devices -nhihittnz 4 gain as low as §:10 °. The experiment in
preparation at Prnclt{ on the ADONE ring differs from the Orsay-Stanford one for the larger
8ize of the alactron machine and the higher energy of the beam. Both thess factors imply the
use of a long optical cavity {17 m}, the remots control of the syatem and the acquisition of
data vig a remctely located computer. Whils these characteristics encumber the Frascati FEL
with a heavier load of technical requirements, it will be possible to extend the analysis of
the mechanisms which would be Ceatermining the evolution of the optical fleld inside the res-
onator. In addition, it will be ®asy to scan the ultraviolet region of the spactrum with the
fundamental of the spontanecus radiatioh, thus making possible the accurate testing of the
mirrocs for a better understanding of the UV damage mechanisms.

After the installation of the 20 pcri?d undulator and the preliminary messurement of
the gain reported at the Bendor conference’, an accurate analysis of the maxinum gain which
can be achieved with the ADONE ring has been carried out during the last few months. In the
meanwhile, the csvity radiofrequency cf the ring has baen alevated to 51.4 MHz, thus allow-
ing the circulation of electron bunches as short as a few hundred picoseconds. In addition,
the chromatism of the ring in correspondence n_‘ the undulator has been eliminated. As a con-
sequence of these steps a pcl.k_'lln of 2.4°10 has baen measured, which contrasts with the
initially reported value of 10 " {see ref. 3).

In the near futurs an orticll cavity will be installed by using as design parameter the
condition that the Rayleigh length of the fundamental mode should be close to one- half the
undulator length, This criterion has emerged from a computer analysis of the optimal gain
for an s-bean having assigned cross-section and divergence, and replaces the generally ac-
cepted condition of maximizing the £illing Eactor of a gaussian beam.

Tha sxperimantal apparatus

The Frascati-ADONE FEL uses a storage ring as & source of electron { see Figure l). The
20 period wndulator®, with two half poles for correcting the electron trajectory, is a normal
electromagnat, hiving a Factor K r = 3.412 and a period of 11.6 cm, designed for gener-
ating a radiation of 5145 a° wich®a"sdad snergy of 625 MeV. In its present conflguration the
electeomagnet oparates as a uniform undulstor; however, it can be rewirsd for basing trans-
formed into a two-stags optical klystron.

An svacuated optical channel has besn bullt by prolongating on both sides the straight
section of the ring vessel passing through the undulator. This channel is ~ 18 m long and

Figure 1. Layout of the FEL section of the
ADONE ring and ths gqain mseasurssant system.

terminates with two Quartz windows allowing the passage of the spontaneocus radfation and the
argon beam used for measuring the gain.

-safe room containing the Ar
hannel it has bsen arranged a radlation-sa toom
laur’::éd:h:h;c::::f;: :ylltlu. The dats &sre transmitted via s voltage-to-frequancy converter

to a computer locatad outside the storage ring hall.

New ADOWE lattice and mesguremast of the electron bunch length

In order to increase the laser gain the beam optics of th: 2:"3«“:5?"«':::‘:?:0‘2;;
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The pulsewidth has been messured with a fast vécuum photodiode (ITL-TF 1850) having & rise
time of 100 pasc. A dlgital oscilloscope with a sampling haad has been used for recording
and averaging several bunch waveshapes. By uc-urlnf the bunch lengths for different values
of the ring current., the Chao-G yte scaling law®'" with axponant 1/3 has bean verified,

o, (ne) = 1.38 ¢!/3 . (L
where
291 (2
' " Revooss (mAZKVI '

(see Figure 2). In Eq.(2} V = 180 kv is the RF cavity voltage, i is the bunch current and
a W
<
¢ = arctan ?— . {3}

being Wesnergy deviation of & particle, v =pingle particle synchrotron frequency/revolution
frequency, 8~longitudinal coordinate of a"particle in radians. HWith negligible érror cos ¢
€An be put equal to unity. Finally, h is the harmonic number of the RF system (h=3 for 8.56
MHz and h= 18 for 51.4 MHz).

Figure 2. Experimental plot of the bunch length vs. E

Galn measuremant

The exparimental apparatus has besn Qluntnt«! elsewhers'. It consists of a linear po-
larized CW argon laser opurating at 3145 A, which emits a beam Propagating along the FEL
active rsgion and is focused to a waist v = 0,35 mm located in the Canter of the undulator,
The radiation emarging from the optical cRannel 1s focused onto the entrance slit of a mono-
chromator which rejscts most of spontanecus radiation. Tha gain iz obeerved through a fast
photodiods coupled to a resonant active load, which transforms the radiation filtered by the
monochromator into an RF signal which is, Ln turn, anplified (30 d®) and, then, downconverted
by mixing it with the ADONE Rr {requency. The low frequency signal is filtersd at 900 Hz
with & pass-band filter and sent o an EGAG~PAR wod. 5206 lock-in amplifier slaved to a
choppar placed in front of the argon laser and working at & fraquency of 931 Hz. In this way

the signal provided by the lock-in ie practically fres of the spontanecus radiatlon contri-
bution.

For measuring an Averaqge gain of 1078 with & signal-te-noise ratio unity, 1t has been
necassaAry to get rid of the fluctuations of the laser beam intenmity. This result has been
achleved by dividing the lock-in output by a signal derived from a voltage divider in the
photodiode supplier circuit, which is proportional to the incoming laser power.

In the preliminary gain messurements a solid state photodiode (FPND 100 EGAG) was chosen
in view of its high sensitivity, Unfortunately, it was cbaervedthat the heavy loading pro-
duced by the spontaneous radiation, induced an intermoduletion which reduced notably the
noise figure of the detection SPparatus. Successively, the wolid-astate photodiode has been
replaced by a vacuum pBotodlod- (ITL-TF 10850) having & rise-time of 100 P, a sensitivity
of 0.3 uA/aW at 5145 A" snd squipped with a UV window. In the Prassgt condition the detec-
tion system introduces a noise &quivalent to sn average gain of 10 >,

m

\n

The gain has been measured by collecting the signals relative to the two lock-ins, the
ring current and the electron enargy with a data legger interfaced withe HPOB2S computer.
Four typlcal gain curves are plotted in Figure 3. Figures Ja to Jc represent the measured
gain versus the electron energy for ring currents of 25, 8 and 13 mA tespectively, The rela-
tive pulse langths derived from Figure 2, are vqual to 1.3, 0.36 and 0.40 ns respectively.
Consgguently, the peak gain ayeraged ovar the transversa area of the laser beam iz equal to
2°10 7, 2.4*107" amd 2.22°'10 for the three casea respectively. It is noteworthy that a gain
of 2.4 107" has been obtained with a currant of only 8 mA, while an analogous 9ain was mea-
sured on the ACO FEL with a much higher current (A 50 mA) (see ref. 7, table €). This fact
benefits the UV damage of the mirrore,

Figure 3d refers to the third harmonic meagured by reducing the energy to 180 MeY. The
relative paru_ngtan are: current = 10 mA, pulse length = | ne, average gain « 4.5-107 ", peak
gain = 6,710 ",
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Figure 3 Gain vs. energy for the Frascati-ADONE FEL

Flux of UV radistion hitting the carity mirrors

Dus to the large value of K, the Spontansous radistion spectrum is extremaly rich in
\armonics. Consequently, it is sxpected that the damage of the mirrors due to the UV radia-
‘don will be one of the major problems with the FEL cavity. Accordingly, it is worth com-
mring the photon fluxes relative to the harmonics radisted by the Frascati undelator with .
‘hose of the Crsay-Stauford FEL. Por & mean disteance of 8 m from the cavity mirrors to the
‘entar of the ADOWE undulstor, the formulag of ref. 1 (ses slso ref. 7) giVe « photon flux i
. per unit surface and unit firculating currenm: aqual respactivaly to: .

e ) r'l‘
+ ‘l

i
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I]tfundmntll) = 10' 12 photonn/nc/cnzfn R
Illthird harmonic) = 7-107 1'2 photon-/nc/c-zlnl .
Istﬂ.fth harmonic) = 5.6-101 yz photons/lnc/mzm .

For y = 1127 { gorresponding to the wavelangth of 6328 A° ueed at ACO ), I+l = 1.6 - 10!t
(phot?l/lccﬁ- /mh), while for the ACO updulator working at the same trcqannay with K=2.2,
1,41 %10 {sen reaf. 7, Figure 24). On the other hand, the ring current clrxculating
I’jruagh the AQO ring 1ia almost five times the currsnt ussd in ADONE for obtaining the same
gain of ~ 10 ~ (see ref. 7, table 6 and above section of this paper). Consequently, it
seems reamonable to expect for the mirrors which will ba installed on the Frascati FEL the
same order of magnitude of UV radiation measured on ACO.

The gain of a FEL activa medium depends in genaral on the spatial and temporal charac~
teristics of the laser beam and the slectron bunches. In particular, the growth of the laser
pulses bouncing back and forth in an optical cavity and interacting with a series of micro
and macro pulses has been analysed recently by sseveral authors (see f.1. refs. 8-13}. The
wode structures of FEL stable and unstable oscillators have alsc been analyzed!®

The problem of the sxtraction of energy from an s-beam for an incident gaussian beam has
bean initially addressed by Colson and Ellaume by using the Colson-Gapanov-Miller pandulum
model. They have obsarved & shift of the resonance paramstar to & higher value when the re-
lative value 3. /L of the raylaigh langth s, with respact to ths undulator length L_ de-
craases from lﬁnnlty (plane wave) to sare VUspherical wavel. For a filamentary e-belm they
have found that the gain of a uniform undulator peaks for = 3 z,. Por thicker e-baams the
?nn peaks for larger values of :a/l.', thus implying that thicker l-—bun- work better in

a4ser beams having a larger waist’

¥hen the analysis is limitad to tha small-signal gain the squation of motion of the
aleactrona can be solved perturbativaly by ueing as & ssallness parameter the laser Leam am-
plitude. To this end it " worth using a Hamiltonian description of the motion, as originally
pointed qut by Vinokurov'®., The main advantage of this approach lies in the possibility of
relating the spectral intensity of the spontansous radiation to the stimulated one. In addi-
tion, it becomes vary simpla to relate the second order variation of tha electron enargy to
the first order ons, as shown in ref. 16.

In ref. 17 it is shown that
ay ()

cyl®, . —m‘: ~r“">+<g{”—1-n—,-'2 > . 0
¥
¢

where < ... > denotes the average with respeact to tha phl",o! thl‘!}.ctton measurad with
respact to the gauseian beam at the undulator entrance. ¥ and ¥ are the firet and sec-
ond order wvariations (with respact to the laser fleld I?lltnd.l of the electron energy.
Wote the pressnce of the second tarm on the RHS of Bq. (4}, which is missing from the Nadey's
theorem: in fact, this term warkithe differsnce with the plans wave casa, since in
thea la’;tot case the enargy is independent of the transyer se momantum Et. Rowevar, it can ba
shown'’ that the above term is negligible when (z /L )} 5>=e’> AL, tbeing the transverse
displacemant of the slectron. Since this conditiol 1¥ fulfTlied f8r wout practical cases,
axcept lor‘”ur beans with large anqular divergence, Bq.{4) can be used for calculating the
gain Ge<y > by neglecting the term in By~

{1

Calculation of v by means of spontanecus radistion field

(1)

The first order snergy variation v
relation

can besaslly calculated by using the integral

v & EfaueE o a0 4 coc. . 3
an

where { = 120 v ohm, !‘ * lim AE, as R+= apd 40 13 the differentisl solid angle pointing
along the direction f & B/R. & *nd !. raprasent respectively the laser field, suppossd
monochromatic of frequency «, lnd the field radiated by the alsctron moving in the undulator
field. Rquation (5) caa be justified starting from the following form of tha Maxwell equa-
tion reciprocity thecrem,

Ay = - 3 legpey v B by - Telggxhy v gEny) (&}

wm

oo

for two fialds 1 and 2, one of which {2) is scurceless {gaussian beam) and the other one is
sustained by the current i (electron undulating in the wiggler). Small lstters have baen
used for indicating the f hd componenig to distinguish quantities depending on time t from
the Pourisr components (f.i. £(A.w)) which sppear in Bq.{5).

The elactron phass appears in Bq.(5) as a fluctuating phasa factor which """IHP}“' the
integral calculated for a particular phass. Conseguently, the average value of ¢ v > is
given by the simple formula

2
<'(1}2, _2_9_, i
4

1B, ede B0, an |2 . n
LL ]

The field -!-c has besn calculated by expanding the field integral

T
1A = 1 Ax(fxf) exp leit-f L /) at ' )]
a

into a series of products of Bessel amd sin{x)/x functions, as originally shown by
Alferov. The presence of the half poles has been axplicitely considered by repreasenting the
undulator vector potential A = fA_ in the form !

n{l - cos §) {half poles) f
A = 9

* 2n - 1 - cos { {undulator) '

where T = 2 ®y/k_ and 1 18 & parameter measuring the relative strength of the two half poles.
For a perfectly !o-ptnntoﬂ undulator n = {N-1}/(2N-1}, W being the numbar of pericde.

The field computed numerically has been compared with the wmeasured pattern, which is
shown in Fig. 4. The agresment between the two patterns has bsen excellent, avan by ne-
glecting in the numarical calculations the divergence of the alsctron beam. In order to claz-
ify this circumstance, the spontansous radiation pattern hes besn calculated for different
values of the bem divergence. As can be sesn from Figure 5a, for a divergence of 0.03 mrad
the sngular pattern is indistiguishhble from that of an electron entering the undulator
axislly. On the opposite, for & divergence of 0.5 mrad (Figure 5b) the pattarn modifications

-+

e

Figurs 4. Spectral and angular
distribution of the measured
spontanecus radiation smicted
by the Frascatl-ADONE undulator.

tb) The coordinate x measufsa the
distance from the undulator
axis of the detector.




become quite evident,

- of the Frascati FEL has bawn calculated by weans of Eqe. (4} and (7) by ueing
the c:nhpug::nqnnnatad field. The peak gain so obtminsd has been plotted in Figure 6 versus
the Rayleigh length or, squivalently, the lassr beam angular aperture. Figure 6a refers tu!

a filamentary eletron beam, while Figure &b applies to the ADONE beam having an envelope o
almost O.]1 wmw. Note that the n:l.lua 9ain is obtained for s.» 1 m, which corresponds to a
beam waist of 0.45 mm fori = 6328 A, The relative Mu-upo! angular sperture is -~ 0,) mrad,
that is it is almost equal to the apearture of the radiation psttern of the undulator,

- L] [ RILLINS, [} - - AT, []
ta) b

Figure 5, Angular pattexrn of the Frscati undulator for a divergencs
of 0.05 {a) and 0.5 '"3'
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Figurs 6. Maximum qainlvl. 8n|ll for a filamentarv (a}l and the ADONE beam (b).
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Broadband optical cavities for infrared free electron lasers:
analysis and preliminary experimental results '

Anionelio Catolo, Butrus T. Khwri-Yakub, and Jotn M. J, Madey

In Uhis work we describe the complate design of & brosdband optical cavity for a new IR free electron laser
unider construction sl Stanford using the first section of the Mark IT] linac. Although the numerical resulls
apply specifically 1o the Mark 111 FEL, the generat scheme is applicable to any tunable free electron luser.
In the laat section, some preliminaty experimental results for the acoustooptic output coupler are reperted

and discumed.

L Introduction

One major advantage of the free electron laser (FEL)
is the capability for broadband tuning through variation
of either the wiggler magnetic field strength or the
electron energy. But, as in any laser system, the prac-
tical attainment of broadband tunability requires
broadband optical feedback. In an earlier publication
we concluded that, in the IR, broadband optical feed-
back could best be sccomplished through use of metallic
mirrors in a stable optical cavity configuration.!

The main disadvantage of Lhis cavity configuration
is the outpul coupling problem. As a solution to this
problem, we have proposed use of an intracavity ac-
oustooptic output coupler. In patticular, we have de-
scribed several different posaible configurations for the

tput coupler in the gth range of 2um <X <
10 #m and have evaluated the possible materials for the
acoustic device. We have also conducted an extensive
analysis of the sell-induced thermal effects and the ef -
fects of finite bandwidth. The aim of the present papet
is todescribe the complete design of the 2-10-um optical
cavity for the Mark 111 FEL.

The structure of the paper is as follows: In Sec. 1l we
describe the optical cavity; in Sec. [1I we discuss the
acoustooplic output coupler together with the acoustic
transducer, the swilching time, and cavity Jength shift
due to the intracavity output coupler. In Sec, IV we
analyze the cavity loases, and finally in Sec. V we report

All suthors are with Stanford University, Stanford, Catifornia
#4305, B. T. Khuri- Yekub in in the F. L. Ginston Laboratory, Uhe other
wuthors are in the High Energy Physica Laborstory.

Received 6 December 1963,

0003-6O35/84/ 1 72925-00802.00/0.

© 1984 Oplical Society of America.

the performances of a prototype of Ge acoustooptic
coupler.

4. Opficsl Coupler

In Ref. ) we analyzed several different possible con-
figurations for introduction of an acoustooptic output
coupler in a metal-mirror optical cavity. After evalu-
ating the advaniages and dissdvantages of each sch
we selected the design shown schematically in Fig. 1.
The output laser beam is diffracted by the acoustooplic
device in a plane normal to the plane of oscillation of the
electron beam, We have chosen this scheme because
it introduces the lowest insertion losses and offers the
possibility to satisfy both the polarization conditions
on the acoustic and optical waves in the crystal and the
Brewster condition. [nspection of the configuration in
Fig. 1 also indicates that the optical losses in the coupler
will be independent of the position at which the radia-
tion enters the crystal, thus preserving the basic struc-
ture of the optical modes in Lhe resonator.

The optimization of FEL performance requires
careful choice of Lhe basic geometrical quantities listed
in Fig. 1. First, the synchronization of the electron
bunches generated by the accelerator-injector and the
optical radistion stored in the cavily requires that the
cavity length [ = [, + I3 + 21y + |y satisfy the condi-
tioh

t=mcrf2 =m-5252 cm, 1)

where ¢ is the velocity of Light in vacizo, m is any posilive
integer number, and 7 = 1/f = 350 psec {f = acceletator
operaling frequency = 2.856 GHz in the Mark 111) is the
time separation between the bunches in the electron
beam. Moreover, the cavity length should be as short
os pomsible. Given the undulator length, i = 1.3 m, and
the bending magnet lengths, Iy = 5cm, |, 2 10em, Iy
2 10cm, the final cavity length should be 178 cm (m =
M)
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Fig- 1. Top and side view of the vacuum chamber of the Mark 111 FEL with the opticat cavity snd the scoustooptic output coupler 4. My
dosi the bendi M and M; are the metal cavity mirrors, and My ia a deflecting mirror Lo xtract laser beam.

Since the mazimization of the sall signal gain re-
quires an optimization of the filling factor, we have
chosen the Rayleigh parameter Zy of the cavity to
minimize the volume of the optical mode integrated
over the undulator length, i.e., Zg = lp/v/TZ. Asuming

& maximum error for Zy ~ 1% we oblain R, = Ry = 718

% 3 cm, where R; and R are the curvature radii of the . -

two cavity mirrors M, and M. With such a cavity the
1/e radius of the electric field in the laser mode at the
mirrors variea from ~2.2 mm (at A = 10 um) to~1 mm
(at A = 2 yum). With these values of the laser spot size,
the requirement that the diffraction losses be lower than
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1073 (at A = 10 um) indicatea that the mirror radii must
be 6.35 mm {0.25 in.) or larger.

The choice of the e~ -beam drift-tube diameter d is
somewhat more involved due to the conflicting re-
quirements of low diffraction losses and high magnetic
field. High small signal gain requires a high undulator
magnetic field in the interaction region and hence &
shart distance between the undulator poles. On the
other hand, low diffraction losses require a large drift-
tube diameter. In the Mark HI FEL, a drift-tube inside
dinmeter d = 6 mm (Fig. 2) allows a maximum K?2 value
of 1.7 while maintsining diffraction losses below 5% at
A= 10 um.
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Fig.2. Total losses of the cavity P including diffractioin lowses, sb-

worplion losses. insertion losses due to the seousicoplic coupler. A

Ge crystal 3 mm thick is sssumed with LiNbO, coupler and ballast
thickness of 4.5 snd 0.7 ma.

M. Ouipwut Coupler

The general design considerations for the acous-
tooptic intracavity ocutput coupler include

(1) aprescribed diffraction efficiency (=5--10%) de-
pending on Lhe available small signal gain,

(2) a diffraction angle (=90 mrad) large enough to
permit the practical extraction of the diffracted beam
from the optical cavity (see Fig. 1),

(3) low insertion loases,

(4) short switching time for cavily-dumping or
hig(}slitime resolution studies,

minimum deflection of the optical mode position
and amait change of the optical path length in uﬁwuvity
due 10 the dispersion properties of the material used for
the output coupler.

Our objective in this section is Lo review these con-
ditions and the solutions we have developed for the
Mark IHII FEL. To analyze the first two conditions we
note that the diffraction efficiency 1 and the diffraction
angle ¢, are given, respectively, by?3
2L

o= sint (1
2 ATH

MP.;) . 2)

oy
Wil o

whete ) is the optical wavelength in vacuo; L is the in-
teraction length of the optical beam with the acoustic
wave; H is the tr rae i ion of the Li

transducer (see Fig. 3); P, is the acoustic power deliv-
'ered into the crystal; n, V,, and M are the refractive
index, velocity of the sound. and figure of merit of the
hoet cryatal, reapectively; and /.. is the acoustic fre-
quency. To avoid confusion, we recall that ¢, ie defined
a8 the angle beiween the incident and the diffracted
optical wave vectors inside the crysial. We explicitly
observe that Eq. (2) is based on the complets phase
matching condition. The influence of this factor to-
gether with the problema caused by self-induced ther-

1
A

LiNbOy

} 4400l
yd

/_ -

Fig. 3. Schematic of the protolype Ge crysial with the LiNbO;

iraneducer sitached. The shear-mode scoustic waves propagate in

the 100 direction s indicated by the arrow in ihe figure. The di-

mensions of the prototype LiNbO, transducer were: £ = 28mm, H
=0Sem, t =3 um.

Fig. 4. Acoustooptic crystsl inseried at Brewster sngle g = ¢; ' (n)

and fig + 8, = 90", n is the reflective index seen by Uhe incident laver

beam. The electric Neld is sssumed Lo be polarized in the plane of
the ligure.

mal gradients and linewidih effects have been carefully
discussed in prior publications.!*

To minimize the refleciion losses without using an-
tireflection coatings, we decided to insert the acous-
tooptic device at the Brewster incidence angle (Fig. 4).
While several configurations are possible, in principle,
we have chosen the configuration shown in Fig. 1 be-
cause it minimizes absorption losses switching times.
Moreover, in this configuration the Brewster plate
thickness in constant so that absorption losses in the
acoustooplic element are independent of Lransverse
position, thus minimizing mode distortion.

Initially, we considered the use of a Ge crystal over
the full {(2-10-am) range because of its high figure of
merit (Appendix) and low insertion loas. However,
two-photon absorption may be a problem in Ge at A <
4-um wavelengths at the power levels expected in the
Mark 11l FEL. Using the two-photon absorption data
reported in the literature®® for nanosecond pulses in the
2-3-um range, we compute an absorption coefficient o
> I‘Ocm" at the maximum power of the Mark 111 FEL.
This would be prohibitively large. Although the actual
two-photon abeorplion in the Mark IH FEL, will prob-
ul_tlyheu_mllerthml.hinnwnbeuimlluopﬁml pulses
wilt be picoseconds, rather than nanoseconds, long, it
in clear that there will be some power levet beyond which
Ge cannot be used. As an alternative to Ge in the 2-
4-pum band at high power, we have developed a second
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coupler for the Mark I FEL using LiNbO,. Although
LiNb(}, does not have as high a figure of meril as Ge it
is the next best material>” and does not suffer Lwo-
photon absorption.

By simple optical consideralions il is easy to verify
that the external diffraction angle (¢, see Fig. 1) is given
by

X
. 0]
$=ne V.’ {

A. Acouslic Transducer

4

In our ac ptic system, we L use any in-
tracavity focusing system which would increase inser-
tion losses. Thus we need an acoustic tranaducer with
n large area (~0.5 em?) and a fairly low geometrical
factor {L/H = 0.2-0.5, see Eq. (2) and Fig. 3).

The acoustic transducer is required to have a fairly
wide bandwidth to date an interaction with
the laser beam over a wavelength mnge of 2-10xm. To
secure Lhis broadband match, we must in principle be
concerned with two matching problems: the acoustic
match of the transducer and the crystal used as the
output coupler, and the electrical match of the trans-
ducer and the generator used Lo drive it. Fortunately,
the acoustic match is straightforward. The scoustic
impedance®® defined as the ratio between the velocity
of the sound and the density has nearly the same value
for the transducer and the acouslic device in both our
configurations. Practically, we muat use LiNbO; as the
transducer material for the Ge coupler because it is able
to excile the acoustic shear waves we need (Table [).
But, given Lhe technological limitations in making thia
acoustic Lransducer with a large area (~0.5 cm?), we
decided to avoid designs requiring transducers polished
to a final thickness below 20 um, corresponding to a
central frequency f,. = 90 MHz. (The thickness is
equal to half of the acoustic wavelength at Lhe center
frequency.) For the LiNbO; coupler, which requires
a thinner transducer, we have specilied & Zn0 trans-
ducer because ZnO can be fabricated in filma thinner
than 20 um using a sputlering technique, and the
LiNLO; coupler can be driven by a longitudinal acowstic
wave, Unfortunately, traraducers built using a sput-

L

tering technique are ahle to excite only lengitudinal
waves'® and cannot be used to drive the Ge coupler in
our configuralion.

With regard 1o the electric matching problem, we
obaerve Lhat equivalent input impedance of a trans-
ducer Z,,, has a resistive and a copacitive part. Both
components are roughly proportionsl to the quantity
t/Afoc tt is the thickness of the transducer). [n the
acoustic tranaducers A is a few square millimeters, and
the couplers are designed to work only at one wave-
length. Under these conditions it is easy to get | Zy|
close to 50 2, and the capacitive part can be compen-
sated by using an appropriste inductor. This can easily
provide a nearly perfect electrical match. For our
purposes this reactive matching cannot be used because
the bandwidth of the transducer shunt capacitance and
the matching inductor would be too small.

We have designed acoustic transducers for each re-
gime of operation of the Ge and LiNb0, output cou-
plers. The optic and acoustic data for the materials
used in the two transducer configurations we propose
are shown in Table 1.

The coupling efficiency %, (the ratio between the
acoustic power inside the crystal and the electric power
delivered by the rf amplifier) for the transducer witha
Ge crystal covering the whole optical [requency range
as shown in Fig. 5. The coupling efficiency n,. is plotted
in Fig. 6 for a LiNbO; crystal in the 2-4-um optical
range.

n the firat case {only a Ge crystal} it is possible to get
a diffraction angle of ~8 X 10~% = 4.5°. In the second
case (Ge and LiNbO; crystals} the diffraction angle i
a fittle lower 8.5 X 10-2 = 3.7°. This dilference is due
to the fact that in the design of the LiNB(), acoustooptic
coupler we cannot use acoustic frequencies higher than
210 MHz without strongly reducing the coupling effi-
ciency.

8. Switching Times

The awitching time of the acoustic coupler, defined
a8 the time needed to diffract 90% of the total diffracted
power, can be estimated according to

1. = {2W WV,

Tehle L Siain Propuriies of Go nnd LIS, "™ Usolul tor slgpeing the Ouipui Couplors

Acoustical A .

absorption Oplical couslic
Ogpticsl coefficients whve wave Figure of Valocity
Index of absoeption (ot { = 500 MHz) polarization itation werit M of seund
Crystal refraction® coeflicient (dB/aech and direction  snd direction {1 /W) {cm/sec)
Ge ~4 0039 cm! 42 | Long (131)  B1QX10°"  BALX 108
st A = 10 ym} 11} fot L Trama. (100} 0% 10°"% A6 X104
LiNbDy ~22 1077 em-! . ] TR sEX 104

(A =0-585um)

* See A dix for more detailed infc

* To gut Lhe highest ligure of merit using s LiNbLO, crystal'? the scoustic wave must be longitudinal end propegete slong the x nzis. The

optical beam muet be extraordinerily polarized and make an angle of 35° with the ¥ axis.

¢ Acoustic stlenuation is proportions! 1o the square of the frequency.

Note:  We could not use Ge in the high figure of merit condi

it ible 10 satisfy at the sare time the

it ol p tion
requirements imposed by the Brewster condition and by this table. Here the optical E (ield is sasumed polarized in the plane formed by the

wcoustic and opticel wave vertors.
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angle ¢ =B X 10-Trnd = 4.5%. Z, istheeq

where W; = W ,/+/2 is the intensity profile spot size,
W, is the amplitude spot size, and V, is the velocity of
the sound in the acoustic device. Using the results of
the previous section, and the data reported in Table |,
we obtain the results listed in Table 1.

G. Beam Translation and Cavity Langth Shift

Because of the dilferent refractive indices of Ge and
LiNbO, (n = ¢ in Ge and r = 2.1 in LiNb(y), the change
from the Ge to the LiNb(O; acoustic crystal will both
translate the optical beam and change the effective
cavity lengths (Fig. 7). These problems can be solved
by exploiting the low absorplion coefficient of LiNbO,
wnd a device developed by Byer and Bennett.!! The
final configuration of the two (Ge and LiNh(y) acoustic
couplers is shown in Fig. 7. Assuming the Brewster
condition foe both elements, it is an easy matter to ob-
tain (Fig. 7)

ni-1

"‘.;_-\/H_T'P;T p=t/atrl, {5)

whete p is the variation of the optical cavity length and
& is the bears translation due to the insertion of an in-
tracavity material of refractive index n and thickness
¢ at the Brewster angle. The conditions for equal beam
translation and optical path are
piOe = pILINWOY  s{Ge) * s(LiNBOY). ()
As Eqs. (5) are linear in the crystal thickness we refer
all the resulis to a 1-mm Ge crystal. In Eqgs. (6) we used
= inalead of = because, given the dispersion properties
of Ge and LiNb(;, the two equalions can be exactly

satisfied only at one wavelength. Solving Eqs. {6), we
obtain

I..|"'I_I mm W)
re/nit E Taf-t

l"k‘ g+ 1 I-l nn/nf+ ] o
Ny n,v‘n,' nf-1

By choosing as reference w-velengths 10 pm for Ge

and 4 um for LiNBO, we get the results plotted in Fig.

8. From these resulis we can see that for a 3-mm ihick
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Fig. 8. Plot of ., = P /Py sgninst the acoustic frequency for several values of the rf source sutput impedance 2, for the LiNbO, tranaducer.
P, ia the acoustic puwer inside the crystal, and P is the eloctric power supplied by the of amplifier. This transd, has beers designed Lo
generate longitudinal waves in the LiNbO; crystal.

Tobis L Velows of e g The 7, (in mik
woing 4. (4) for Bho Gu sl LIMVO, Outpul Complonis; fioy Optical
Worpltagih ) i Exprotind In Wicrens

A 2 4 L] 8 10

Ge 06 0.86 105 L2 1.36
LiNbO,y 0.3 0.46 — — -

Ge crysial (the thickness of the Mark 1L FEL output
coupler) the largest deflection expected when changing
couplers would be ~70 um, while the difference of the
optical path lengtha for the two crystals would be ~0.4

peec. ‘This residual Ap will have to be comperaated for

by changing the resonator length.

‘The main effect of the deflection of the mode will be
a small wavelength-dependent shift in the direction of
the output beam. We can get an eatimate of the mag-
nitude of the effect by writing A? = AS/R ~ 70 X
107370 X 10 = 0.1 mrad. (We have assumed R = 78
cm.) We note that the effect could be suppressed if a
small curvature were introduced in the output mirror
{Msin Fig. 1). But note that for the proposed Mark (11
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Fig. 7. Insertion of LiNbD; scoustooplic coupher and of & ballast
LiNbO;3 crystal in o configurslion giving approzimataly the same
tranaverse deflection and total optical path s in the single Ge
crymtal.
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Fig. 8. Plot of the retative sieering AS for the LiNbD; short- wave-
length coupler plus s hallsst LiNb0, crystat and for the long-wave.
length Ge coupler due o their dispersion properties. We sssume
reference wavelengthe of 10 um for Ce and for 4 ym for LiNBDy. The
dats reported in this figure are for a Ge coupler 1 mm thick, & 1.54-m
thick LiNbOs output coupler. snd & 0.24-mm thick LiNbO; ballsat
crystal. The angular devistion dus to AS in A =~ ZAS/R (R is the
radius of curvsture of the mirrors). A radiu f = 78 tm i stmemed.

Kipm)

Fig. 9. Plot of the diffraction efficitncies yisg for a 100-W rf amphi-

fier. This plot Wakem inlo sccount Lhe coupling of the rf amptifier with

the scoustic traneducer (Figs. § and 6). Curve a je for & LiNBO,

coupler with am acoustic traneducer designed for the 2—4-um wave-

Tength renge. Curve & ia for a G coupler with the acoustic transducer
designed for the 2- 1 um wavelength range.

FEL, the maximum value of Af is at most only one-
fourth of the angular divergence of the cutput beam and
should prove negligible for most applications,

IV.  Cavily Losses

The total losses for a complete round trip are given
by the formula

P=2A 420412l L]

where P is the total losses, A is the absorption coeffi-
cient of each mirror, [? is the diffraction losses intro-
duced by the e-beam drift tube (Fig. 9), and [ is the in-
sertion losses caumed by the acoustic output coupler.
Evidently, p will be a function of A. 'The variation of
A with the wavelength can be neglecied compared with
the other loases, and we may estimate A = 0.5%, The
diffraction term I} can be estimaled as

ar
J; r exp|-2rtfwiAddr
D=l — e = pp[-d¥2UN)), @)

j:- r exp{—2r i) fdr

where d is the diameter of the e-beam pipe (Fig. 1) and
w(A) is the spot radive of the mode calculated al the exit
of the e-beam drift tube. In our case we can write [w())
a (2Mo/7+/3)]/2.  Finally, the insertion loss can be
writien an

I=afd):t, am

where o is the alworption coefficient of the acoustic
material, and ¢ is the path inside the crystal. In Fig. 2
we have plotted the total loss of the cavity against
wavelength fot a 3-mm Ge crystal and for corresponding
LiNbO; configuration for which, assuming the resulis
of Sec. V, we should get t = 4.7 mm and ¢; = 0,73
mm.

V. Exparimental Performance of the Acoustoopiic
Couplers

In the previous sections we discussed the basic
problema encounteted in the design of a wideband op-
tical cavity to exploit Lhe tunabilily attainable in a free
electron laser. In Sec. [E1, in particular, we described
an acousiooplic modulator for use as the output coupler
in an infrared FEL. [n this seclion we review the ex-
perimental performance of a prototype Ge acoustooptic
coupler al A = 3.4 gm.

The prototype was made by a 2-cm X 5-cm X 3-mm
Ge cryntal (Fig. 5). Om ita top, a 31-um thick LiNbO,
acoustic trensducer was mounted to excite shear-mode
acoustic waves propagating along the {100] divection in
the Ge crystal. The Ge crystal and the LiNbO, trans-
ducer were bonded with an indium-chrome-gold
atloy. :

Experimentally, the bonding process is the most
crucial step in the fabrication process. Any scralchor
dig on the indium bonding alloy can resull in breakage
of the scoustic tranzducer, while variations in the
thicknesk of the indium can result in thickness varia-
tions or pinholes in the t ducer if the transducer is
ground or polished sfler mounting. This is » particular
problem in the case of thin {<40-um) large area trans-
ducers (>0.2 cm?) such as used in this experiment.
Experimentally, these defecta can produce both a shift
in the resonant frequency of the transducer and a re-
duction in the effective area (Fig. 10). Fortunately,
longitudinal mode tranaducers do not suffer these
problems since the preferred material, ZnQ, can be
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Fig. 11. Diffraction efficiency and diffraction angle for the s3ame

devices reported in Fig. 3. The data were taken using & He-Ne laser

with A = 3.3 um. The diffraction angle ¢ = A/A. is the angle between'

thein:nuandllmliﬂmudhunmmideu:crpu. The theoretical

curves have been lized using the i lly obeerved
scoustic veaponmivily shown in Fig. 10.

applied to the acoustooptics crystal as = uniform
thickness layer using a sputtering technique.

To test the performance of the shear-mode LiNbO,
transducer we firsl measured its acoustic responsivity
Hae, defined as the ratio between the acoustic power
effectively coupled to the germanium and the electric
power delivered by the f amplifier, by measuring the
relative amplitude of the signal induced in the trans-
ducer by the acouslic wave reflected from the back
surface of the crystal.

In Fig. 10 both theoretical and experimental values
of n,. have heen reported for the transducer. No im-
pedance matching was attempted in the experiment
between the tzansducer (input impedance lzid = 1@
and the power amplifier output impedance (=50 12),

In Fig. 11 we compare the theoretical and experi.
mendal resulta for the diffraction efficiency and the
diffraction angle of the protolype coupler normalizing
the data for the experimentally measured values of

"‘:
- Y b 2L
,',..ms'_ _!.__M.'“.P,.). (H}

wl}ere P is the electric power delivered by the v am-
plifier (28 W in this experiment). As expected, the
argeement between the nurmalized theoretical and
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experimental vaiues of B and the diffraction angle is
excellent. Given the experimental difficulties in
bonding Lhe transducer to the crysial, the principal
difficulty for these couplers is clearly the acoustic re-
sponsivity of the transducer, Our experimental results
with the prototype coupler, as indicated in Fig. 10,
plr;lm:ide good evidence that these difficulties are solv-
able,
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Appendin: Diepersion Relations for Ge and LiNBO,
We report, in this Appendix, the main properties
(Tabie I} of Ge (single crystal} and LiNbO, useful to
design an acoustooptic device.
The dispersion relations are given by:
For Ge {2 pm < A < 20 um) (Ref. 12)
AA) = 90931 + 01917074 + 0.163492¢7
—6X 10024 53X 10T at T w J00 K,
4 = {AT — 0.028)" 7 X expressed in microns, 1AL
dn/dT = (1.6 £ 02) X 10-1 K1,
For LiNbO; (Ref. 13)
LE73 % 10° 4 1.65 x 10-1T7

2= 4813 4 -2 -89,
ne=d M- @i2r 27 % josra - DX 107
n! = 6.5567 + 2,605 X 10-77?
.97 X +27Tx10°7T
DRIP4 2IX T xiot, A

A2 = (201 + 5.4 X [0-3T

where T is the absoslute temperature in Kelvin and A
in the wavelength in oanometers. Equations (A2) can
be considered a good approximation in the 0.4-am < A
< 4-um range,
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Precise measurements of high reflectivity

dielectric airrorg

G.C. Barbarino, C, Magna, M.R. Masullo
Istituto di Fisica Sperimentale Universjta di Napoli
Istituto Nazionale dj Fisica Nucleare Sezione dj Rapoli

Mostra D'Oltremare Pad. 20 80125 NAPOLI

Riassunto: [} problema gi caratterizzare con estrema precisjone la
riflettivita dj Specchi. dielettrici -] particolarmente
significativo ne} caso  di  cavitd ottiche con  basso
guadagno, G.

11 metodo qui deacritto Per misurare alte riflettivita
richiede l'utilizzazione di un fascic lager modulato che
attraversa una cavitd contenente gli specchi. La misura @&
basata sullo sfasamanto dell'intensita de) fascio trasmesso
rispetto a quello di ingresso, dowvuto al tempo di wvita

media dei fotoni nella cavita.



Intreducticn

In optical resonators with very low gain (G} it is particulary
important to minimize losses. Thus, one has to test continually the
mirror reflectivity (R}, when its possible variation can be the
principal source of losses. One finds a similar situation in Free
Electron Laser (FEL) on storage rings for slectrons, where the presasnt
maximum gain available is about 107 o« 1072, 1wo examples of
accelerator machines, where these feasibilily experimentgare under way
al ACO {ORSAY laboratory - PARIS) and ADONE (national 1ab. of
FRASCATI - INFN Italy}.

What is a FEL?

A tune modulated beem of free electron ,bunches, passing through the
magnetic field of an ondulator, emittes asynchrotron radiation
(spontaneocus) .

The emitted photons are reflected between two mirrora placed at the
end of the undulator (see figure 1). During a round trip this
radiation im amplified by the ccherent interaction with the free
electrons {active medium) passing ngnirrh"fqthe magnetic field during
the following trips. The laser gain is proportional to Na, where N is
the number of pericds of the wagnet {umndulator).

Two important characteristicgof FEL are:

a) the high efficency, due to the energy transfer between

laser beam and ricirculating electrons;

b) the tunability (from ultraviolet to millimiter wavea);
namely changing the electrons energy or the magnetic fleld
of the Mndulmtor, the fregquency of the laser emission
varies.

Because of the low gain of these optical oz otrrs one nesds to

minimize all possible loamses. This is accomplished by .wnmt* ﬂhwhigh

vacuum \!'-MJJ: {10—9 - 10'10 Torr) and working with highly
reflecting dielectric mirrors (R J 99,97%).

In the ADONE FEL cavity SiO2 - rmz dielectric mirrors are used. The
mirrors reflectivity curve is shown in fig.2. Two important problems
are connected with thia kind of optics: a) precise measurements of R
and b) controlling the stability of R during the time, because the
mirror degradation, due to the UV component of the incident radiation,
varies R.

Figure 3 shows the radiation intersity, I, emitted on the undulator

axis, as a function of the harmonic number.

Measurement principle

In order to determine high reflectancies, i,e. near unity, the
classical method, based on the comparison between the incident and the
reflected flux, is quite inaccurate; on the other side a measurement

of the photon lu‘etlme“'

, T, in ah optical cavity gives an indirect
way which is the more sensitive, the higher R is.

A laser beam, optically or mechsnically modulated, passing
through a testing resonmtor, is shifted in phase {f), because of the
trapping time of the light between the two mirrors.(Fig.5)

So a measure of <P + giving us an estimate of the energy disaipated in
the cavity, allows the determination of the reflectivity R.

Let the intensity of the incident bheam:

I {“‘; o 'mz S e + ¥
T =T sttt }j:(f M.F.,.e $.) (1)

For the output signal one has
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where Q has been putYto zerc, T ia the sirror trasmiseivity, R the
reflectivity, T a Qc_l-_- oud L the cavity lenght.
For the phase shift between the two waves (incoming and

outgoing) one has:

fo.u¢ . R. am 1T’ (3)
{-Remwe’

Choosing opportunally the lenght, L, and the frequency W, W' results

less than 1 ( Wft'a 1) and the formulas (2) {3) become simpler:
Towl): Tle [1annitat ) @
2(t-R)

ow § . But S
-8

A comparison between 1) and 4) shows the amplitude and phase
differences between the two signals,
If we replace R by its expression as functien of T', R = exp(-t' /21 (6)

with T = m¥', 1t follows

'l'm;.é: 2w T (7)

The last expression shows how a determination of @ ia linked

to T and so to the losses, that are given by:

r. =z'=§1-(,1.-*) (8)

T cl\lT Tt

where T, tekss into account the preasence of the mirror, while g is

o~

referred to the air absorption in the resonator.

L

Madulation

To obtain a modulated besm, we have used a Pockels' cell
{optical modulation).
As“"uell know-\.(Z) this kind of cell is formed by a crystal, which using
the dtnnlaufbirefringence due to an external electric field, E, causes
rotation of the polarization of the incident light.

In this aituation it is possible to define a transfer function|

for the set cell + polarizer

T- Tou ;“11" - im| X _‘i (9}
Ty et (2. v.) ‘

where Vpis the applied voltage and Vyq gives the value for which the
polarization is rotated by 90°.

If the modulation is
[, sim @at)

from (9) we obtain:

T: &a\l(l_;m Am (uj,.{-)) (11)

In & low-asignal regime , Fm”“. expression (11) gives, (by expgqnding
in Bessel Functiona):

b A
Iou‘r a%3 (_[j") Al '\'\2 FJ." t
T:H 2 . (12)

that is analogous to formula (9).

Fig-h shows what we have described here.



Measurement apparatus

The experimental spparatus is shown in fig.6. A modulated
lager source { (\ = 6328 :) enters the testing cavity. Placing the cell
in different positions (1 and 2), or, using two different detectors
with c¢ell in position 1 we obtain two signals, which are fed into a
lock-in amplifier, in order to measure the phase-diffearence,

The measured intensities are given by expressions 1) and 4).
Befors analyzing the obtained results, we want to underline two
pointa:

a) one uncorrected alignment between the cell and the laser beam can
cause a considerable change of the transfer function, thus
changing the ocutput signal.(Figs. 7 and 8)

b) we use a lens of focal lenght, f, showed in fig.6, for the mode
matching between the structure of the gaussian laser beam and that
of the teating cavity.

Here we write the formulas for the lense distances dl and el2 from the

two waists to be matched.
d= £+ da VPpT

- + ok 2__1
dix €1 gu gt g3

(13)

where £ = JIL e, * o
o A

and cJo,; ,do,u are respectively the laser waist and the cavity one,

The sensitivity of the method

Writing expression 3}, fau. # AL t' for the modulation

frequency, [, in kHz and L in cm, we obtain

tow 4 < 83755l m (10)
where n = _ 1 {15)
O (%)

In this way we can estimate the !ccuram{ this nethod,buwm? Hor
the error oW the phase measured, b} the lock-in is* * 0.1 degrees.
Az an example we report in fig. 9 points calculated for f = S0 kHz and
L = 30 cm.
By an analysis of formula {(14) and of the obtained data, we deduce
that it is possible to cbtain very good accuracy when
a}l R is high, i.e. 7 99% ‘
b) L = cavity lenght is also high (50 + 500 cm)

¢) one uses sufficient modulation frequencies (50 + 100 kHz).
Experimental results
In fig. 10 we report the phase-shift valuea versus the cavity

lenght. In this way utilizing eq.{14), we determine the value of the

mirrors reflectivity from the angular coefficient of:
tm-l. = wat-ei (-—'——-).L {18)
* Bt

Furthermore we are able to measure the cavity losses, plotting

the same data versus 1/L



z Tu /L (7

so giving also the air absorption, Y, - Fig. 11.
One has R = R, = R = 99.42 4 0.01% and [-1.3 x 1073

At the beginning we have said that the interest in this method
HURYY. | ?\oﬂ'\ the Mlll\ of controlling the mirror damage and, thus,
the variation of R.

In rouveluniom we have tried to understand the
obtainable sensivity of this method.
In fig. 12 we report the phase-shift versus the mirror reflectivity,
that we have supposed being damaged, after its inserction in the
cavity.
Figs. 12 and 10 show that it is possible to verify the damage (R
99.93%) with a precision of 10—3.
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PRELIMINARY RESULTS OF THE ADONE STORAGE RING FEL EXPERIMENT. LELA

R. Barbini' ', G. Vignola'', s. Trillo!, R. Boni®, 5. De Simone 3, 8. Faini?Z,
5. Guiducci®, M. Preger?, M. Serio’ , B. Spataro®, §. Tazzari’, F. Tazzioli?
M. Vescovi?
M.R. Masullo®, P. Patteri®, R. Rinzivillo“, A. Cutclo® and 5. Sol imeno®

VINFN, Laboratori Nazionali df Frascati, Frageati, Italy

JINFN, Laboratori Nazionalt Jf Frageat?, Accelerator Diviaion, Fmgealil, Italy
INFW, labovatori Nazivmali di Frascati, Engineering Diviatom, Frascati, Italy
“INFN, Senivome di Napoli and 1stituto di Fisica Sperimentale dell'Universitd
di Napoli, Napoli, Ttnly

Sstituto Eletirotecnica dell'niversitd di Napoli, Napoli, ITtaly

Résumé ~ On donne une courte descriplion e | expérience LELA (Laser 2 élecirons
hbres sur Adone). On discute aussi les résultals des mesures de distribution en
angle et ¢n éuergie de la radiation spontanée o on donne des résultals préliminaires
sur bes mesures de gain oplique .

Abstraci - A short description of the LELA (Free Electron Laser on A-one) experi-
menl is given. Results on the spontancous radiation angle and encray specira and
preliminary resulis on optical gain measurements are also discussod.

I - ENTRODUUTHON

LELA (Laser ad Eletironi Liberi in Adone) is a FEL on a storage ring feasibilily experiment
and it has been described in some detail elsewhere!72), The relevanl parameters are:

v
kadiation wavelength G145 A
l:leciron energy 620 MeV
Undulalor period 11.6 cm
Number of periods 20

Ind h ) .5
Undulator strengl (KRMH 1.5

‘Fhe undulator, a normal conducting olcctrnm.1qnv!3). has been commissioned in June 1982;
spentaneous radiation measurements were first performed 1n fuly. 1n this peper we reporl on
the latier measurements and also on the preliminary measurements of eain on the lirst har-
monic, carried out at the beginning of Seplember. Evidence of gain on the third harmenic is
also given,

FL = TIE SPONTANEQUS EMISSEON

The sponlancous radiation produced in the undulalor has heen measured with the apparatus

shown in Fig, 1. A morc detailed discussion of the sponttancous radiation results will appear
in a separate paper.

A Jobin Yvon HZG monochromator, 24 m downstream [rom the undulator cenier, and having a

wavelengih resolution of 10 A (FWHM) and an angle acceplance of ~ .17 (,urml)2. was mm:mlt‘ll
@n a support equipped with compuler controlled horizontal and vertical movemenis, amd used
te scan through the sponlaneocus radiation angular wavelength distribulions. Fig. 2 shows the

result af a radial scan through the 1ypical"')'r” annular radiation pattern, while the first har-
monic wavelengih distribmtion is plotted i Fig. 3.
——

+ On lcave from ENEA, Centro di Frascati, Frascati, Italy

, A. Cattoni?, C. Sanelli*, M. Castellano®, N. Cavallo", F. Cevenini,
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Fig. 1 - Optical setup for spontaneous radiation measurement.
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Fig. 2 - First harmonic measyred spectral distribution vs. wavelength 1 and pinhole
position, X, in the radial plane.
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Fig. 3 - First harmonic intensity distribution on the undulator axis, vs. wavelength 4 .
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Experimental data are well filled by the theoretical Liénard Wiechert radiation rormulas). and
the resulting FWHM is consisten1 with a pure homogeneously broadened line. From this type of
data we can deduce that neither the undulator vertical lield gradient nor any eleciron beam
trajectory dislortion,nor the e-beam emittance and energy spread alfect the spontaneous radi-
ation first harmonic linewidth appreciably.

A lirst harmonic angular distribution in the radisl plane is shown in Fig. &; a good agreement
between theory and experimental points is again apparent, We remark here that the FWHM of
spontanecus radiation is very close 10 that of the laser used to perform the gain measurements
(see below); in our case therefore to Iry 1c discriminate between the two by means of irises is
rather ineffeclive,

111 - THE GAIN MEASUREMENTS

The stimulated radiation produced in the interaction between an external laser beam and the
electron bunch slored in Adone has been measured as a function of electron beam energy at

A = 5145 ‘. KaMg = 3.5, with a double demodulation system similar to the one in use at

ACOBLT), We recall briefly its main characteristics.

A CR-12 laser beam, chopped at a [requency f,~900 Hz, is focussed to a waist wo = .35 mm
al the undulator mid point by means of a mode maiching telescope (Fig. S). The overall radi-
ation emerging from the undulalor is then cotlecied and brought back onto the aprical 1able; it
is then spatially and frequency liltered by means of an iris giving a rejection factor of ~ 1.5,
and a high resolution monochromator giving a rejection factor of 250. The optical signal detec-
ted by a photodiode is then processed by the electronics sketched in Fig. 6. The current from
a fast photodiode (either solid-state or vacuum) is converted into vollage in a resonant active
load, tuned to the revolution frequency of the e~ bunch (fp = 2.856 MH2), then narrow band
amplified and mixed 1o a L.O. signal with proper phase relationship with the RF acceleraling
voltage in order to shift the sidebands at the chopping lrequency f, around g (which contain

CHOPPER
CR-12 ARGCON LASER
P(line) % 6W - P(mode) & 3W
11/2 PLATE VERTICAL
BEAMSTEER L NG|
A Y4 Fa L. >
JAY \Y vl
F=-.3m F=1m

TO UNDULATOR

PHD
:l_....., TO PROCESSING SYSTEM

JOBIN YVON
HRS2 F=.25m
Monochromator |52 Fa)
al-=24 I v N

N
FROM UNDULATOR =& TRIS

Fig. S - Layout of the optics for the gain measurements.
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Fig. 6 - Block diagram of the signal processing system.

the stimulated emission information} down to around DC. Alier further band pass filtering at f
the sigrnal is fed to a lock-in amplifier, giving a DC signal, SA' proportional to the average
power of stimulated radiation.

A second signal, derived from a voltage divider in the diode supply circuit is directly fed 1o a
second lock-in amplifier and provides the signal Sy proportional to the incoming laser power.
The 1wo channels can be imercalibrated by moving the chopper downsiream from the undu-
lalor, swilching the laser off and measuring signals 5% and ‘v;j analogous to S and Sy but
proportional 1o the spontancous radiation power only.

The average gain, defined as the ratio between the stimulated power and the laser beam power
is given by:

. go
SA(H B
a

SB SA

<GEP = )

The ralio 5;3/5; and the signal Sy are practically independent from energy and depend only on
the electronics. In our measurements the ratio SB/S; has a value of ~5 1075,

The equivalent noise level in our demodulation system corresponds Lo an average gain in the
range (rom 5 10~ 10 1070,

During the firsl set of measurements, reported here, the ralio of stimulated 1o spontaneous
radiation was rather small and the feedthrough ) of spontaneous radiation into the Jdemodulated
channel, due lo the modutation of the photodiode transfer characteristics by the high power
laser bram, produced an important background 1o the experiment. The unwanied signal AW,
produced by the combined action of the laser radiation and Ihe spontaneous radiation has in
fact the same 1ime stiuclure as the stimulated radiation. in the frequency domain this back-
ground signal appears in the sidebands around [g, which should, in prirciple, conlain solely
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Fig. 7 - Signal behaviour in the time and the frequency domains.

the information from the stimulated power (see Fig. 7). However,
Sponianecus and stimulated power with respect lo the resonance e
extracted as a difference between the two curve
be modified as follows:

the different syminetry of
¢ energy allows the gain to be
5 S5(E) and SA(E). The gain formula (1) must

s (B -5.(8) [s.(E)/s' *

G(ED -~ A A [ A r A( I')]“'ﬂ‘. SB e
L
S s,

\rrhere the ratio a = [SA(Er)/S:\(Er)]m" is evaluated at the resonance energy correspond-
ing to the maximum of the spontaneous Tadiation curve.

The measured signals, S and ‘;A are plotted vs. beam energy in Fig. 8
formula (2), corresponding to the same data is shown in Fig. 9. The soli

a f.il to the data using the energy derivative of the spentaneous radiation
gain per pass in this run is:

+ and the result of

d curve in Fig. 9 is
.

curve S .. The peak

R -5
Cpeak = (7% .Dx 10

having used the measured bunch length.

A number of gain measurements has been performed at various beam currents, as shown in
F.ig.lO. The upper curve is the theoretical small signal gain one would obtain in the hypothe-
sis of maximum filling factor and taking into account the anomalous bunch lengthering in the
storage ring and the consequent increase in the beam horizontal dimension due to the fact

that, in the lattice configuration so far used

' + @ 2 m dispersion exists in the undutator straight
section.
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Fig. 8 - Experimental values Spa (laser on) and Sy (laser off}). Electron beam curren
i = 18 mA in one bunch. The siatistical error is not visible on this scale.
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Fig. 9 - Gain signal as obtained from (2), using signals Sp and S; of Fig..B. The solid
curve is a [it to the energy derivalive of the spontaneoys radiation curve Sy- Errors on the
experimental poinls are purely statistical.
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The lirst data poinis, shown in Fig. 10, are actually rather scattered and considerably lower
than the theoretical curve. A possible explanation, consistent with the accuracy with which it
was possible during the present experimental runs to akign the laser beam on the circulating
eleciron beam, is that a veriical misalignment beiween the laser and the e-beam centerlines,
of the order of 0.5 10 | mm, existed. This hypothesis will have 1o be [urther investigated. The
measurements were performed with a single-mode laser power of .5 4 | W.

L
A few runs have been carried cut on the third harmonic. 4 = 5145 A and l(R g = 3.5, by tower-
ing the electron resonance energy down to 360 MeV. These dala points are also plotied in
Fig. 10.

FEAK GAIN/PASS

Perfect vertical alignment

2x10°

-5 mm vertical misalignment

-«

I mm vertical misalignment

10 20 30 40 1 {mA)

Fig. 10 - Solid curves: Theoretical small signal peak gain/pass for various e-beam and laser
beam alignmenis, on the first harmonic. Siars are experiment al points on the firsi harmonic
(KRMS = 3.5, resonance energy E.= 624 MeV); squares are experimental points on the third
harmonic (KRMS = 3.5, Er = 360 MeV).

The uncertainty in the overlap between the electron and the laser beams, prevents us, at the
present stage, from drawing quantitative conclusions on the expecied 2.8 gain increase rela-
tive (o the first harmonic.

IV - FURTHER DEVELOPMENTS

A number of improvements are (oreseen in order to overcome the experimenial difficulties en—
couniered in this set of ruas: namely:

~ To increase the stimulated-lo-spontanecus power ratio al the detector input by adding a
Fabry-Peroi interferometer having a narrow passband around the stimulated frequency.
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Fig. 12 - Expecied peak gain/pass vs. average curreni on the first harmonic at

Ep = 625 MeV, 1 =5145 A,
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We estimate that an additional {actor of the order of 20 can be obtained in the spontanecus
radialion rejection; .

- tmproved electron beam and laser beam steering and additional diagnostics are being install-
ed to achieve a more precise alignment between the e-beam and the laser;

- To increase the laser power;

- A new machine Ialiice” with vanishing dispersion in the undulator straight section is being
commissioned. The laser and the e-beam envelopes are expecied to become those shown in
Fig. 11, and to yield a net increase in the filling factor and therefore in the gain figure of
the order of a factor of five;

- A 51.4 MHz, 180 XV RF cavity aiready installed and operating in Adone, but temporarily
unavailable during the one week shift in which the present work was carried out,is expected
to improve the peak gain by a factor of the order of 2 + 3 (see Fig. 12);

- Other minor improvements on windows giving access to the storage ring vacuum chamber, on

the detector circuit, the optics and the accelerator controls for Lhis experiment, are in the
works.

in conclusion a gain of some units in 10_3. hopefully sufficient for the operation of an oscil-
lating optical cavity, is expecied in the next stage of the experiment.
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Summary. — The radistion emitted by the linear undulator installed’
on a straight section of the ADONE storage ring is studied both experi-
mentally and theoretieally. In particular, expressions are provided
for the field at finite distance, based on the complex Fresnel integral,
In addition, several expressions are derived for the average intensity
pattern as a fonction of the electron beam divergenoe and energy spread.
These formulae are used for analysing the spectral and angular patterns
of the radiation measured from a distance of 20 m from the undulator
origin. The excellent quality of the undulator and the negligible influence
on the pattern of the eleoctron beam divergence are confirmed by the
satisfactory agreement of the measured radiation field with the computer-
genorated one,

PACS. 42.56. — Lasing processes.

1. - Introduction,

The importance of studying the spontaneous radiation emitted by bunches
of electrons passing throngh an undulator was recognized soon after the first

{*) Work done in co-operation with the Accelerator Division of [.N.F.N. Adone Facility.
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generation of microwaves achioved by Motz at Btanford in (1) 1952. Bince
then, measurements of undulator radiation spanning from microwaves {*) to
X-raya (*) have been reported by several groups (**). In the years since MADEY
and co-workers measured an optical gain by passing o laser beam through the
axia of a helical undulator installed on the Stanford S80A accelerator, new
interest in the spectral and angular characteristics of thees radiation sources
sprung up from the necossity of analysing the factors contributing to the reduc-
tion of the gain of the free-electron lasers.

Maguetic imperfections in the undulator (i.e. deviations from the sinuscidal
profile of the magnetic ficld) can increase the homogeneous line width of the
radiation spectrum throngh elertron orbit distortions, thus leading to a reduc-
tion of the optical gain when theee devices are used for providing the active
medium of a FEL oscillator or smplifier. On the other hand, a high gain neces-
sitates n careful design of the electron transport optics for minimiszing the
deviations in angle and energy of the electrone entering the nndulastor. These
fluctuations induce a change of the average radiation pattern, which can be
taken as a measure of the above imperfections of the beam itself. In addition,
when the wiggler (used in this paper as a synonym of undulater) is not well
deaigned, the electron trajectory can exhibit some amount of latersl drift
which, in turn, produces a dissymmetry of the pattern aud a consequent reduc-
tion of the gain. The imperfections due to all these factors can be partially
removed by finding a good compromise which brings the radistion pattern
a8 close as possible to the ideal one. Reversely, when the magnetic imperfec-
tionn are practically absent, the angular pattern can be used for measuring the
divergence of an electron heam, as originally suggested by ALFsmov and
BasHuAEOV {*).

Most FEL oscitlators use optical cavitiea having dimensions comparable
with the undulator length, hereafter indicated with L,. This means that the
distribution of the radiation hitting the mirrors depends on the distance from
the wiggler centre and, in general, in different from the far-zone pattern. The
knowledge of these distributions is essential for studying the steady-state

(* H. More, W. Tuow and R. N. Wmtremurst: J. Appl. Phye., 24, 856 (1953).
(*) L. A. Grisuaev, V.I. Korosov, V.). Mroxora, V.]. BeLogLasov and B. V.
Yaximov: Dokl Akad, Nauk 8SSE, 131, 61 (1960).

(*) A. 1. ALIKHANTAN, 8.P. Esin, K. A, larinyan, 8.8, Kavmanyaw, N. A. Korxn.
MAZYAN, A, G. OcaNeavaN and A. Q. Tamanran: JEPT Leit., 15, 142 (1972).

{*} D.F. Avrerov, Yu. Basumaxov, K.A. Berovinzev, E.G. Bessowov, P. A.
CuERENROV: JETP Lett., 26, 385 (1977).

{*} D.A.G. Dracon, K. E. Rorinson, J. M. J. Maprr, C. Barn, M. Birrambon,
P. EvLavmg, ¥, Faroe, J. M. OrTecA, Y. PETROPF and M. F. Vergue: [ERE Trana,
Nucl. Bcience, NS-28, 3142 (1981).

(*} D.F. Avrerov and Yu. A. Basumakov: Bpectral-angular features of the radiation
of relativistic charged particle beams in undulators, preprint No. 77, Lebedev Institute
(Moscow, 1983) (in Russian).
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configuration of the field inside the cavity as a result of the back and forth
bouncing of the radiation pulses emitted by the single electron bunches. Con-
sequently, it is important to measure andfor to ealculate the Reld distribution
in proximity of the undulator itself. On the other hand, it is worthy noting
that for measuring the far fleld it is necessary in some cases to place the de-
tector at a distance of some hundred metres or in the focus of & mirror: while
the former condition cannot be easily satisfied, the latter method is particularly
delicate and requires great accuracy in the positioning and scanning of the
detector. In these cases it becomes preferable to measure the radiation pattern
at finite distance as, by the way, we have done for the Frascati undulator.
Finally, the mirror damage by tho UV radiation is one of the major problems
with the cavities for FEL operating in the visible range. In particular, it is
necessary to know the intengity distribution for the higher harmonies at
distances corresponding to the resonator mirrors. Theee examplea explain the
great interest in the analysis of the undulator radiation at finite distances R,.
This problem has been addressed in ref, (*) by neglecting the effects of the finite
distance on the phase distribution of the contributions of the different sections
of an undulater. In the present paper it is shown that these phase variations
play a major role in modifying the near field along off-axis directions, namely
for Fresnel numbers N_= nL!# /iR, of the undulator seen under the angle §
larger than 0.1. A field representation valid for small and large angles is pro-
vided in terms of the complex Freanel integral )

The present paper reports part of the preliminary work carried oub for
obtaining laser action from a linear undulator, of the electromagnet type,
installed on the ADONE storage ring (*). Almost nothing is said to illustrate
the paralle! work done for improving the quality of the electron beam (reduction
of the beam envelope, shortening of the current bunches, change of the cavity
radio frequency from 8.66 MHz to 51.4 Mz, atc.), excapt for some references
to the machine characteristics necossary for evaluating the electron trajectories
in the undulator. The undulator comprises 20 periods of 11.6 cm with & gap
height of 4 em and & transverse width of 34.8 cm. 1t terminates with two half-
poles used to adjust the electron trajectories in such a way that there is no
net deviation in position and in angle of the electrons at the output of the
device. The effective vertical magnetic field on the axis is B,== 4950 G
corresponding to a factor K — 4.82,

The paper is organized in six scctions, The undalator is described in sect. 2,
where the electron trajectorics are derived analytically, The third section is

() Y. Hirar, A. Luccio end L. Yu: J. Appl. Phys., 55, 25 (1984).

1) R. Bareivg, G. Vicnora, 8. Trizro, R. Bont, 8. De Sinoxrg, 8. Faini, 8. Goi-
pucct, M. I'Recer, M. BeRrio, B. 8PaTaro, 5. Tazzani, F. Tarmor:, M. Vescovi,
A. Carrony, C. BaneLri, M. CasTeLrano, N, Cavaire, F. Czventn, M, R, MasuLro,
P. ParrEr1, R. Rinziviieo, A. Cororo and B. Boviuewo: J. Phys. (Parix), 44,
C1-1 (1983),
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dedicated to the calculation of the radiation pattern in the near zone. The
effects due to the electron beam divergence and the energy apread are discussed
in sect. 4, where simple formulae are provided for the average intensity per
unit frequency and solid angle. The presence of aberrating elements placed
on the optical path of the radistion, as, for example, windows separating the
storage ring from outside, is am\.lyseﬁ in sect. 8. The paper terminates with
a description of the spontaneous-radiation measuretents in sect. 6.

2. — Undulater characteristics and clectren trajectories.

The undulator installed on a straight section of the ADONE storage ring
{ree fig. 1} has 20 perinda with the first and last half-poles excited with a lower
current for keeping tho electrons at the exit aligned with the machine axis. The
main characteristics of this device (see fig. 2) are deacribed in detail in ref. (*)
and summarized in table 1. It has been designed to have the smallest period
{A, = 11.6 cm) to reach short wave-lengths and to give s maximum vertical
fleld B, = 4060 Q.

TanLe I.

Undulator period A, = 11.6 om
Number of periods N=2
Length (with olamps) L,= 2412 m
Maximum maguetio fleld on axis B,= 496kG
Field parameter K = 4.826
Pole height 6.6 om
Pole length 2.0 om
Pole width 3.8 om

The accuraie measurement of the magunetio fleld along the axis and across
some sections has shown that the modulus of the integral of the vertical com-
ponent B, along the z-axia is less than 1 G X meire when B, - 4850 G. This
compensation has been obtained by regulating the excitation of the terminal
balf-poles and trimming the strength of the single poles. Unfortunately, the
undulator becomes rapidly uncompensated when the execitation current is
slightly changed.

Since B must satisty simultaneouely the equations VxB=V-B =0, it is
nonuniform on the trangverse sections and has a nonvanishing component along

1) R. Banmini, A, Carvonr, B. Duraca, C. Banzris, M. 8eri10 and G. ViawoLas:
Nuel. Instrum. Methods, 199, 169 (1981).
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undutater magnet

LELA
experimental
area

monachromator

optical bench

Fig. 1. — Layout of the undulator section of the ADONE atorage ring.
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half poles

Fig. 2. - Schematic of the 20 periode linear undulator installed on ADONE.

the ¢-axis. The physically realizable fields cause slow betatron oscillations,
which can result in a change of the radiation spectrum with the appearance of
side bands. In proximity of the undulator axis (z-axis)} the field can be rep-
resented with good accuracy by

(1a) B,oc 28zy conl,
(1 B.oc“i-:—'ysinc.
(1c) B« [1 + Bla*— ) + %(i—i‘)'y'] cos?,

where { = 2ng/A, and § is the sextupole coefficient. The quadrupole coefficient
@ can be negleoted in view of the extension of the poles in the z-direction.
Note that we have oriented the y-axis vertically, parallel to the main compo-
nent of the magnetic field. This contrasts with the usnal convention adopted
for the ADONE ring, where the axial co-ordinate is called y and the vertical
one ¢. From the values of B, measured (*) at different heights y we have in-
ferred that the residual sextupole coefficient is loss than 310~ mm-t.

With good approximation the electron undulates sinuscidally on the (z, £)-
.plane by describing a trajectory of period 1, and amplitude z_— v/'Z ad_{2n,
-a = H{y being the mazimum deflection angle of an electron of energy y with

K = eB,4_[2nme® the so-called field paramster.

1
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Due to the presence of the term 8z? in the expression of B,, the average
distance (x> of the electron from the axis tends to increase with s, namely

{2) {zy = (w,) cosh (aeV/F) .

In the present case, y =2 1300, K == 4.82, s_ — 5 ~2m and (&) ~g,=
= 0.8 mm (see table II}; consequently, the displacement of the electron from
the axis at the undulator exit is ~ 4 pm, a quantity which can be neglected
in the calculation of the epontaneous radiation.

Taprre I

Electron energy E = 6286 MeV
Momentum compaction a, = 0,004
Fractional energy spread o, = 23-10-4
Averaged invariant Hy= 03m
Radial emittance A, = 020 mm mrad
Radial betatron tume vy, = 32
Veortical betatron tune v = 315
Betatron wave-lengih f = 8m
Off-energy function n = 2m
Radial-beam envelope oy = 0.7 mm
Vertioal-beam envelope o, = 0.2mm
Radial divergence o, = 00756 mrad
Vertical divergence o, = 0,08 mrad
Damping partition numbers J, =W, =2, =1
Revolution frequency h = 2.856 MHz
RF frequency frp = 8.66 MHs
Number of bunches m = 3

In the y-direction the particles execute betatron types of orbita due to the
axial component of the magnetie field which interscta with the oscillations
along . If & partiole enters the interaction region, which begins acoording to
the present conventions at £ — 0, with tranaverse co-ordinate y, and initial
velocity f,,, the y—co-ordinate at { will read {see, for inatance, ref. (%))

3) y.(C)zy.oouc-i-zp;;: sinacsg,+g;_'§!;+3,"

« being the maximum deflection angle defined sbove. For a ~ 3-10-* and
{, =240 (=2aL ) with L  the undulator length), we can approzimate

(*) C. M. Tanc and P, BPRANOLE: in Physics of Quanivm Elecironios, odited by 8. F.
Jacoss, G. T. Moore, H. 8. PiLrorr, M, Baraent 111, M. 0. ScoLrt and R. Spitexs,
Vol. % (Reading, Mass., 1982), p. 267.
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eq. (3) with

1 Tal
(4) w0 = w(1- %a'f‘) slan(y ).

Accordingly, the final displacement induced by B, is given by

® e~ et ) = 20m,

a quantity much smaller than the osciilation amplitude x_. We will see in the
following that these betatron oscillations give rise to side bands in the spectrum
of the spontaneous radiation. However, due to the small value of their ampli-
tude (ese eq. (3)), the intensity of these side bands can be practically neglected.
Finally, the effective value of B,, which determines the amplitnde of the
" m—co-ordinate oscillations, depende on the initial value y,, the varistion being
in the Frascati undulator of the order of 10-4. For a discussion of these fluc-
tuations the reader is referred to sect. 4, eq. (60).
‘On account of the above considerations we can represent the effective
field with the linear polarized vector potential A = ®4, which depends on { as

| ! - balf- ,
L) 4,40 = r—?-.a@) = m__;_ an{l — coa ) {balf-poles)
(2n—Da—acos{ (undulator),

0 being a parameter accounting for the different strength of the two terminal
hall-poles with reapect to the rest of the undulator (hereafter referred to, for
the sake of brevity, as the «undulator»). For a wiggler perfectly compen-
sated (i.e. a(0) = a({,) = 0 and [a({}d{ = 0} the coefficient n is equal to
n = (N—1){(2N — 1), N being the total number of periods (inciuding the
half-poles). Equation (6) ensures the continuity of B, for {==n and
{ = (2N - 1)z, that is at the interfaces of the two half-poles with the undulator.
In addition, 4, vanishes identically outside the wiggler: this approximation
is justified by the experimental result that the fringe field produced by the
Frascati undulator drops to rero so rapidly as to be practically negligible
{soe the plot of the Beld along the axis reported in ref. (*)). Note that this
approximation is not valid for the undulators built with permanent magnets,
where the tail of the fringe fleld affects notably the electron trajectory (see, for
inatance, ref. {(")}. In the following, we will treat » as a parameter in order to
develop expressions of the radiation fleld valid also for undulators not perfectly
compensated. In addition, « will be treated as a fluctuating quantity (inde-

(") A. Luccio and 8, ERINSKY: in Physics of Quanium Elecironics, edited by 8. F,
Jacors, G.T. Moore, H. 8. PuLorr, M. Baraent 111, M. O. Bcorry and R. SpiTzeR.
Vol. 8 {Reading, Mame., 1982), p. 181.
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pendent of y) in such & way a8 to account for the effects produced by the random
distribution (Gaussian) of the initial values of y,, which, in turn, slightly mod-
ifies the value of the magnetic field in accordance with eq. (1e).

2a. Eleolron lrajectories. - Electronsa execute complicated trajectories in
three dimensions, which can be conveniently represented analytically by using
ag independent variable the co-ordinate {. In the following, we will derive in
the order { = i), 2 = z({) and y = ¥({).

The function § = ¢{{) can be obtained by integrating the equation (%)

@ = (1 + ;; +’1'"';—‘”')c + %J‘a'(C')dC' —ﬁ..facc':dc' ,

gince Q = 2nof{l, and having assumed, without loss of generslity, equal to
zero the time at which the electron enters the undulator. Now, inserting the
r.h.8. of oq. (8} into (7), we obtain

® 2t = C({)ein{ + Oy({) sin 20 + Ou{)E + Oull),

where the C,({) are stepwise functions which remain constant along each half-
pole and the undulator. In particular,

o anfye— atn? ' {half-poles) ,
T et ar{l — 2p) (undulator) ,
O ta'n (half-poles} ,
e far (undulator} ,
1 H 3
1+ ey +ﬂ—:‘—-g--ﬁ—"— B + s (half-poles) ,
0l= 1 + 2 1
) 1+§y—,+"'~~'~'~~—2 ﬂ:'"-uﬂ..(2n—l)+%[(2n~—l)'+ 5]
(undulator) ,
0 2 {18t half-pole),
~ anfeall — 7} — %u[@q -1+ %— ;1 q’] (undulator) ,
0= at 1 3
2(N—-1)=a [‘3-.(1 Ly [(2'1"' n+z;-3 'I']I
(2nd half-pole) .

(*") P. Luceni, C. H. Paras and 8, SornrMENo: Appl. Phys. B, 28, 15 (1082).
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8ince the undulator field doea not vary along the z-direction, we can use
the constant of motion

(10) P — EA,= const — pi |

(1]

o its initial value

whero p, is the z-component of the electron momentum, p
and ¢ {> 0} the electron charge, for writing the equation

dz, it o 1, Pt b, o )
(i a o(fee— a) ar ™ S—)(ﬂn— G)(l +'2‘;;;+ —5 + ) faca ).

If we retain only theee terins of eq. (11) containing combinations of the small
quantities f,., 4 and y* of order not. larger than two, we can assume dtfd;=20-!,
8o that

a2 20— ny=put- fa(t‘)dc = Xtysint + X0¢ + XD,

where the X, are stepwige functions constant along each half-pole and the
undulator, where they take the following values:

o (hali-poles) ,

4= o (undulator) »

x| + fee (halt-poles) ,

(13) (1 — 2n)a + By, (undulator) ,
0 (1st half-pole),

Xy=j—axll —n) {undulator) ,

~ 2{N—-1)(1— nlax (2nd haif-pole) .

Finally, ¥,({) ia given by eq. (3).

3.—Fleﬁudiuelbythennddamr.

The radiation emitted by relativiatic electrons passing through an undulator
has been studied by several authors (7). The far-zone pattern relative to

"} D.F. ALrERov, Yu. A. Basumaxov and E. G. Beasonov: Sov, Phys. Tech. Phys.,
18, 1336 (1974),

(') A. Horrman: Nucl, Instrum. Methods, 152, 17 (1978).
('} C. Bazix, M. BiLLarboN, D.A.G. Dracon, P. ELraume, Y. Fange, J. M. J.
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a uniform wiggler without hali-poles was originally calculated by ALFEROV
¢t al. () by expressing the Lienard-Wiechert vector potential by meana of
a seriea containing Bessel functions and the function mine () = sin xxinz.
On the other hand, Nikrmin ef al. (*%'") have expressed the field by means of
the incomplete cylindrical functions.

The radiation of the Frascati undulator is observed from a distance of
about 24 m, so that the far-zone formulse cannot be used for a careful rep-
resentation of the field. In alternative, we have developed an analytic rep-
resentation in which the function sine () is replaced by the Fresnel complox
integral F(-). Formally, these near-fleld expressions coincide with those relstive
to the far field of a tapered undulator (**). In fact, a uniform wiggler seen from
a finite distance looks like a tapered one for what concerns the dependenoce of
the optical path connecting the field point with an electron, on the axial co-
ordinate of the electron itsell.

The near-fleld calenlation has been attempted in ref. (*) by manipulating
in & suitable way the radiation integral, which contains as integrand a phase
factor times & vector function. In particular, these anthors have assumed that
the phase be proportional to #,-r,, &, being the unit vector connecting the
undulator origin with the fleld point r and tbe position vector r, of the electron.
The effects of the finite distance are accounted for by the variation of the vector

Fig. 3. - Geometry relative to the calsulation of the radiation integral.

Mapy, J. M. OrTEGA, Y. PETROFF, K. E. RoOninaow and M. VELSLIE: in Phyvioe of
Quantum Elecironics, edited by B. F. Jacors, G. T. Moore, H. 8. I'iLLorr, M. BaRaENT
HI, M. 0. 8cuLLy and R. SriTeer, Vol. 8 {Reading, Mass., 1982), p. 80,
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quantity multiplying the phese factor. In addition, in our calculations we
inciude in the phase an additional term quadratic in r,.

Tho component at frequency w of the electric field radiated in free space
by a single electron is proportional to the integral (%) (see fig. 3)

i (R —B)xB]

(a4 1 =3) u—apren

exp [fw(t + R(t)fo)dt,

having neglected torma proportional to B-*. Here R(f) = r — r () i8 the vector
connecting the position occupied by the electron at the instant ¢ with the field
point r; in addition, () = R(¢), T is the transit time through the undulator
snd B{t) = ¥ (i)fe is the electron velocity divided by e.

Now, by generalizing eq. (14.68) of ref. ("*) to the case in which the field
point ia at fAnite distance and & depends on {, we obtain with simple algebra
and the help of eq. (14.10)

Ax((R—B)xP] _d Ax(BxP) Ax(AxP) + Ax(BxP)

(16) (1‘—- P A& i-ap I—ap
(T~ a-By
QAXGEXB) | Ofazg, BB BB . o
" 1—ﬁ4§+§['"'p+1—a-p “appt! ﬁ)]

Consequently, by neglecting the term O{1/R} of eq. (15), replacing the inte-
grand of {14) with the r.i.s. of (15) and integrating by parts, we finally
obtain

i ll, ¥ (N X Bl) :
(16) I—= = (T-:wl;,LﬁTR exp [iw(T + R je)] —

i n. X (n. X e}
7. BIE, oxp [iwR,fe] +

+ :,_,,:V,, exp [iw(t + Rje}ldt + O(1{R"),

where the suffizes 0 and f label quantities referring to the entrance and exit
pections of the undulator, respectively. The calculations carried out by using
oq. {16) have shown that the end point contributions (the first two terms on
the r.h.a. of (16)) are practically negligible. Therefors, thess two terms will
be omitted in the following expressions.

("} J.D. Jackson: (lassical Klecirodynamios (New York, N. Y, 1962).
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When the fleld point is at a sufficient distance from the undulator, we can
approximate R(f) with (see fig. 3)

(a7 R(t)=R.(1+ﬂ—3f-.-F)'~R.—ﬁ.-F+
R. R‘ s — .
+ 3 e+ WE + (ol + a0+ (ot w7 1( )

where R,= r— 2x,— #y, and F =r, — &z,—#§y,. For directions close to
the z-azis we have

(18) 55, Unh 4 wl)Z 4 (al b nl)l < pp - @+ ) <

<1 R.z["’ At (2aNY (Bt BRI = %‘_—',
with the help of eqs. (12) and (13). Thus, for distances R, larger than R, ,
the above contribution to the phase ¢{f) = w({t + R/c) can be neglected. For
the Frascati-ADONE FEL replacing fi,, 4 f;, with the squared values of the
vertical and radial divergence standard deviations (see table II) and taking
into account the parameters of the undulator yield R ~ 6 m,
Now let us observe that

s 1]
(19) iy (et meE < “R.Ifz (Wt o= = Ili?a,.,

the suffix max indicating the maximum deviation of A& from the z-axis. It is
noteworthy that the quantity N_= alLl(n] 4 n;)/AR, represcnia the Frea-
nel nomber of the undulater seen from the field point. Fer off-axis angles
leas than 1.2 mrad, L = 2m and i = 5000 A, we have R, — 362m. Ac-
cordingly, the last contribution to the phase cannot be neglected for the
ADONE undulator.

Since the vector & is almost coincident with 8, we can write

(200 A=EFp+Fi+ [ (R) (s)],~

1]
3% +y)~n.-l (&, 1+ Frey) = Batem,
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Consequently, we have
(22) Bx(AxP)=R(R-P)— P =R X{BxP}+ e{(Ry'B)m, + (m,-P) Ry}

In view of eqe. (12) and (13) em,-P = (s + o COB L ige + £ My, - Since this
term containg products of three small gusntities, it can be dropped off. In
addition, we can put f,-p = 1.

If now we introduce the polarization vectors e = (R, x9)/|Ry x| and
7 = @ X R, wo can split Ax(RxP) in two components, namely

(23) ﬁx(ﬁxp):‘/l_:_

} [enleB) — Byt eay 1) = (fu+ £8,) 8 + ([u+ eg} R,

! o] {inefa— mB— sﬁ-)a +

having pub ﬂ,f\/ i':’;i,= 1 since f, differs from unity of the quantity 12,
which in our case is of the order of 10-%, while n,, takes values not larger
than 10-*. The symbols | and g are defined by

f.= ﬂud—:f:"' Nee = e, X, c08{ + X)) — gy

dz, dy. dy,
fe = u..(n..—-:+ oy ;.4» "")"ﬁ%f
(24) B
== Nyl Xy coB L + X3) + Bepe,— (1 — 13,) —.',
fo = — Texy
In == Ty -

3'1. o and m componenis of the radiation field. — Lot us now eplit the fleld
integral T defined by eq. (14) into two scalar components,

(25) QRI=1,6+ I x=(IM+IMe + (I™+ IMn,

where the quantities labellvd hp and u refer, respectively, to the contribu-
tions of the half-polea and the undulator. If we plug the r.h.s. of eqs. (23)
and (21) ioto the integral of eq. (16), we obtain

] AWrn
(26) 100 = (I + I )m + e)fon + £oa)] exp (DL + i) L,

* {aF-Dn
(EN—1in

on I =I [(1 + &)(fom + egea)) exp Y + i) AL -
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The phase factor exp [iy,] has been approximated with 1 | ip, due to the
smaliness of g,, which is, in turn, defined by (cf. eq. (3))

(28) o) = = mer By

On the other hand, the phase @i) is defined, apart from the inessential
factor (wfe}(r — AyeZy— My} = (wfo} Ry, by

(20} 90 =Z(R—1 + meuts + Pas¥a) — A0 =

"-'(i’[ci——-u T % (nt o] =
=% e Ty~ PyyflayZe — Mane + é"é'.(”u + ".')] =

=)l —p()sin + g({)sin 20 + () + sll)C*,

where », p, ¢, ¥ and » are stepwise funetions defined by

1 3
E‘. + 2‘!”)' +1—n,— ”o-(ﬂu" a’” - nltﬂll +

;] : 3
4Pt B g (haltpoles),
=51 1 o
3y + 1 [2(2n — 1) 4 1] 4 1 — nyy — teu[foe + (1 — 29)] —
. )
— BB + ﬁ'——;— Pow afly(2n —1) {undulator),
= _“_’.| oty + aheat — Pasttn) {half-poles) ,
pla)= 2| ang + (29 — 1} — fly,x {(undulator) ,
=2 farp (half-poles) ,
{30) =370 par {undulator) ,
0 (18t half-pole) ,

— 2 (20— 1"+ 1= 3] + anen(1 — 1) — ouall — 1)

(&) = gn ' (undulator) ,
2N — 1)[‘}[2(2va~ 1+ 1— 3% — anell— ) +
Yepu—n)  (ond maitpole),
1 '

-
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In the FEL theory the quantity » is related to the detuning parameter
4 = 2a{y — 1)(N -— 1), which is » measure of the resonance between the laser
wave and the undulator field.

3'2. Fourier series expansion of the radiation field. — Now, following Ai-
FEROV ¢f ol. (**) we shall use the expansion

(31) exp[— ipeinl + igsin2{} = ¥ R.(p, g} exp[— in{],
where
(32) R.p, q) = E Sl @ surolP) 5

for caleulating the integrals of eqs. (26) and (27). In particular, by neglecting
the smail quantity ¢, and expressing the derivatives dz,/ds, and dy,/dz, appear-
ing in the definition of f,, by means of eq. (12) and eq. (3), we obtain

(33) 199 — (8, ~ aml, — n L) 1™ + an L 1o,
(34) I‘:" = {”uLl - ﬂ-' Ll} I‘.“’ ]

with the following meaning of the symbols:

{35) L=1+D+D4 D,
{36) L=1+42D+ 3D+ .,
., Ay O
(37 Dz_'ﬁ}iﬁ;a_v’
while
(38) 1= j oxp [igldt =
hall-pelen

= i R.(p, g{Tir — n, 15 1, 0) -} exp [ir] T{yr — n, 8; 2N, 2N — 1)},

where
nky

- j exp [ity — W)L + is¥1dL =

(el s s ) s )

(39) Tor—n sk k)
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F(x) being the complex Freenel integral,

40)  Flw) — — exp[— in/4]|exp Litr)dt =

VE
_ 1 exp[— inj4] Lav ot ot
:"2+_—\/5 m(1+1—3-—-ﬁ—=ﬁ+...)~

11 . 2 3:6--(2n—1)
~ U i 1 A ok A
2 U o) S explitet nm](l T R )
with T(— #) the unit step function equal to unity for #< 0 and zero otherwise.

Ie= j' cos p exp [ip]ld¢ is given by a series analogous to that of eq. (38)

with R, replaced by (B..,+ R.n}f2.
On the other hand, we have for the undulator

(41) oxp[— VI = {(( — 2 + B 0L, — n LYV + oL, 1¥,
(42)  exp[— #rIIY = {— B, L+ n, L} I

with
(43) Ie= Z R,(p,q)T(»— »,8; 2N 1,1},
(44) 9=} 5 Rt B Tl — 5528 —1,1).

M——cD

The quantities », p, g, r and » are defined in eq. (30). In particular, they
take different values according Lo whether they appear in expreasions referring
to the half-polee or to the undulator.

The effect of the operator ) on the function T can be easily calenlated by
taking into account the relation F'(x) = — exp [i(z* — af4)]jV/n. In particular,
we have

46) DT(r—n,8;ky, k)= 4::3. o [+ = m T + exp[ila* ke + ahly~ )] —
— exp[i[n*kis + nk,(v— ﬂ)]]}

Analogous expressions ean be easily obtained for the higher-order derivatives,

For what concerns the operatora L, and L,, the number of terma to include
in their series representation depends on the ratio L /R, snd on the accuracy
of the field calenlation. In fact, these operators are introduced for taking into
acoount the presence of the factor ¢ in eqs. (26) and (27). If, for example,
L_/R,= 10! and an scouracy of 10~* is requested, the series (35) and (36) can
be truncated to the third term.

(S
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Before concluding this section it is worthy reporting an expression of the
function T valid for values of » such that en'(k! — k) < 0.1. In fact, when this
condition is satisfied, wo can replace the phase factor exp [ial?] appearing in
the integral of eq. (30) with the expression 1 -+ is{? and we obtain

(48) Tilv—n, 8k, k)= n(ks — k) exp [in(k, + k)lr—n + #(k, + k) =/41)

‘[sinc [k'; ki [» — n + 7elk, + h)]]—
s (E-_g_"z)' sine* "" “ byt il b k.)l]] :

where sine” = d* sine {z}/ds*.

Finally, we want to discuss qualitatively the contribution of the betatron
phase ¢,, defined by eq. (28), to tha radintion integrals (26) and (27). 1f we
congider the expression of ¢, in terms of 3y,, we can write

@7 ipy= %(iy. + 2&"39—:) exp lial] 1 ;;, (iy.—

f )1~
L ﬂulv

L0k, @
¢ 2700 o ¥

Now, when the first two terms on the r.h.s. of {47) are multiplied by exp [ig],
they produce s shift of the normalized frequency » which becomes, reapectively,
oqual to » + « and v o, & circumstance which amounts to the introduction
in the spectrum of two side bands ehifted by a, which cannot be isolated since
they are immersed in the relatively broad line of the fundamental harmonic.

L—l-haeeoflheenergyspud,dinrgeneeulﬁniteem-uetiononlhe
radistion pattern.

As in other electronic devices, electrons internct most efficiently with waves
when the spread in the particle parameters is small. In correspondence of the
undulator the ADONE ring is characterized by a betatron wave-length of 9 m
(oo table IT). Correspondingly, the other two Twiss parameters (*) aro, respec-
tively, equal to y=0.1m" and 0=0.1. On the other hand, the radial emit-
tance is equal to A, = 0.26 mm mrad. AR & consequence, the distribution
function of the initial values of x, snd f,, at the undulator entrance reads, in

("™ A. Renieri: in Proe. 8.1.F., Course LXXIV, edited by C. PeLLEGRINT {Amster-
dam, 1981), p. 414.
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the abeence of energy fluctuations,

(48) HTyy Pos) = 40P [— 12.5(0.1x) + 0.2z, 8,, + a1,

where we have expreased z, in mm and s, in mrad. In view of the small coel-
ficient (0.2) of the term z,f,., We can in first approzimation neglect the coup-
ling of the z, ro-ordinate fluctuation with that of fy..

Since the off-energy function n is different from zero (p — 2m), we must
take into account the energy spread contributions o,, and a,, to the radial
beam envelope and divergence, respectively, so that we have (see rol. (™),
eqs. (2.97) snd (2.98))

I, 1
Thon ™= ' (ﬂ' + j‘- Hufl m) ’

(49) J 1
Than= 03 ("J" + j! Hyy m) y

where ¢, is the fractional energy sproad (o,= 2.3:10~%), & is the coupling
coafficient between radial and vertical betatron oscillations (3 =~ 0.1), J, and J,
are the damping portition numbers {J,= 2,J.=1) and H,, is the Courant-
Snyder invariant averaged along the bending magnets (H, == 0.38 m). Using
oq. (49a), we obtain s beam envelope o, 0.73 mm which agrees with the
measured radial width.

The calculated radisl and vertical heam divergences are almost equal to
0.085 and 0.076 mrad, respectively. Since they are much Jess than the angular
width of the radiation pattern, which is, in turm, approximately equal to
0.6 mrad, we are inclined to expect that the beam divergence does not affect
notably the radiation pattern. To teet this hypothesis, wo have caloulated the
aversge intensity pattern for a Gaussian distribution of the transverse velocity
tor different values of the divergence ranging from 0.05 to 0.5 mrad (see fig- 4).
In so doing we have found that the angular and spectral patterns begin to
bocome distorted for divergences of the order of 0.4 mrad. In addition, the
rolative line width of the fundamental barmonic of the undulator radiation in
of the order of 1/N == 5%. On the other hand, the fractional energy spread
of the ADONE beam is two orders of magnitude less than this value. Conse-
quently, we expect a small influence on the radiation pattern.

The initisl co-ordinate y, of the electron influences indirectly the radiation
pattern through the variation of the parameter K. In fact, we have shown in
oq. (1¢) that the magnetic fleld B, increases quadratically with the co-ordinate y.
Consequently, s fluctuation of ¥, having varianoe o, corresponda to o etandard
deviation of K approximately equal to

(80} o= %(3’%')' ~ 104,
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ative to a divergence of 0.5 mrad. Note thatin the former case the patterns are similar to those calculated for zero divergence (see, E

for i.m?anoo. fig. 7a)), while in the latter one the modifications hecome particularly evident in the side lobes with the main lobe
appearing more pointed near the peak. The asymmetry of the angular pattern is due to the pressnos of the haif-poles which induce

s slight twisting of the trajestory.

Fig. 4. — Angular (a), )} and spectral (c),d)) intensity distribution averaged with respect to s Gaussian distributi
. \ ution of the
trapsverse velocity of the electron entering the undulator. Plots a} and c¢) refer to a divergenoe of 0.05 mrad, while b) and d} are rel-

(=Y}
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4'1. Ejffects of the o-beam parameler fluctuations on the specirum of the junda-
mental harmonio. — Lot us consider for gimplicity the far field relative to the
horizontal plane (n,, = ©) and to frequencies close to the fundamental harmonic.
Under these assumptions the contribution of I, is missing and the series of
eqe. (43) and (44) reduces to the terms n=1. On the other hand, the function
T(y— 1, s; 2N — 1, 1) i8 given by 22N exp [2aN(v— 1)} sino (N — 1)(r— 1) (see
oq. (46)). Accordingly, by neglecting the contribution of the two half-poles,
wo obtain

(51) I*~ a*n' N? lR. 4+ R,— 2 % (Nee— ﬂ..',l]'slnc' {(N—1}r—1).

It is worth noting that, for Ree and ﬂ:, sufficiently small, the functions y, R,,
R, and R, reduce, respectively, to ' ’

oyl (14 5) e et ),

63)  Bup, ) = Ju@dulp) = Julat — 197) 2,1 - 19"

G Rp, 0 = @) + J@Ip) = Da) + Jialkp 5, 4P
68)  Rulp,9) = — L@@} = — J(@0 — p" 3, — dell — {9}

By inserting the limit expressions of R, for K0 into eq. (51), we ghall ob-
tain the expression of the intensity used by ALFEROV ¢f al. in rel. {*) {el. eq. (11)
of their paper). For our undulator the factor g is equal to 0.46 and we cannot
use their approximate expression of the spectrum, so that in the following we
will refer directly to eq. (51) by omitting the inessential factor a'x'N. On
the other hand, since in our case the intensity is elightly affected by the flue-
tuation of the beam parameters, we shall calculate the average vaiue of the
intensity for given direction and frequency by approximating the fluctuations
with the first- and second-order differentials of the intensity calculated with
respect to the parameters », p and ¢. In particular, by indicating with (')
the average with respect to the variables f,., Sy, K and y and with I, the
value in the absence of fluctuations, we have for « = K, p,

(66) ' P— D>, = 1 _di | o« QrN(gine' + wine aine’)y", +
2det oy
+ 2NQ(Q.-?.- + Q.cQ..) sine Binc'v.' +
+ [(@% + €Qumn) Pt + {Q% + 9Q.0) 0%+ 2(0,Q,. + Q) P.ut.u] vine?,

having indicated with &, the quantity dajds. The expressions of the deriva-
tives and the symbols appearing in {66) are given in tho appendix. For «—=4§,

L
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we must include in the r.h.s. of (68) the following term:
4 w .
(67) (;. R -4 o R,Q,,) sinc* + N g (Q' -8 %’ QR,) sinc sine’ .
For what concerns the fluctuations of f,,, we can show that
(58) o, I — I, = N ‘—‘;Q' ginc sine’ .

In particular, along the undulator axis,

(69)  I'MQ'+ 4,0+ A o} + A,0]) sine’ 4
+ (B0 + B, 0.’ + B o, + B,o})sinc sinc’ +
+ (0,6 + C o})(sine’ 4 sinoc sinc”)

with the meaning of the saymbaols defined in the appendix. In particular, note
that the term @*ainc' represents the intensity in the absence of fluctuations.

For the ADONE undulator the quantities o, d], o, and o, are of the same
order of magnitude (10-4), 50 that the weight of the terms of (59) depends on
the coefficients A, B, C. From the values reported in the appendix (see

eqs. (A.18) through (A.25)) eq. (69} reduces to
(60) <IN = Q'+ A’_a’_') sine’ 4 (¢]' + 0"} B, sino sinc’ 4

+ o]0 (sinc™ + sinc sine”) =

= (0.52 — 8.4-10'¢]") sing’ + 2.8-10"(c%* + 0,’) sinc gine’ .
The above expression confirms the slight variation of the intensity spectrum,
so that we are allowed to neglect the Auctustions of the factors appearing

ingide eq. (51) with the exception of the 8,, which multiplics the function E,
and the term (f, 4 f3)/2 which appears in the definition of v

£2. Av_mdar .pamm of the fumdamental Rarmonic for the frequency relalive
fo l.he marimum inlensily along {he axis, — When we consider the frequency for
which » = 1 along the axis, oq. (52) simplifies into
61) r=1+@E-A +p

with § = ym.f(1 + E*2)' aud f, .= yhum/(1 + K20 In addition, taking
into account eqs. {63)-(55), we can write eq. (51} in the form

(62)  I'oc (Ji(g)— Ju(@)*[1 — 2A(E — A.)] sinc* N[(E — A + B,

ANALYTICAL AND EXPERIMENTAL ANALTYSIS ETC. »”

where A = 2(J,(g) + JJ@H[Iela) — Ju(g)). Next, averaging with respect to f.
snd j, yields

an

(63) I—q'g_—-m = {1 — 24§ sine* NEr 4 24
1 1d,d dy . _
-[— A+0—248) 3 58— d_sl sinet N&* = J(§) + 249(8),

whero A = o'*9'(1 + K'[2).

The modification of the angular pattetn can be evaluated by measuring
the momenta of the distribution § + 24g for £ > 0. Binee the intensity profile
can be measured accurately only in the main lobe, we find convenient to
analyse the quantities

f’(f + 24g)ds
®) ==
[U +24pa

1 NI,— 241+ 24— 1AN1, 4+ 131, + {N' L)
= N NI,= 241, + A— 3ANT, + 4NT,— 0.84N"]’

1 NI,- 2L+ 34(— 3NAL + 6N1,)
08) KK = i N7, 54L, + A= SANL, + INI,— 08487}’

where I,= jq sinc'yrdy. In particular, I,= 0.051, I, = 0.226, I,= 0.109,
I.=oos11 I, = 0.0383. In our case, A — 3.24, 4 = 8.8-10~ for o' =8-10~*
snd y = 1300, s that

(Y = 7.8-10-%(1 4 1244),

CIEly = 1.6-10-%(1  284),

(G Sk 4[5 2
<D = 0.64(1 + 1184) .

It is noteworthy that even for a so small beam divergence the standard devia-
tion of the pattern aperture is about 10%, larger than in the ideal case.

{68)

4'3. Variation of the first Rarmonic central frequency with the angle. — For
caleulsting the frequency which maximizes the intensity for & given direction,
we note preliminarly that for an electron entering axially the peak of the far
field corresponds to the condition » = 1. In this cuse, if we indicate with
% = A/A, the wave-length normalized to i, = {1 + K*/2)/2y*, st the cen-

o4
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tre of the spectrum % reads
(67) u=1+ &,

For a divergent beam and a finito observation distance the above relation will
be modified. However, we can expect that the correaponding value of » will
still be close to unity.

As a preliminary step let us note that the field can be written in the form

(68) L {1— AE—pr+ 11— A2 — B~ BND) T,

A being the same parameter introduced in eq. {82).

If we assume & < 1, take into account that in proximity of the peak » ~1
and use the centre of the undulator as the origin of our co-ordinates, we can
oxpress the function 7T in the form

N

(69) Tu:J-exp [i(v— 1) + isf*)dl =~ 2nN [1 —

—x¥

n N . N L, &
7 (v_]).+‘—é_—ﬁ.; .

Consequently, inserting the r.h.s. of eq. (89) into (68), we obtain
(70) H|ec — (v— 1)-[1 - %; (I‘R—:)'] + g (%:)’ (»— 1) + const,

since € = {1 — A(2§ — f)E — AL — A€~ B.r)

Next, averaging » = u~'[1 + (£— f.)* -+ f'] and »* with respect to f,
and f,, neglecting the fluctusations of C and equating to zere the derivative of
the average intensity with respect to %, we finally obtain after some calculations

C (LN
(LY 1 g v ey,

(1) we=1—24— =
12 \RB,j

Now, if we redefine w by replacing 4, with the central frequency relative to
the axis, the above equation becomes

(12) w1+ E'(l 4104 + i% (f-a')')

Accordingly, the finite distance and the divergence induc¢e & change of the
central frequency which can be accounted for as being equivalent to an increase
of the observation angle. ¥or the ADONE undulator the variation is of the
order of 8.10-? and is due almost exclusively to the heam divergence.
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5. — Influence of a deformed window on the radistion pattern.

As can be seen from fig. 1 special vacuum chambers have been fixed on the
in-going bending magnets of the ring betore and after the undulator with glaas
windows permitting the passage of the spontaneous radiation. Under the action
of the external pressure the exit window warps and the relative normal dis-
placoment w reads (')

P b 1 b
(13) wlp) zuﬁ)(m_ea) li:a'_el)z_f.(el_ﬂ-t;dm)’

whera a (cm) is the window radius, P (1000 glem®) is the external pressure,
R, = 41 + o)/a* P(8 + 20} is the curvature radius at the window centre and

(74) = % ——Eh‘
31—’
F being the Young modulus (= 7.46-10% gjem® for glass), A (om) the window
thicknees and o the Poisson’s ratio (= 0.2 for glnas).
For the presence of the deformed window the distance R({f) appearing in
eq. (14) must be redefined in order to include a small contribution due to the

P

o
£y ]

- d

Fig. 5. — Schematio of the optical path [F, P] conneoting the electron at P, with the
field point P through a deformed window.

additional delay produced by the window. This quantity ean be easily cal-
culated in the parsxial approximation. In fact, with reference to fig. & we
can show that the optical path connecting & generic undulator point P, with
the feld point P, supposed to be at infinity, is given, apart {rom an inessen-

(") L. Lanpav and E. LircHITEZ: Théorie de l'eclasticité (Moscon, 1967).
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tial additive constant, by

(6)  (P.P)=1{P.Q] + [QQ'] + [Q'P] = td—s)(

[1+“’+"~] {R. (@~ )00, — (1——

[,,Jr‘g_f 2 o Tl - )

n being the refractive index of the window and ¢ ~ (d — z,)0 the distance
of @ from the z-axis. The angles & and ¢ are, reapectively, given by

- z,o')+

AR +d—a,

(e “=°‘(‘“’1T. E, )
_dw_g 2p
™ =% " rRA\” 35)

with 6, = (n), 4 n:.)'. We observe that for glass E_{A ~ 3.7-10%h{a)*, so that
MR, is a 8o small quantity to make the difference between 0 and 0, totally
negligible (cf. eq. (76)). In addition, eq. {75) reduces to

0'

(18) [P.P]= —=, [1 _&% (1 _

2A -
2 "E)] -+ additional terms .

In accordance with the above expression the deformed window inducea a small
broadening of the angular pattern which can be taken into account by replac-
ing 6, with 6, == 6,(1 — k/sR_). In our case, h ~ 0.3 cm, a ~ b5 cm, 80 that
the presence of the window is imperceptible.

~ Experimental results.

An a preliminary test of the undulator performance the radiation pattern
was observed at a distance of 14.5m from the exit window. The regular
circular shape of the iris was used as a reference for the fine alignment of the
electron beam with respect to the undulator axis.

The radiation pattern was successively measured several times by placing
& 0.24 m grating monochromator fitted with a 10 stages RCA 4832 photo-
multiplier, placed at a distance of 23 m from the centre of the undulator (see
fig. 1). An achromatic microscope objective 10 x was placed near the input
8lit of the monochromator for matching the almoat collimated undulator beam
to the monochromsator numerical aperture, in puch a way as to obtain a resolu-
tion of 10A. A diaphragm of 1 mm diameter was placed on the back side
of the objective for obtaining an angular resclution of 5-10-* mrad.

ANALTTICAL AND EXPERIMENTAL ANALYSIS ETC. ”

The spectral reaponse of the system monochromstor 4 photomultiplier was
measured by means of a calibrated tuongsten lamp (Osram type 17/W,
T, == 800 °C} of known speciral radiant emittance and fed with a current
gencrator stabilized to 10-*. The reflectivity of the mirrors placed along the
optical path was measured with a reflecting spectrophotometer in the range
{400-700) nm., The overall spectral response of the apparatus is plotted

in fig. 6.

0.2}

i 1 1 1
ul- 000 4500 5000 5500 5000 6500

fT¢ g}

Fig. 6. — Overall tranamittance of the apparaine ueed for messauring the spontancous
radiation. It includee the respenee of the photomultiplier, the monochromator efficiency
and the mirror reflectance.

The anodic current of the photomultiplier was sent to the control and data
acquisition PDP 11/40 computer, jocated in a remote control room, by convert-
ing the current signal into a frequency by means of Camac moduli. The non-
linearity of the system in the whole measurement range was found negligible.

The radistion was measured by translating the whole apparatus in steps
of 0.125 mrad in the horizontal direction and 0.26 mrad vertically with a total
excursion of (3 x3) mrad*. For each direction the monochromator frequency
was scanned from 400 to 650 nm in steps of 10 nm, for both the fundamentsal
and the third harmonic. Altogether 7200 points (direction-}-frequency) were
measured and recorded. All movements were actuated by means of stepping
motors driven by a PDP computer through Camac circnits. A complete
deacription of the control system will be published elsewhere (**).

*) M. CastErLawo, N, Cavawro, F. Cevenint and P. Parreri: A remols oondrol
aysiem for the LELA experimeni (submitted to Nuel. Insirum. Methods).
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F g. 7. — Spectrum of the light emitted in the forward direction by 820 MeV (curve a),
!undsmont_ﬂ harmonic) and 358 MeV (ourve &), third harmonie) electrons. The experi-
mental poinis are relative to the angular (a) and spectzal (s) stanning, reapectively.
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a) o al
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Fig. 8. — Angular distribution of the firct barmonic on the horizontal plane for a beam
of 620 MeV al several wave-lengths: ¢} 4 — 610 nm, b} A = 620 nm, o) A = 5§30 nm,
d) A=05640nm, ¢) 1 =560nm, f) A =560 nm. Note that the pattern at 530 nm
corresponds approzimately to the condition of maximom gain of the undulator used
an a FEL amplifier. Tn fact, the mazimum gain is achieved at a wave-leagth i =
= A, {1 + 0.416/N). N being the number of periods and 1, the central wave-length
of the spontaneous radiation in the forward direction.
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To reduce the noise, the signal relative to each point was integrated for 1 a,
Consequenily, the measurement of each harmonic lastod two hours and re-
quired the successive reinjection of the boam in the storage ring. The variation
of the current in tho ring was takon into account by normalizing the intensity
to it. In addition, the data were taken by utilizing the ring current in the
range 30 to 10 mA, that is no longer than the beam lifetime. The recorded

1.0 - e m e BB —— e -
a.u.
a}l b)
-
[~ I
0.5} 0.25¢
2
H L 1 1 ' \Tn_AI '3 ' J v -1 ’__‘f.‘ LR
0 ' 36 120 12

B imra:t)

Fig. 8. — Angnlar diatribution of the third inrmonic on the horizontal plane for o beam
of 358 MeV al tho two wove-lengths: 1 = 620 nm (@) and 1 = 830 nm (B).

values of the intensity were divided by the transmittance curve of the ap-
poaratus and suceessively interpolated with a cubic spline algorythm, thus ob-
taining the tridimengional plots of fig. 10,

A bram energy of 620 McV was used for the first harmonic, while the third-
harmonic intensity was measured with a heam of 535 MeV, in order to obtain
a frequency close to that of the fundamental one. No attempt was made for
measuring the single s- and p-components of the polarization.

The axis of the radiation pattern was identified carofully by interpolating
the central wave-lengths of the spectra taken on the horizonial plane with
8 parabola of the form i,= A 4 Blidz — x_)%, x, being the axis co-ordinate
in the generic reforence system for the detector displacements. The same pro-
cedure was followed for the y-axia.

Eventually, the experimental points were compared with the computer-
generated patterns snd the relative distributions are presented in the set of
diagrama of fig. 7 to 10. In particular, the half-pola contribution was cal-
culated by using the limit form of eq. {46} for the function T and eliminaling
the ripples of the angular pattern due to Lhe unphysical discontinuity of the
first-order derivative of B L) implicit in the form (8) of the potential 4,.
The series of eqs. (43) and (44) included only three terms, while the opera-

tors L, and I, were truncated to the second term in congideration of tho small
value of L /R,.

)
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Fig. 10. - Tridimensional distribution of the measured intensity ve, the wave-length and the off-axis angle obtained by interpo-

q2

by the distances of the photo-

lating the experimental values with a cubio spline algorithm. Note that the angles are exp

detector from the axis.
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7. - Counclusions.

The principal objective of the study deseribed in this paper wna 0 examine
the mechanisme leading to a modification of the intensity radiated by the linear
undulator inslalled on the AIMONE storage ring. As a preliminary step we have
considered the changes due to the variation of the distance of the observation
point from the undulator. In this frame, we have introduced as a paramster
the Fresnel number N_ of the undulator scen from the fleld point aleng the
direction R. For values of N_3» 0.1, the fleld must be expressed in terms of
the complex Fresnel integral F(x), while for N_<0.1 the more familiar sinc (z)
function can be used. For what concorne the electron heam parameters, we
have shown that the divergence it the main factor affecting the pattern, while
minor roles are played in typical conditions by the energy spread and the beam
envelope. The effect of the divergence on the average intensity is discussed
analytically by capitalizing on the smallness of the pattern variation for the
ADONE undulstor. 1n this way, the spectrum oo the axis, the angular pattern
and the central frequency of tho first harmonic as a function of the off-a1ia
sngle are expressed, respectively, aa functions of the normalized divergence
4 =yYe'*f(1 + K3{2). From this analysis, we draw the conclusion that the
undulator paltern is influenced by the fluctuations of the ADONE beam by no
more than a few percent. This result has been confirmed by the close agreement
of the measured intensity profilea with those caleulated by ignoring the beam
parameter fluctuations.

Finally, it should be remarked that these results have been obtained in
& quite general way, so that they lend themselves to be used for linear undula-
tors having any number of poles and field parameters K of any value.
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APPENDIX

In view of the definition of », p and g reported in eqs. (30) and introducing
the quantity v = Q2p*fw(1 - KY2), we easily obtain

(A1) &, 21

>
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(A.2) v =— 5 ,
K 1
(4.3 GRS TS oo
2p
(A4} Py =— ",; *
K 1
(A-5) Po=— T ER
(A.6) Pa = %,
29
(A"” Ty =— ';: ]
(A.B) g5.= 0,
%
(A.9) qx = K
Ny
{A.10) Q =R—-2- R+,
Next, using the identities
(A.11) Rn,-= iRn—l—' iRnﬂ L)
(A.12) Bue= § Buss— § Busy,

which ean be easily proved by taking into aceount the definition of R, given
by eq. (32), we obtain

(A13)  2Q, =R,—2" R+ 2™k, R,

New Nou

{A.14) 29, :_R—|+2;’R—|“R-+R|-2‘;Ra+ Rn

(A1) Q=R 27 R,— R+ 4™ K- R+ R-22R,,
(A16) 4Qu=—2"R,4R,— R+ 4% R — R+ R- 22 R,

(A7) 4Q, = — R_,+2%‘~'R_.—-2%'-'R.+ 2Rl—2%'R,+ 22 R — R,

14
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Taking into account eqe. (52)-(64) together with the above definitions,
we obtain the following expressions for the coefficients of eq. {56):

(A1) 4y = () &+ RIE~ Rt 28, (=~ 8.45-101),
(A.19) A, = — ¢{TRR,+ R,R,— 2R} — 5R,R,— RY) (= 0.324),
A"
(A20) 4, =— 2 (=~ 0.014)
(A21) B, = B, —8Nq (}'_()' (Ry+ R (= 2.8-10%,
(A22) B, = g g . (=—12.6),
1N
(A23) By = o 4 (= — 0.031),
(A24) 0, =4NYR, | Ry (= 840),
18
(A25) Oy = R NtgUR, + Ry (=< 30),

where the numbers in parenthesis represent the values relative to the ADONE
undulator for y = 1300. Note that along the axie p=40, g/t = K}y +
+ K'f2) = 0.116, while R,= 0.948, — k,— R.,=0.224, — R,=R_,= 0.028,
Rh-l-l =0,

® RIABSUNTO

8i eapone lo studio sperimentale e teorios della radiaxione emessa dallendulatore
lineare, installato sy una sesione dritta dell'anclle di accumulazione ADONE. In par-
ticolare, si illustra la possibilits di esprimere il campo a distansa finita utilizzando
l‘int?gralo complesso di Fresnel. Sono inoltre presentate varie espressioni dell'intensiti
media in fungione della divergensa angolare del fascio e dells differenza di energin
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