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introductinng

We report the results and the interpretation of Smith-Purceil
radiation experiments which were carried out in Tei-Aviv JUniersity
during the grant period Nov. 80 - Gct. 81 and some time after it.

The experiments uwere carried out using the electron beam of a Philips
EM-3060 electron microscope operating at 100, 80 and 60 keV energies and
using a variety of optical gratings. We put special emphasis on the
quantitative measurement of the radiation pouwer pattern at different
angles. This helped to evaluate the validity of various models and
physical mechanisms Wwhich were suggested before to describe the Smith-
Purcell effect. It also helped to draw conclusions on the design of
resonator structures for the Smith-Purcell free electron lasers
(FEL){1-3] and for the related milimeter wavelength tube device, the
orotron [4-7].

The basic configuration of the Smith-Purcell radiation effect is
described in Fig. 1. An electron beam propagates parallel and very
closaly to the surface of an optical grating, perpendiculariy 1o the
grating rulings. t any angle n relative to the plane perpendicular to
the beam direction (viz. 90e¢-n angle relative to the bheam direction)

radiation is emitted at a wavelength
D /. :
= - - St (1)

where G is the gratirg perisd, v, is the electron velocity and n is a
negative integer,
various models and mechanisms wWere proposed to explain the

experimentally observed effact. Smith and Purcell explained the

AE T : T ey

| YO

Chinf, senin . daaorwalien clvision




L

‘1993319 uolleypeda 1192an4~yitug /4yl jo Salvwayog ] .maa

o4

.................‘.....0.’..’........'..0...... ON

9

e




dispersion relation (1) 1in terms of a Huygens wave construction of the

~adiation emitted by the oscillating positive 1image charge of the
2lectraon inside the conductive gratingl8]. Ishiguro and Tako used the
>scillating dipole model to calculate the radiation power and radiation
Jattern using the known radiation fcrmula of a moving dipole [9], Their
calculations did not fit very well with the measured Smith-Purcell
radiation pouer and radiation pattern.

Since the image charge model requires the electrons to move very
close to the grating (less than the grating period) only a small
fraction of a finite cross section electron beam shot parallel to the
grating will ccntribute significantly to the radiation. This motivated
Salisbury to offer an alternative mechanism to explain the Smith-Purcell
radiation effect{10]. According to Salisbury some of the electrons in
the electron beam hit the grating surface at a shallow angle and are
reflected by the tops of the rulings, forming current sheets with
pariogicity which is determined by the grating period. The space charge
eleciric field which 1is associated with the reflected sheet current

beamlets applies a pericdic force on the other electrons across the

incoming beam, and forces them to oscillate. Salisbury reported
experimental results which were claimed to support his model. Houwever
no other independent study confirmed his result. Futhermore a complete

quantitative calculaticn of the strength of Salisbury’s mechanism was
not given.

A useful madel for s30lving the Smith-Purcell radiation problem was
intreduced by Toraldo di Francia who analized the radiation effect as a

recular grating diffraction prcblem where the incoming wave 1is an




evanescent wave which appears wnan the meving elactron point charge is
expandad into its Fourier <components[12]. This gresentation of the
Smith~Purcell radiation problem was further imporved by van-den-Berg[12]
who rigorously solved the Maxuell equations with the optical grating
boundaries (assuming ideal conductor sinusoidal grating). Matching
boundary conditions at the electron beam coordinates resulted in an
integral equation which was numerically solved and presented graphically
in [12] for some exemplary parameters. van-den-Berg’s analysis seems to
be the most rigorous quantitative description of the Smith-Purcell
radiation. Howevar its quantitative predictions were not compared to
axperiments.

A number of experimental studies of the Smith-Purcell radiation
effect were carried out since Smith and Purcell’s experiment [13,14].
All of these studies confirmed the basic radiation condition (1).
Houwever little attempt was made to compare the quantitative pouwer
reasurements to the predictions of the different theoretical models.

In the presant raport we base our experimental interpretation on van-
den-Berg’s model. The main features of the measured Smith-Purcell
radiation pattern at varicus tatitude and azimuth angles fit uwell with
the theoratical curves derived from interpolation of van-den-Berg’s

axample data.

in order to check Salisbury’s model, wWe derive explicit expressions
tased on the known spcntarecus emission formulas of free electron lasers
to account for the radiation emission due to the space charge force !
radiation mechanism. It was found that the power emission predicted due

to this mechanism is orders of magnitude lower than the pouer measured




experimanially. We conclude that Salisbury’s model is irrelevant for

the parameters of our experiment and probably all previous Smith-Purcell
experiments.

The experimental results 1in agreement wWwith van-den-Berg’s model
indicate stronger emission at azimuthal angles § off the plane which
includes the electron beam line and is perpendicular to the grating. We
point out the reievance of this observaticn to the resonator design for

Smith-Purcell free electron lasers and orotrons.

Th=agretical Model

Qur theoretical mecdel is based on the theory of van-den-Bergl12].
The electro-magnetic radiaticn on top of the aratings (Fig. 1) is given

in terms of a Floquet moda series

'g (Elf> = (i,n«2>-i Rei(dwj:dkag(x’?l ‘Q /W)e)((((ha:’— l'k}’(') (2)

o0
" .
£(KL R W= Z E (!Q W)QXP(‘R‘,)\(*(R %:) (3)
3 :a, T < n ")u 3)’!
0 n--oco
dhere
hﬁ(r\ :k“o"'n’hv/D 1/
q
' - 2 2 A (!4)
R%”— (h "p\a-hgh>
whera k = wr/c.
The 2ero order space harmonic (n=0) i3 chosen to be synchronous wWwith
tha o fraquency Ffourier ccmocnent of the single electron current

—evy B{x-vot,y,2z-25)14:
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S0 that kye=w/Ve. It follows from (4) that this space harmonic is
necessarily nonradiating (evanescent in the 2z direction) since k-

ky2=-(w/vg)2(0. However some of the negative order space harmonics

(diffraction orders) may be radiative if kz-ki-kzxn)o. The radiation
directions can be defined in terms of the angular coordinate systems

(7n,3n) which are illustrated in Fig. 2. {

k”\= k Sn &n

k
k

4

kcosh scng, (6)

b‘ o 'lnws'gv\

Yyn
‘bv\

The synchronizaticn condition w/vge=kxe together with Egs. 4(a), 6(a)

4]

are sufficient to determine the radiation condition (1). Clearly, only

nagative diffraction orders n{0 can radiate. Radiation is possible at
all wavelengths A and orders n which satisfy the inequality
|sinnn|=|cs/ve + n As/B]<1. The radiation wavelength A is only a function
of the angle m and is independent of . Consequently, the Smith-Purcell
radiation appears as a rainbou of continuously varying colors
(wavelengths), where each color is emitted along airections which define
a half cone of half angle 1u/2-n uhose axis lies along the beam
propagation direction.

While the radiation (dipersion) condition (1) was derived without
complete soluticn of the electromagnetic radiation field, derivation of
ti.e absolute optical power emission and the angular radiation pattern
required a detailed solution for the electromagnetic fields in the

presance of the electron beam as was done in [12]. The translation

synnetry in the y direction, which allowed us to define the radiation
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mddes with a single wavenumber k,, alsc permits separation 1into two

different modes: the £ polarization for which 6,#0.3(y=0 and the M
polarization for which £,=0 j?y#O. A1l of the field components of the E

polarization can te presented in terms of E€,n:

Egn® P ky, )

- - ky ken

€Xu' _;ag_;k:T; ¢,\
ksh;u

gbh:" K2 k2 ¢n

)74 _[E uz,?, 9.

A

(7)

n Mo h"“k’%
& h hl"\

- =2 T 2
3In = VA, R*-Rj
All the field components of the M polarization may be presented in terms

of f(yn:
# no L?L/h(h;),w)

2
h hltn
%’(Mz hﬁ k’- V/V\
2
Ho=- Rk g (8)
or kL - p?l
vl He kRERon
Eoft o

The Poynting vector power density of the n order padiating space

Farmznic is propagating in the directien of the Xn propagation vector

and given by

-

* 2 /.2 ’-\1\ * %
Le xH, = Fli-kgdwle g g7+ py, w5k,

(9)

The energy wuwhich is lost by a single electron by radiation uhen

travarsing cne periocd length D is found to be the sun of th2 Poyntirg
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vector cowers (329 im tn: 2 direction of all  radiating space harmonics

integratad over all w and kg and multiplied by O: (10)
T/ Trg
b5
'__e_ f oa: 'LCoS ,R g’[)!ex{{ 5»«;\ (’_c (( ({
be, W.af.nj (£1g,- sinp)? ke (X mJ 4283
where waves n
-4 . (11)
15( P T -scni) An

h"“*,nz HTR [ fo-1 +costy sints] 72 AT (87221 + cosPysiny]??

The parameter an(E,n)lz can be calculated frem #,,¥, after these
functicns are computed from the equations rasulting by matching boundary
conditicns at the beam position 2=z, and the grating surface. Assuming
idea! conductor sinuscidal grating the parameter R - 41(%.,m) Wwas
numerically computed by van-den-terg and was 1illustrated for various
values of vs/c and hs/D{12].

The parameter hijnt($,m) is the effective interaction length. Only
electrons passing within the interaction length above the grating
2o 2max (hint (3:m) contritute effectively to the n-order Jomith-Purcell
radiatica in the (Z,7) direction. Fer nonrelativistic or moderately
relativistic electron beam h;nt 1is a fraction of a wavelength., Thus at
the optical wavelength only a small portion of the electron beam current
is effective in the interaction and the radiation is weak.

The integrand of Eq. 13 i1s the radiative energy emitted at direction
(n,%) per pzriod length D gper solid angle. Assuming that the electron
c2am fills up the rcgion above 2=Zpayx and well ab.ve Zaaxthint Wwith
uniform current density J, then the power emitted ty the total beam at
diraction 7,7 per unit solid angle 1is obtained by multiplying this
integsrand by the electrors flux density Js/e, the e-beam width b and the
number cf mericds in tne aratings L/0, and then integrating over 2z from

Imax to infinity:

-9 -
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(12)

ThL os2y e ogt 2
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Fig. 3 illustrates the theosretical angular power distribution
Paet($,n)=1n(r,73Ngat which 1s excectea to be collected by a detector
placed at angle (I,n) according to var-den-Berg’s theory and the assuned
parameters of our experiment. The radiation factor |[R - 1(3.m)|? was
calcuiated for the experiment parameters by interpolation of the
parameter values given by van-den-Berg. The assumed expermental
parameters of Fig. 3 are: hs7D0=1/3,E=100 kev (B=0.55), the solid angle
intercepted by the detecior was f14e+=0.005 ster, J=0.8 mAs/cm?, the beam
width 5=0.2mm, 1/d=36C0 lines/mm, n=-1, L=2.5cm.

Though Fig. 3 1is based on a crude interpalation it is believed to
reflect the gross features and the approximate quantitative values of
the radiation pattern as predicted by van-den-Berg’s theary. The
minimun of the curves around m=30¢ corresponds uell with the Doppler
sirifted (ra2lativistic trarnsformation) ncde of a purely transversely
cscillating moving dipole: Nmin= arc sin (Bg)=32e, The curves also
feature a maximum fcr the radiation pattern as a function of ¢ which

occur for each latitude angle m at different azimutal angle ¥, 0¢(I(390e.

-10 -
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Salishury’s Made!

An  alterrative physical mechanism was sufggested by Salisbury to
explain the Smith-Purcell radiatior{38]. According tc Salisbury’s mode!
the electrons hit *he grating a‘* a small angle and are reflected at the
tcp of the grating rulings, producing thin parallel cheet beamlets uith
a pericd along the x axis which is 2qual to the gratings period (see
Fig. 4). Accordinu to Salisbury’s mode) the periodic space charge field
of thesa sheet beanmlets operates as a wiggler on the incoming eiectrons
in the beam. Though this possible mechanisn should be weak because the
soace charge field of the beam is expected to be very small, it has the
favorable feature that the interaction length limitation (11) is
elimirated and the entire crcss sectinn of the beam 1is capable of
participating in tha interaction. Salishury’s mnadel was not vyet
confirmeg or discardad oy an irderandont study. A3 we show her2 by
caraful ccmpuiaticny of the effect eredisted by Salisburv’s modei, this
mcdel is iragvpropciate for explaininy the radiation pouer levels
measured in our experiment, and probably sther similar experiments.

Tha current density and space charge d2nsity nodulation of the sheet
current beamlets ic taken to be Jg ccs [2 x”/(0sin 65)) and
(Jo”¥ 5 a3 [2ex”/{0sin 3;)) respsciively uhere x” 1is a coordinate
pernz2ndicular 2o the current sheets (se2 Fig. 4). The space charge
field in the direction of the incoming e-beam and in the perpendicular
dircction, and the magnetic field are directly integrated from Mavuell

equations
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In the limit of grzzing incidence (§;<{m) in uhich most Smith-Purcell
experiments are conduc*ed, the period of the wiggiing forces which are
experienced by the electrons is D/2. Conszquently it turns out that the
radiation orders <{due to the periodic uwiggler “synchrotron” radiation
generated bv the periodic forces) wuill coincide only with the even
orders of the Smith-Purce!l radiatien given by (1), Thus radiation at
the 13t orcar is nat explained by this mochanism,

when 6;<¢<w the longitudinal electric field modulation Ex diminishes
relative to the trancverse field E: . Futhermore, for relativistic
heams the transverse Lorentz force eve8y. which was igncred by Salisbury
altogetiher, is comparadls to the transverse eiectric force e E;
(reducsd by a factor 2,). They both go to zerc 1n proporticn to 85
“hen v id<{m.

The spontanecus emission theory of magnetic bremsstrahlung

(synchrotron radiation) free elactron lasers(15] can be
straightforuardly adoote to doscrite the spontanecus emission due to
tha trarsvarse uwiagling force e(E., +v,3, ). in terms of the angle
coordinatzs (¥,mn) the radiation mattarn is given by (16)
I8 eIOlek:,L costa (8 ~$(h2)+5(n2_§(ﬁ.4$"”'2 ‘01
TRy g GEXVH
dhere

+ 4 _ eD_TOVI"a/éo.(‘.H &

- 41 = N + 1/82
w " kwmc W, EW) 1TrhWW‘C" ( 1 /6, ) (17)

and Kk, =4n/0.

- 14 -




We  ca.culaled *ne pcoaar distrisution Pget (3,7)31(F,7204et which
would be predizsted oy (!'5) wusing the same experimental parameters as
before. The radiation vpattern exhibits similar behavior to chat
predictad by van-den-Berg’s modsl, including the dip at angle 7=arc
sinB=3%2¢; houever the absolute pouer enission is significantly smaller.
Even for a large 1incidence angle 8§;=1e, the power collected by the
detector should be 5x10°Y' watts multiplied by the angular dependence
factor of €q. 16. This is much smaller than the power predicted in Fig.
3. It is also significantly smaller than the minimum power which can be

detected by our detector.

Expe=imental Pracedura and Results

We used a Philips E{1330 Electron microscope to produce a 0.2:51A,
200um diameter circular e beam. The divergence ct the beam was less
than 1 m rad, and the beamn voltage was 60, 89, or 100Kev (5=0.443, 0.%503
and 0.550 responsively). “2 grating w«a us2d, wWwas a 1”x!” aluminium
coated replica grating with 1303 ruling Yines per mm. The radiation was
detected using a sensitive Hamamtsu R 336 photomultiplier.

The powar detacied was calibrated wusing the photomultiplier Response
Curves and taking into consideraticen the window absorption.

Th2 measured S.P2., pou2r in tne -2 difiraction order is drawn in Fig.
S versus angle & ai Y00 kevy for m=0e, =15+, -23s, The variation of the
measured pouer ~ersus the angle » at a fixed $=37.5 is presented in
Fig.€. 2 als3 recsured S.P. power versus electron encrgy B (for 60, 80
and 199 keaV) and we found, in accordance 4ith mcst existing theories for
the 8.P. oaffeci, that the power increased very fast with increasing 3.
3y going from 120,443 <o R=1.8%50 the pouer was tripied.

- 15 -
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Biscussion

The main features of the radiation distribution uhich was measured as
a function of (f,n) (Figs. 5,6) agree quite well with van-den-Berg’s
theoretical model for Smith-Purcell radiation (Fig. 3). The measured
absclute power levels are about an order of magnitude lower than the
theoretical prediction. Since van-den-Berg’s analysis was made for -1
order diffraction from an ideal conductor sinusoidal gratings its
application to our experiment +for a blazed grating and -2 order
diffraction shoutld not give more than the main features of the radiation
pattern and order of macnitude or upper 1imit values for the radiation
pouwer.

The experimental confirmation of the dispersion relation (1) was
evident. We also verified that the radiation wavelength did not change
as a function of ¥ and was only dependent on Z . Nevertheless this by
itself is not a check for the validity of the theoretical model or even
the physical mechanism. Toraldo di Ffrancia’s model would predict
exactly the same dispersion realtion, but his prediction for the angular
power distribution and pouer levels deviates substantially from the
measured paramaters. As uwe mentioned before confirmation of the
dicpersion relation (1) in the second order is also cansistent with
Salisbury’s model, and so is the radiation pattern measured. However
the absolute value of the radiation power due to Salisbury’s model is so
much smaller than the measured power, that it must be rejected as a

possible explanation for our experimant or similar ones.

- 18 -
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An imporiant festura of the ccmputed and measured rediaticn
distributicn curves 1is the fact that the radiated power peaks up at
azimuthal angles [#0. This has subetantial relevance to the design of
Smith-Purcell free electron Jlasers since we expect that also the

stimulated emission is increased at the radiation directions 1in which

the spontaneous Smith-Purcell radiation is high[16]. Thus in an open
resonatcr Smith-Purceli free electron laser 1t may be advantageous to
build the resonaicer from 3 or 5 mirrors. One of them 1is the grating
itself and the other olaced at directions (*Tn,%74) wWwhere T4 i1s the
angle at which the emission is maximal (see Fig. 7a). In milimeter

wavelength Orotron devices [4-7] the resonator 1is made out of the
grating and a convex mirror right above 1t (¥=0,7=0). We suggest that
also in this device it inay be preferable to replace the convex mirror by
two mirrors at angles (I=%I,,n=0).

In a Smith-Furc2ll FIL based on a rectangular waveguide it may be
oreferable to choose waveguide mcdes which have “zig-zag” bouncing
angles clcse to ¥, (see Fig. 7hH). In the infrared regimes the waveguide
mecdas are leaky imodes whose losses are2 strongly dependent on the mode
zig-zag angles. 1f the waveguide is largely over moded, the mode losses
nay be small enough to b2 used 11n a laser oscillator or amnliéier
configuration{172,13].

Rectangular waveguices seem to be nost appropriate for Smith-Purcel)
FELs since they incorporate the gratings as one of the waveguicde walls.
The leaky modes of a rectangular metal-dielectric waveguidz longitudinal
section magnetic and longitudinal sz2ztian electric are identical uith

the £ type and H tyne modes given in (7), (8) except that the transverse

| y



Fig. 7. Proposed optimal resonator configurations for Smith-Purcell FELs.
(a) A 3 mirror open cavity resonator. (b) A rectangular waveguide cor closed

cavity resonator.

- 20 -




wave nunbers k., X, are guantized by the finite dimensions of the guide
cross section Ky=p1/uy kzZam/uz. In a hollow rectangular waveguide the
high order leaky eigenmodes are Hybrid modes E Hgqp [(17]. The field

attenuation cons *ant of such modes is given by

Apq = h’ [ w-" RQ(Q?TT) q Re (ﬁ'_'—;)] (18)

where v is the compliex index of refraction of the waveguide walls.

For a high orcer mode in an over moded waveguide we may substitute

Pk yuys/m =Kzl /T and use Eq. (6). Hence
th 3 i CJS g ﬂe ](19)
O(? = cos 7[ KQ(V))—,_1 ) < Y"‘ { )

For a given operating wavelength, A, diffraction order n and beam

velocityv; Y i{s uniquely determined by the dispersion relation (1). The
]

freedom to choose ¥, uy, uWz allows for the designing of an FEL cavity

with low mode attenuation. Generally Re (V"/172~4 )> Re (1/yy '4)

for this reason it is preferable to choose ¥ largs in order to keep the

second term in (13) small. This is favorably consistent with the fact
that stronger emission is also expected at a higher value of %. In a
Smith-Purcell FEL design it is exgected that the zig-2ag angle W11l be
chosen near the maximum emission angle ¢ =3a. The choice of waveguide

cross section dimensions gives then a degree of freedom for minimizing

waveguide attenuation of the preferable mode.
We would like to acknowledge the valuable technical assistance of
T. van der Hagen and H. Kleinman and useful communications with G. Hughes

and J. P. Bachheimer.
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Figure Captions

Fig. 1. Schematics cf the Smith-Purcell radiation effect.

Fig. 2. Definition of the latitude (n) and azimuth (g) angles of a

Smith~Purcell diffraction order.

Fig. 3. The Smith-Purcell radiation power detected by a detector
as a function of n for various azimuth angles I as calculated from
van-den-Berg's graphs for grating and beam parameters corresponding

to the experiment.
Fig. 4. The configuration of Salisbury's radiation mechanism.

Fig. 5. Measured -2 order Smith-Purcell radiation power as a function

of the azimuth angle Z.

Fig. 6. Measured -2 order Smith-Purcell radiation power as a function

of the latitude angle n.

Fig. 7. Proposed optimal resonator configurations for Smith~-Purcell
FELs. (a) A 3 mirror open cavity resonator. (b) a rectangular wave-

zuide or closed cavity resonator.
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