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Coherent Smith-Purcell radiation in the millimeter-wave region
from a short-bunch beam of relativistic electrons
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Coherent Smith-Purcell radiation, generated by the passage of short-bunched electrons of 150 and 40 MeV
above a lamellar-type grating, has been observed in the millimeter-wave region. The intensity of the coherent
radiation is proportional to the square of the beam current, and is enhanced by a faetbi®ah comparison
with theoretical intensity of ordinary Smith-Purcell radiation. The enhancement factor is of the same order of
magnitude as the number of electrons in a bunch. The intensity decreases with the increase of the beam height,
or the distance of the beam from the grating, and the dependence on the beam height is expressed approxi-
mately by the modified Bessel function of the zeroth order. Owing to a relativistic effect the radiation is
emitted in a narrow direction along the plane normal to the grating. The intensity of the radiation varies in a
periodic way when the groove depth of the grating was changed. The observed properties of radiation are
explained well by a three-dimensional theory of Smith-Purcell radiation, in which the coherence effect due to
bunched electrons is taken into accod®1063-651X98)02801-3

PACS numbds): 41.60—m, 42.72.Ai

I. INTRODUCTION According to the theory of Toraldo di Francjal], the
intensity P of SPR depends exponentially on the beam
Smith-Purcell radiatio(SPR is emitted by an electron heighth,
moving near a metallic grating. Since the first experiment by
Smith and Purcell1], many investigationf2—10] have been p—p 47Th)
. ) =Pyexpg — —], 2
carried out using low-energy electron beams of a few hun- By
dred keV or less. Well verified is the dispersion relation of
SPR, where P, is a constant and/=(1—8) 2 is the Lorentz
factor. Equation(2) shows that, in the case of a low-energy
electron beaniB<1 andy~1), we have to bring the trajec-
tory of the beam close to surface of the grating to generate
intense radiation, since the intensi®y decreases sharply
where X and n are the wavelength and the order of SPR,with increasing the beam heightby an amount of the wave-
respectivelyg is the grating periodg the ratio of the veloc- length\. If we use a high-energy beaf8~1 andy>1),
ity of electrons to the light velocity in vacuum, argithe  however, the intensity? decreases slowly with the beam
emission angle measured from the trajectory of the electrorheighth, and an experimental advantage is that the required
Experimentally, however, properties of SPR have notprecision in controlling the beam position is relaxed by the
been studied well except for the dispersion relation. Using affiactor y. This is related to the fact that the electric field
electron beam of a special configuration of grazing incidencgerpendicular to the direction of motion is increased by the
where the beam hit the grating, Bachheirf@rand Burdette factor y compared with static fiel@12]. A practical advan-
and Hughed7] studied properties of SPR such as spectratage of the use of high-energy electron beams with the large
distribution, monochromaticity and dependence of the intentorentz factor will be that we can utilize a high current beam
sity on the beam current. However, in the case of the ordiof large cross section to generate intense SPR. In spite of the
nary configuration of the experiment where the trajectory ofadvantages, however, only a few studies were carried out by
the electron is parallel to the surface of grating, properties ofhe use of relativistic electrons.
the SPR have scarcely been clarified. For example, the de- Recently, Doucaset al. [13] studied SPR in the far-
pendence of intensity of SPR on beam height, which is deinfrared region using electrons of energy of 3.6 MeYy (
fined as the distance between the trajectory of beam and a7.1) from a Van de Graaff accelerator. Wocetsal. [14]
surface of the grating, has not been observed. This is mainlgave observed intense forward SPR of higher orders using a
due to the difficulty in controlling the trajectory and the short-bunched electron beam of 2.8 Mey=5.5). Haeberle
cross-sectional size of the electron beam with the precisioet al. [15] theoretically calculated the intensity of SPR for a
of the wavelength of the radiation. wide range of the energy of the electron from 1 to 100 MeV.

nA=g(1/8—cos 6), )
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Using a short-bunched beam of 42 MeWy=82) from a
linear accelerator, we observed coherent SPR in the
millimeter-wave region and reported in a qualitative way that
the SPR intensity was enhanced by several orders of magni-
tude compared with the ordinary SHR6]. We also ob-
served that the intensity decreases almost proportionally to
the square of the modified Bessel function of the order zero
with the beam heighh. A theoretical explanation of this
result, however, has not been given.

Coherent SPR is emitted when the electrons are bunched.
Radiation from every electron in a bunch adds coherently in
the spectral region where the wavelength is comparable to or
longer than the longitudinal length of the bund®]. Anal- FIG. 1. Schematic layout of the geometry of the experiment.
ogy of the coherent synchrotron radiatiph7—19 and co-  The electron moves with a speedat a distancen parallel to a
herent transition radiatiof20—22 suggests that the intensity grating and perpendicular to the rulings.
of coherent SPR will be proportional to the square of beam
current and is enhanced by a factdy compared with ordi- lated by van den Berd25]. For a particular shape of the
nary (incoherent SPR, whereN, is the number of electrons lamellar-type grating, the generation of SPR has been treated
in a bunch. The coherence effect in SPR from the bunchelly van der Berg and Tan as a two-dimensional problem us-
electrons, however, has not been fully formulated in the lit-ing the modal expansion meth¢@6]. They studied a case
erature. where electrons move perpendicularly to the groove of a

The purpose of the present experiment is twofold: onegyrating and the moving electrons are uniformly distributed
purpose is to study the coherence effect in SPR in a quantalong the direction parallel to the grooves; the radiation is
tative way. For this purpose, we formulate in this paper theobserved in a plane perpendicular to the ruling direction. In
theory of SPR including the coherence effect and analyze owsuch a case, the intensity of the radiation is uniform along
experimental data using it. The other purpose is to investithe ruling direction and is calculated as a two-dimensional
gate properties of SPR by the observation of coherently erproblem in the plane of the observation. The two-
hanced radiation in the millimeter-wave region. In the long-dimensional treatment, however, is unsuitable to analyze our
wave region, the parameters of the experiment such as threxperiment, where the electrons move along a single line of
dimensions of the grating can be precisely determined and linear trajectory perpendicular to the groove.
the analysis with the formulated theory is possible. Concern- Haebelreet al. [15] reviewed the theoretical studies and
ing the radiation intensity, we have observed and analyzedoncluded that for a lamellar grating the modal expansion
the dependence on the beam height, the radiation angle, amtethod is a simpler and more time saving way to calculate
the depth of the grating grooves. Besides the two purpose§PR than other approaches. Here we adopt the method to
our special interest is in the relativistic effects in the radia-solve a three-dimensional problem to analyze our experimen-
tion process due to the high energy of the electron. tal results.

We have generated SPR from a short-bunched beam of The lamellar grating is assumed to have ideal conductiv-
electrons, which passed by a metallic grating of the lamellaity. We take a Cartesian coordinate system: an electron
type. We have used two kinds of electron beams whose enmoves to thez direction with a constant velocity = 3¢
ergies were different; a beam with an energy of 150 MeValong the trajectoryx=h, y=0 as shown in Fig. 1. The
from a linear accelerator at the Laboratory of Nuclear Scigrating are ruled parallel to the axis and its ruled area is
ence, Tohoku UniversityLNSTU) and a beam of 40 MeV assumed to be large enough to ignore any boundary effect.
from a linear accelerator at the Research Reactor Institut&/e denote the grating period, width, and depth of the groove
Kyoto University (RRIKU). asg, w, andd, respectively. All quantities are expressed in

In Sec. Il of this paper, we develop a three-dimensionalS| units.
theory of SPR for the lamellar-type grating and formulate the We consider the following Fourier componeris, and
coherence effect. The experimental system is described iH,, of electric and magnetic fields:

Sec. lll. In Sec. IV, experimental results and discussions are
presented on the general properties of SPR, coherence effect _ .

due to the bunched electrons, the relativistic effects of de- E(x,y,z,t)—j J' Eo(x.z,m0)exdi(7y —ot)Jdydo,
pendence of the intensity on the beam height and on the (€))
emission angle, and the radiation intensity in relation to the

shape of the grating. A part of the present results was briefly _ f f ; _
reported previously23]. H(x.y.z.1) Ho(x,2, . w)exli(my = wt) Jdndo.
4

Il. THEORY OF SMITH-PURCELL RADIATION The electric current has only thiecomponent,

A. Smith-Purcell radiation from lamellar-type grating

2
J.(X,2,7,0)= %) expiagz) 8(x—h), 5)

Theoretical studies of SPR have been made by several
investigators for various types of grating, using various ap-
proached?24]. The general theory of SPR has been formu-whereq is the charge of the electron, ang= w/v.
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Maxwell's equation reduces to the two-dimensionalWhen vy, is real, the solution corresponds to SPR with the
Helmholtz equations oE,, andH,,, ordern. The emission angle®,¢) of the SPR is related to
a,, 1, andy, as

(92Ew [?ZEQ) 1/2
4 o (- B =i |22 T ks
9°X 9%z 4m° \eq) B Yn=k sin 6 cos ¢,
X 8(x—h)exp1ayz), n=K sin 0 sin ¢,
(6)
a,=k cosé. (17
PHuy PHu ., q d "
2% T (k=7 )Hwy_md_x o(x=h) The solution of the Helmholtz equation in the grooves (
=0) is expressed as series of the cavity modes in the groove,
Xexpliagz), (7
. — . - . mﬂ-z’ .
wherek is the absolute value of the wave vecterc. Thex E.y=expliagdg) E G, Sin W [exp(—iKkmX)
and z components ofE, and H, in Egs. (3) and (4) are m=1
expressed in terms dE,, and H,,. The solution of the T, expli k)], (18)
Helmholtz equation in half space above the gratirng Q) is
written as @ maz’
H_,=expiagyd F., co expl—ikyX
EZy:EZy"" oy (8) o Miao g)mZO " { w )[ M=)
+ +I', explikX) ], 19
Hoy=HE,+HL (9) m EXPi kX) ] (19)

WhereE[uy andHfﬂy are the homogeneous solutions ,ﬁm wherez' is an local coordinate parallel to the direction

i oy ’ _ — T2
and H¢, ‘are the inhomogeneous ones. The solutiefy, ~ Within a groove; z=Jg+2" (J=0x1%2,.), xm=[k
stands for theE-polarized component whose electric vector ~ 7° — (M@/w)°]7%, andl'n=exp(2«yd). o
is parallel to the ruling of the grating, and th&-polarized Using boundary conditions on the grating and continuity
componentH Z)y has the electric vector parallel to the plane COI’ldItI.OHS between the solutions of the upper half space and
defined by the grating normal and the trajectory of the bearri'0S€ i the grooves, we get a set of algebraic equations for
The inhomogeneous solution corresponds to the charge fiel#® unknowns, andHy,
of the electron,

12 > | gsyt+wy, > Bdx @ )E’
q Mo nay . Y < nl n £ m* mn* ml n
€ =——|— —_— — n=-—= m=0
Eoy=g,2 (80> 870 exfli(a@oz+ yo/x—h|)], (10 )
. q . = =080t Wyo > Br®ho®umi, (20)
HEy =52 sgrix—h)exdi (aoz+ yolx—h})], (1) =0
in which 2 ( 7n95n|—W2 qu,:'\n‘ljml) HrI1
L2 2 L2\l n=-= m=0
Yo=i(apt 7n°—k)™™ (12) )
Since o is always larger thai, g is pure imaginary and =07080+W > D o¥mis
Egs.(10) and(11) express evanescent waves that move along m=0
z axis with the velocity of the electron and decrease expo-
nentially away from the trajectory. I=0*x1*2,..., (2D
The homogeneous solutions are expanded in infinite se- , , o
ries, whereE] andH,, are related to the coefficienEs, andH,, of
the homogeneous solution of Eq43) and (14),
E' = > E,exdi(anz+yX)] (13) q [ o\ 2
wy & -n n n ' _4 Ho i . ,
n En 8772 ( 80) ﬁ’)’o equ 70h)En 1 (22)
Hiy= 2 Hpexdi(anz+yX)], (14) a :
n=—ow anﬁ eX[XI’yOh)Hn. (23)
in which .
In Egs.(20) and(21), By, Dy, @, @and¥,, are defined
2nar as follows:
an= a’o+ Ty (15)
B _ 2(1-T') ”
Yo= (k2= 2= )12 (16 " en L T @9
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2km(Tm—1) plane defined by the trajectory of the electron and the normal
Dm:(l+ 5 ) (Tt 1)’ (25  to the grating, Eq(21) reduces to the equation of SPR in the
meem xz plane, which has been studied by van den Bergh and Tan
marz [26]. In this case, sinc&,=0 from Eg.(22), SPR is com-
Pmn=1y fo sin( T) expl—lan2)dz, (26)  pletely polarized and the electric vector is in the observa-
tional plane.
It is pointed out here that the coefficients of E(0) and
(21) show that there is a similarity relation in SPR with
mn——f cos( )exp(—lanz)dz (27)  respect to the wavelength and the grating parameters. In
other words, the angular distribution and the dependence of

and ®* _ and ¥* are the conjugate complex @,,, and intensity on the groove depth, for example, generated with

W respectively27]. one grating is similar to those with another grating if the
mn?
When the cross-sectional dimensions of the lamellar gratrat'0 of\:g:w:d is the same for the two gratings.
ing are known, we can solve EqR0) and(21) to obtain the The intensity of SPR per unit period of grating is calcu-
radiation field of SPR for anw and 7, i.e., wavelength or lated from Poynting vector passing through a stripe infinitely
the emission anglé and the azimuth angl¢ long in they direction with the width of the grating period in

In the case ofp=0, i.e., when SPR is observed in the thez direction, placed far from the surface of the grating,

g o] oo
P'[Ot: fo f7 f7 Nxdt dy dz (28)
w =  IHoy
:2} dzR ff W Hwy ax +,LL0Hwy X dndw (29)

whereN, stands for thex component of the Poynting vector. Using E¢3) and(14) and periodic condition of the field, we
obtain

w’y €0
Po=2 Pn=2 Zgno” —kz_”z(—lEn|2+|Hn|2)dndw, (30
rad rad 7\ Mo

where the summation is taken over the radiation field havingygaind P,, stands for the intensity of the order Using the

relations(17), (22), and(23), we get the monochromatic intensity of SPR of the omlger electron per unit wavelength per
unit period of the grating,

dP,  o’n? B2 sir? 6, cog ¢ , ,
G~ 8x7ghes | (1= B cos o) 2(1—si? o, it g) L QU IEL*+ HA[)
><ex;< \/1+(,B'y sin 6, sin ¢) )dqﬁ (31)
[ 7w \*_ (ysin6,sin¢)?
Qn)*= Blyol] —1+(By sin 6, sin ¢)*’ (32)

In Eqg. (31), the wavelength and the emission angleare related by the dispersion relation of Efj).

A real grating has a finite number of the grooves, and the SPR intensity N, times Eq.(31), if Ng is large enough.
WhenNy is not so large, the intensity of the SPR of the ordeamitted from the grating ol period is expressed as, in the
unit of photon numbers per electron per relative bandwdki\ =d In \,

dPP"  an? f o ( B2 sir? 6 cog ¢

dinn _ 4x? 1— 3 cos 0)2(1—sir? 6 sir? ¢) [Q(O)%E, |2+|Hn|2]exp< \/1+(’87 sin 6 sin ¢) )
(33
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wherea is the fine-structure constant, ad is solid angle, phase difference of the evanescent waves of the electrons,
dQ=sin #do de.

Since the phase difference of radiation emitted from sub- Ay=aogZ+ 7Y+ yoX. (37)
sequent grooves during the passage of the electron is

kg(1/8— cos6), the factorG,(T) in Eq. (33) stands for the The radiation field is calpulated by superposition of SPR
effect of superposition of radiation from each period of thefrom the whole electrons in the bunch,

grating: Ne
Sin(N.T)] 2 Ev,= 2, Eou exili(aoZ;+ 7Y+ voX))l, (39
Gn<T>:[—SmgT ] : (34) J
whereE,,, is the radiation field of SPR from the electron at
gm [1 the bunch center. Since any order of SPR is expressed by Eq.
T= ~ (,E_ cos 0). (35  (39), the intensity of SPR of the order from the bunch is
— — d Pn bunch d Pn
The factorG,(T) has peaks afl=mm, m=1,2,...M where — D N1+ NF(N)] =, (39)
M is the maximum integer bounded byg/A. When the dx dx

numberN, of the period of the grating increases, the factor
G,(T) approaches the delta functiongNy/\)[6(6
— 6,)/sin 6,]. We get the monochromatic intensity of SPR i
photon number by the integration of E§3) with respect to
the solid angle, which gives the factbi7i o to Eq. (31).
When the number of grooves is large, the fadBy(T)
varies as a function of more rapidly than other factors in f(M:U f J' S(X,Y,Z)exp — | yo|X)
Eq. (33). The bandwidthA\ of SPR at wavelength is de-
termined by the facto6,(T) and is expressed by

wheredP,,/d\ is the SPR intensity from an electron of Eq.
n (31). The bunch form factof(\) is defined, using the den-

sity distribution functiorS(X,Y,Z) of electrons in the bunch,

as

Z 2
xex;{ik(Y sin 0, cos ¢+ — dXde# ,

B

A
o =IniNg. (36) 0

In numerical computation, we have truncated the variousvherek is wave number, Z/\.
series in Egs(20) and (21) and have reduced the infinite The bunch form factor is expressed as the product of a
system of Eqs(20) and (21) to a finite systen{26]. The longitudinal form factor and a transverse oné&(\)
computation was carried out by increasing the number of=f (\)f{(\), on the assumption that the longitudinal dis-
terms taken into account in the summation in E@§) and  tribution function S (Z) of electrons in the bunch has no
(21), and consequently by increasing the size of the dimeneorrelation with the transverse 0%(X,Y):
sion of the matrix of the finite equation system. The proce-
dure was stopped as soon as the relative change of the values
|H",|? and|E" ,|? turned out to be less than 1%. In some fr(M)= J Sr(X,Y)exp(— 7o X)
cases, however, the solutipg’ ;|2 of the finite system had _ _ 5
not converged and showed numerical oscillation with the ><ex;{i2 Y sin 6, sin ¢>dXdY‘

. . . . T , (41
increase of the size of the matrix. In such cases, we estimated A

the value around which the solution oscillated and adopted it
as the solution; the numerical accuracy of the solution was

ARG
estimated to be better than 10%. fLiN)= f SL(Z)GXF{ i2m X)dz

: (42

B. Coherent SPR from bunched electrons where

When the electrons are bunched, superposition of radia-
tion from each electron in a bunch is observed. We formulate lyol=
the coherence effect due to the bunched electrons, assuming BYA
that the number of electrons in the bunch is large and that the )
observational point of SPR is far from the grating. In Eq. (42) we have assumed that the energy of the beam is

As shown in Sec. Il A, the Coulomb field of the electron high andg~1. _
is expanded by the evanescent waves, which moves along The value of the form factof(\) depends on the dimen-
the z axis with the velocity of the electron. The evanescentSion of the bunchg, as well as on the wavelength of radia-
waves are diffracted by the grating, and waves that have rediPn. In the short-wavelength region, ar<o, the value of
yn are propagating into free space as SPR. Therefore, tH&€ form factor is negligibly small and we observe only in-
phase differencé s between SPR emitted from an electron coherent radiation P, jncon/dA:
with the positionX(X,Y,Z) and that from the electron at the
bunch centef0,0,0, which is taken as the origin of the po- dPn,bunch: ﬁ: dPn,incon for N<o. (44)
sition vector of the electrons, is considered to be equal to the dA € dx dA 7

2

V1+(By sin 6, sin ¢)2. (43)
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In the long-wavelength region, o>, the f(\) becomes

. 0 10
much larger than N, and we observe coherent radiation: —=m M3
—_
M1’ "‘
d Pn,bunch 2 d Pn d Phn,incoh P
O L _ = M1 VY
an - NefO) g =Nef ) =5y / A Mt N
: : ,’e \\\g\ : \\ e”
for A>0o. (45 ¢ / —— »-
TS
The coherent SPR intensity is proportional to the square of : /MZ
the beam current and is enhandgeg (\) times in compari- !
son with the ordinary intensity without the coherence effect,

dPy incon/dh. When the wavelength is long enough, ie.,
>o, the form factorf(\) approaches asymptotically to
unity.

The longitudinal form factor of Eq(42) has the same
form as the one in coherent synchrotron radiafi@] and
transition radiatio22]. However, the transverse form factor

FIG. 2. Schematic diagram of experimental setGp.grating;
M1,M2: plane mirrorsM 3: collecting mirror;# : emission angle;
h: beam height. The broken lines show the optical axes, and the
mirror M1 is moved along positions11’ andM1”.

of Eq. (41) is different from the transverse one of the other . EXPERIMENT
radiations. The form factor Eq41) shows that SPR emitted L )
from the electrons that have a comm¥ncoordinate is in . A Schematic diagram of the experimental setup at LNSTU

phase and that its amplitude depends exponentially on thi§ Shown in Fig. 2. The electrons of 150 MeV from the
beam heighh, exi —|y|(h+X)]. Hence the distribution of Sband linear accelerator passed near a gr@nghe (ljgra—
electrons in thex direction causes no negative interferencelion Of @ burst of electrons was 5 ns, and its repetition rate
in coherent SPR, even if the cross section of the beam i¥@S 25 Hz. The energy spread of the electrons was 0.5%, and
large in comparison with the wavelength. This suggests thaf'€ average beam current was typically 10 n’; Hence the
the intensity of coherent SPR does not decrease so rapidg¥€rage number of electrons per bunch was<1L&'.
with the variation of the emission angt® whereas the co- . The cross section of the beam was nearly c!rcular, and the
herence effect in synchrotron radiation and in transition raSiz€ Of the beaniFWHM) was about 2.5 mm in diameter.
diation sharply decreases with the emission amflg2,2g. e beam heighh was usually set at 5 mm. When we ex-
For the Gaussian distribution of electrons in a bunch, wetMined the dependence of intensity on the beam height, the
can calculate the bunch form factor as follows: for the lon-grating was moved along the direction perpendicular to the
gitudinal distribution function, S, (Z)=exg—(Z/o)2)/ beam trajectory and the heightwas varied from 2.5 to 45

125y we get mm.
(w0 g The SPR was collected by a system of which the optical
o\ 2 axis was in the plane including the trajectory of the beam and
fLN)=exg —2| —= 46 the normal to the grating. The SPR generated with the grat-
LN) N

ing G in Fig. 2 was reflected by plane mirrok41 andM2
. up and was collected by a spherical mirddr3. The mirrorM 1
For the transverse orr(X,Y)=exg —(X"+Y VoZV(79%),  was slid horizontally and was rotated simultaneously around
we obtain a vertical axis so as to reflect the SPR towM@ without
5 5 the deviation of the optical axis. The radiation was led to a
fr(\) = i ex;{z(ﬂ) erfc( . £+ |70|(TT) grating-type far-infrared spectrometer that covered the wave-
T T BYy\ o 2 ' length region from 0.1 to 6 mm. The radiation was detected
(47 with a helium-cooled Si bolometer.
If we assume that SPR was emitted from a line source on
where erfcX) is the error function. the grating surface, then the acceptance angle of the optical
Here, we estimate the value of the form factor for thesystem was 50 mrad in the meridional plane defined by the
present experiment at LNSTU. From the analysis of thegrating normal and the trajectory of the electron and it was
spectrum of coherent diffraction radiation, the bunch shap&8 mrad in the sagittal plane. Therefore, the SPR observed in
of the 150-MeV beam used in the experiment is known to behe direction @, $=0) included radiation emitted within the
nearly a Gaussian with the bunch length, or the full width atdirection 625 mrad and ¢|<44 mrad.
half maximum(FWHM), of 0.2 mm[29]. Therefore, in the The spectrometer was equipped with a polarizer, and in
millimeter-wave region the longitudinal bunch length is our experiment the H-polarized component and the
shorter than wavelengths. We dgt(A\)=0.75 atA=1mm  V-polarized one in Sec. IV correspond to thepolarized
from Eq. (46). Using Eq.(47), we calculate the transverse solution and theE-polarized one of Eqs(22) and (23), re-
bunch form factor, on the assumption of a Gaussian distribuspectively.
tion of electrons in a circular cross section with the width To determine the absolute intensity of the observed SPR,
(FWHM) of 2.5 mm. The result i$+(\)~1.0 at the wave- the measuring system was calibrated with a blackbody radia-
lengthsA=1 mm. Hencef(\)>0.75 atA>1mm and it is tion source of 1200 K. Uncertainty of the absolute value was
expected that we can observe coherent radiation in the mikstimated to be a factor of 1.5 aroune=1 mm.
limeter wave region. We prepared five lamellar-type gratingg1—G5) made
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TABLE |. Lamellar-type gratings used in the experiment.

¢ s g A g

Width of Depth of Number of h

Period groove groove grooves

g (mm) w (mm) d (mm) Ng
Gl 2.0 1.0 1.0 60
G2 6.0 3.0 1.0 20 2 P
G3 6.0 3.0 3.0 20 f‘
G4 6.0 3.0 6.0 20
G5 8.0 4.0 1.0 15 i
G6 6.0 3.0 0.0-15.0 20
G7 12.0 6.0 0.0-15.0 15

FIG. 4. The lamellar grating used to observe the dependence of
ethe SPR intensity on the depth of the groove.

of aluminum. The period, width, and depth of the groove ar
listed in Table I.

The experimental setup at RRIKU was similar to that of
LNSTU, and the measuring system had the acceptance angle To observe the monochromatic emission of SPR, we
of 33 mrad in the meridional plane and of 72 mrad in thescanned emission angéfrom 20 to 120 degrees by moving
sagittal plane. The beam conditions were as follows. Thehe mirrorM1 in Fig. 2. The spectrometer was set at a fixed
energy was 40 MeV, a duration of macropulse was 33 nswavelength. Figure 5 shows one of the results by the 150-
and its repetition was 55 pulse/s. The average beam curreMeV electrons obtained with the grating2, G3, andG4.
was 1.5uA, and hence the number of electrons per bunchThe angular distributions of SPR at the wavelengths of 1.3,
was 4x 10°. 2.4, and 3.0 mm are shown by solid, dotted, and dashed

The beam from thé_-band linear accelerator of RRIKU curves, respectively. Every curve has one or a few peaks,
was collimated to the size of 012 mnt in cross section by except for the scan ak=3 mm with the gratingG3, in
passing it through an aluminum blo¢k6] except for the which SPR is not clearly observed. The figure shows that the
experiment to measure the dependence of the SPR intensitytensity of SPR depends on the groove depth and the wave-
on the azimuth angle, in which the beam was collimated to length. This point is discussed further in Sec. IV D.
the circular cross section of 12 mm in diameter. To observe In Fig. 5, the most intense peak of each curve corresponds
the dependence of the intensity on the azimuth arglee  to the first order of SPR. The dispersion relation of the first
rotated the grating around the electron beam as shown in Figrder of SPR measured by the 150-MeV electron with the
3. five gratings in Table | is shown in Fig. 6. Three curves in

At RRIKU we prepared additional lamellar gratings of
which depths of the grooves were variable from 0 to 15 mm.

1. Dispersion relation

Their structure are schematically shown in Fig. 4 and the ' isem | g=gmm d=1mm ]
parameters of the grating&6,G7) are listed in Table I. [ =lamm ]
1 -
IV. EXPERIMENTAL RESULTS AND DISCUSSION 0
A. General properties of SPR 0r
0

In this section two results are presented to verify that the
observed radiation is SPR.

A R R
g=6mm d=3mm |

S S O -

INTENSITY (arb.units)

1
g=6mm d=6mm ]

[T

PR T R R R B
20 40 60 80 100 120

ANGLE 0 (degree)

FIG. 3. Schematic diagram to observe the dependence of the FIG. 5. Angular distribution of monochromatic SPRNat 1.3,
SPR intensity on the azimuth angt® The gratingG is rotated 2.4, and 3.0 mm observed with the three grati@gs G3, andG4
around the electron beam. in Table I. The energy of the electron is 150 MeV.
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120 T T G T :v? ' T ' '
L s | k- 9% 00!
, 2 100} o .
100 - P g=2mm Theory | é o
> —— g=6 Theory ~ o
& —— g=8 Theory > éj
80 P10 ? s
E < —] 5
o é ././ B Z /?
= A/D/ Z 1 7 E
é B — PN L 1
% O g=2mm d=lmm | 05 1 5 10
A g=6 d=1 : BEAM CURRENT I (nA)
O g=6 d=3 _
JDF gfg Zf‘: ] FIG. 8. Dependence of the coherent SPR intensity on the beam
= current. Electrons were accelerated to 150 MeV byStmand linac

3 4 5 of LNSTU. The straight line is obtained by the least squares
WAVELENGTH (mm) method.

FIG. 6. Dispersion relation of SPR observed by the electron B. Coherence effect due to bunched electrons

beam of 150 MeV. The three curves show the theoretical relation of 1. Dependence of intensity on beam current

Eq. (1) in the text. . .
The dependence of the intensity of SPR on the beam cur-

. i i rent was measured with the grati@®g atA =1.3 mm, using
the figure show the theoretical relation of H3). The ex-  the 150-MeV beam at LNSTU. The beam current was varied
periment agrees well with theory. A similar result with the py controlling the width of a slit located in a transport system

40-MeV electron was reported previousto]. of the beam. The position of the slit was far upstream from
the measuring system shown in Fig. 2. The result is shown
2. Monochromaticity by open circles in Fig. 8, where the dashed line was fitted by

) the least squares method. The gradient of the line is 2.0, and
Using the 40-MeV beam, we measured the spectrum ofhe SPR intensity is proportional to the square of the beam

SPR with the grating-type spectrometer; an example igyrrent. This confirms that we have observed coherent SPR.
shown in Fig. 7. The mirroM1 in Fig. 2 was set at the

direction 6 so as to select the wavelength of 3 mm. The
observed bandwidtiFWHM) in Fig. 7 was 0.17 mm. The
resolution of the spectrometer was 0.09 mm\at3 mm. The intensity of SPR observed with the grati6g@ from
The finite number K\Ig) of the grooves of the grating, the 150-MeV beam was 0.11 nWjat 1.3 mm and 0.53 nW
which is 20 for the present case, results in monochromati@t A =1.6 mm on a beam current of 10 nA.
radiation with a finite bandwidth. This value was calculated ~To evaluate the bunch form factéy()), or the factor of
as 0.15 mm from Eq(36) with Ny=20. The convolution of the enhancement due to the coherence efieé()) in Eq.
the width by the resolution of the spectrometer was evaluatet#5), we first solved Eqs(20) and (21) as functions of the

as\0.0%+ 0.15=0.17 mm, which is in agreement with the emission angles and ¢, and then calculated the intensity of
observed width. ordinary SPR of Eq(33) by integrating the solution over the

acceptance angle of 588 mrad.
Figures 9 and 10 show examples of the solutif®s, |2
L B A and|H’ ,|? at around\ =1.3 mm as functions of the emis-
sion anglesd and ¢. In Fig. 9, the solid curve shows the
solution as a function of the angkat the azimuth angle of
¢»=0. It is shown for the range of the acceptance angle of
0+1.43° aroundd=38.43° (\=1.3 mm). In Fig. 10 the
open and closed circles show tke and H-polarized solu-
tions, respectively, as a function of the angiat the direc-
tion of 6=38.43°. In this figure only the positive part ifiis
plotted, because the solution is symmetric with respect to
#»=0. In the experiment, the acceptance angle¢ofvas
*44 mrad. From Fig. 10 we can see that tke and
0 /NS LT H-polarized solutions increase rapidly about two orders of
3 magnitude when the angle)| changes within the acceptance
WAVELENGTH ) (mm) angle.
The calculated intensity of incoherent SPR was 1.2
FIG. 7. Spectrum of the coherent SPR\at 3.0 mm. The SPR X 10 *® W and 1.4< 10" *® W at wavelengths of 1.3 and 1.6
was emitted from the 40-MeV beam of RRIKU with the grati@g mm, respectively. Compared with the calculation, the experi-
in Table I. The peak widttiFWHM) was 0.17 mm. mental intensities are enhanced by a factor of<al@’ at

2. Factor of enhancement of intensity and degree of polarization

INTENSITY (arb.units)

\S]
LN S B B S B ) L A A R A A
PG TN R R [N TR T N T DU T T T A Y SN

)
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FIG. 11. Dependence of intensity on the beam height at
=2.5mm from the 40-MeV beam of RRIKU. The solid, dashed,
and dotted curves are, respectively, the calculated intensity by Egs.
FIG. 9. The solution$E’ ;|* and|H" | of Eqs.(20) and(21)  (48) and(49), the theoretical value of the modified Bessel function

as a function of the emission angie The solid curve iE”,|>  of K,(&)? and that of the exponential function of B®) in the text.
+|H’,|? at =0 and the dashed curve shows the degree of polar-

ization, (H_1|2—|E_,|2)/(|H"4|?+|E_,|?).

EMISSION ANGLE 6 (degree)

The enhancement of the intensity implies that the bunch
. form factor derived from the experiment was nearly unity in
A=1.3 mm and by 3.8 10® at\ = 1.6 mm. We consider that the millimeter-wave regionf(\)=f_(\)fr(\)~1. This is

these values of the enhancemeNtf()) in Eqg. (45), are i3 agreement with the expected coherence effect for the
roughly in agreement with the number of electrons in apegam of LNSTU.

bunch,N.=1.8x 1%, taking into account the following un-  SPR was linearly polarized in the plane defined by the
certainties in the evaluation: the calculated quantities Obrating normal and the trajectory of the beam. The degree of
|EZ,? and|H" 4|? in Eq. (33) were found to be complicated polarization defined byl¢—1y)/(1,+1y), wherel,, andly
functions of many factors not only of energy but also ofstand for theH- and V-polarized components, respectively,
0,¢,\g,w/g,d/g, and a small change of these parametersyas observed to be 0.6 at the wavelength of 1.3 mm, or at
within the experimental conditions occasionally results in ag=38.43° with the gratings2.

drastic change of the intensity. The acceptance angle of the The theoretical degree of polarization is mainly deter-
measuring system was evaluated from the geometry of thgined by the solutiongE” ;|2 and|H' ,|? and the theoretical
system, and has uncertainty due to diffraction, misalignmentpo|arizmiOn of the solution calculated &t=0 is shown by
and so on. Moreover, the measuring system was calibratefie gashed curve in Fig. 9 as a function of the arylat the

by a point source of blackbody radiation, Fhough. SPR has @ngle 6 of 36.87° 7ﬁ(n= —5) changes its sign and SPR of
line source, which may cause an error in addition to thene fifth order emerges. The theoretical polarization degree
estimated experimental uncertainty of the factor 1.5 in thejhgws rapid variation arounglof 36.87°, caused from redis-
calibration. tribution of energy among different orders of SPR. The de-
gree of polarization ak =1.3 mm was calculated from Eq.
(33) to be 0.50 by integrating each component over the ac-
ceptance angle. The value was smaller than the experimental
one. We consider, however, that the theoretical value is not
in conflict with the experiment, taking into account the rapid
variation of the theoretical degree of polarization over the
acceptance angle of the optical system.

C. Relativistic effects

INTENSITY

1. Dependence of intensity on beam height

Using the 40-MeV beam of RRIKU, we measured the
intensity of SPR as a function of the beam heighty mov-
ing the gratingG3 away from the beam trajectory. The re-
sults measured at the wavelengths of 2.5 mm are shown by
open circles in Fig. 11. The intensity is plotted on a logarith-
mic scale.

We also measured the dependence using the 150-MeV

FIG. 10. The solution$E’ 4|2 and|H' |2 of Egs.(20) and(21) beam of LNSTU. The Lorentz factor of the 150-MeV elec-
as a function of the azimuth anglg at #=38.43° .=1.3mm). tron is 293 and it is about four times larger than that of the
The solutions of E” ;| and|H’ ,|? are shown by open and closed 40-MeV electron =78). Figure 12 shows the results ob-
circles, respectively. tained at the wavelengths of 1.0 and 2.4 mm, using the grat-

10-6.|.|.|.|.
0 10 20 30 40 50

EMISSION ANGLE ¢ (mrad)
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Y . — fields are well approximated b¥,,(h)~t exp(—¢) and
1 ‘ g=6mm d=1mm L H.y(h) ~exp(=¢£). Hence the dependence of the SPR inten-
el - == [Ko(2mh/ByM)] sity on the beam height is given by E@®). In the case of
T expAmh/BY)) high energy, on the other handbecomes larger than unity
even when the emission angleis small.

We have integrated Eq$48) and (49) numerically over

0.1 ] the acceptance angle of the measuring system. The energy of
' ] SPR, which is normalized to unity ht=0, is proportional to

the square of the fieldz2 +H2 . The results are shown by

solid curves in Fig. 11 for the 40-MeV electron at

=2.5mm, and in Fig. 12 for the 150-MeV beamt1.0

and 2.4 mm. The solid curve agrees well with the experimen-

tal results. In other words, the results of the observations

with the finite acceptance angle are in good agreement with

the three-dimensional theory. The intensity-beam height re-

lation is also obtained from integration of H®3): the result

is almost the same as the solid curves in Figs. 11 and 12, but

shows a little deviation to the upward direction from the

solid curves in the range>30 mm in Fig. 12.

, , , , In Figs. 11 and 12, the functiofKy(£)}? is also shown

INTENSITY' (arb.units)

0 10 20 30 40 50 by the dashed curves and the radiation intensity is well ap-
proximated by{Kq(£)}? in a rangeh>1.5\. This approxi-
BEAM HEIGHT h (mm) mation is explained from the expansion of the following se-

ries, since the azimuth angle was much smaller than unity,
FIG. 12. Dependence of the intensity of coherent SPR on thep< 1, in the experiment,
beam height observed at=1.0 and 2.4 mm. The energy of the
electron was 150 MeV. The solid, dashed, and dotted curves are, [ ¢max tmax
respectively, the calculated intensity by E¢#8) and(49), the the- f exp(— EV1+t9)dg~ f exd — &(1+3t%— 5t
oretical value of the modified Bessel functiontkaf(£)?, and that of 0
the exponential function of Eq?2) in the text. +-++)]dt, (50)

ing G2. The observed intensities are shown by open circles. w
In Figs. 11 and 12, the exponential dependence of the Ko(g)zf exf — & cosht)]dt
intensity on the beam height as in Eg), which was pre- 0
dicted by di Francid11], is shown by the dotted straight "
lines. Both figures show that the observed intensities de- ~J exd —&(1+ 3t%+ Zt4+---)]dt.  (51)
crease more rapidly than Eq2) as the beam height in- 0
creases. Figure 12 implies that the gradient of the observed )
intensity approaches that of E(), only when the beam The comparison of Eqs50) and(51) shows that, when the

height increases further. beam height is in such a range that the term ex?) and
higher ones have minor contributions but the term exp
2. Discussion of the dependence (—&?) still has a significant contribution in the integration,

. . the radiation field is approximated biy(§) and conse-
We discuss the observed dependence considering the ac ently the intensity byKo(£)}2.

i u

ceptance angle of the radiation. The dependence of the elec- . ;

tric field of SPR on the beam heightis determined by Eqs. g;‘eb”eégfng:ﬁ’;rghee'%m inoreases and the argument g;
. : 0 , -

(22) and(23) and is expressed, using Het3), as proximated by an exponential functioq(£)~exp(—¥§).

. Therefore for the beam height higher than a certain value, it
E y(h)’VJ' max exp—&V1+t2)dg, (48  is difficult to distinguish the relation ofKo(€)}? from that
w 0 t2 H

t
V1+ of Eq. (2).

3. Dependence of intensity on azimuth angle

‘f’max
H,y(h)~ fo exp(— &éV1+t?)dg, (49)

Using the 40-MeV beam, we observed variation of the
intensity of SPR by changing the azimuth angle~igure 13
where é=27h/(By\), and t=pBy sinfsin¢. Equations shows the results measured with the gratidg at\=1.4
(48) and(49) should be integrated over the acceptance anglend 1.6 mm: the solid, dashed, and dotted curves show the
of the measuring system. total intensity and/-polarized andH-polarized components,

We examine the theoretical dependence on the experiespectively. The distributions of the intensity were nearly
mental condition that SPR is observed in the plane includingymmetric with respect to the direction of the grating nor-
the grating normal and the beam trajectory ahd1. Inthe mal, i.e.,¢=0. SPR was emitted in a narrow region includ-
case when the energy of the electron is low, iteg]1, the ing thex-z plane.
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0.8

INTENSITY (arb.units)
INTENSITY (arb.units)
o
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FIG. 13. Dependence of the SPR intensity on the azimuth angle FIG. 14. Theoretical dependence of the SPR intensity from the
¢ atA=1.4 and 1.6 mm observed by the 40-MeV beam of RRIKU. beam of 40 MeV on the azimuth angigatA=1.4 and 1.6 mm.
The solid, dotted, and dashed curves show the total intensity and thEhe solid, dotted, and dashed curves show the total intensity and the
H-polarized andv-polarized components, respectively. H-polarized andv-polarized components, respectively.

The distribution ofV polarization at\=1.4 mm had two other hand, the experimental one in Fig. 13 has only a central
peaks, and the angle between the peaks was 12.5°. That p¢ak with a shoulder. The widttFWHM) of the theoretical
theH polarization also had two peaks but the angle betweegoncentration of SPR into the-z plane atA=1.4mm is
the two peaks was less than that of theolarization. On the narrower than the measured one. On the other hand, the the-
other hand, ak =1.6 mm the distribution of th&/-polarized ~ oretical width atA=1.6 mm is wider than the measured
component had two peaks but the intensity was weak invidth. The reasons for these discrepancies are not clear at
comparison with that of thel-polarized component. The dis- present.
tribution of theH-polarized component shows no clearly re-  The distributions of théd-polarized component measured
solved peaks. atA=1.4 and 1.6 mm have asymmetric structure around at

We have calculated the theoretical distribution of SPR|¢|=0, while the V-polarized ones are nearly symmetric.
taking into account the acceptance angle of the optical systhe asymmetry is possibly caused by the asymmetric distri-
tem. The results are shown in Fig. 14, where the solidbution of electrons in the transverse cross section. The asym-
dashed, and dotted curves show the total intensity, th&etric distribution of electrons, however, hardly disturbs the
V-polarized component and thé-polarized component, re- intensity distribution of theV component, because thé
spectively. All distributions have two peaks, and the calcu-component of SPR is theoretically not emitted into e
lated intensities decrease rapidly as the azimuth afjle plane, and the intensity observed within the acceptance angle
increases. is weak around¢|~0.

The theoretical distribution agrees qualitatively with the ~The sharp decrease of the intensity with the angleis
experiment. At a wavelength of=1.4 mm the peak inten- expressed by the exponential factor in E2f). In the case of
sity of theH-polarized component is roughly equal to that of @ high energy beam as in the present experiment,
the V-polarized one, and the angle between the peak of thee., ~ (ysin¢)>>1,  the  factor  reduces to
H-polarized component is less than that of ¥epolariza- ~ exp(—4ah[singd sin ¢|/\) and decreases rapidly witth|. The
tion. The central dip of th&/-polarized component around at factors|E’ ;|? and|H' ;| also depend on the azimuth angle
¢=0 is deeper than that of the-polarized one. The inten- (for example, see Fig. 10In the case of the high energy
sity of the V-polarized component at=1.6 mm is weaker beam, the influence of the exponential factor is dominant for
than that of theH polarization. The widt(FWHM) of the  the dependence of SPR on the azimuth angldhe calcu-
theoretical distribution of SPR intensity at=1.4 mm is lation showed, for example, that the factdig’ ;|> and
16.2° and wider than that of 14.6° rt=1.6 mm. |[H’ ,|? increase four orders of magnitude or more as the

There remains, however, small discrepancies between thengle|¢| increases from 0 to 90 degrees, while the exponen-
theory and the experiment: the theoretical distribution of thetial factor decreases more rapidly wiji. Thus the emission
H-polarized component at=1.6 mm has two peaks. On the of SPR into a narrow direction including ttxez plane is one
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FIG. 15. Dependence of the SPR intensity on the groove depth FIG. 16. Dependence of SPR intensity on the groove depth ob-
observed by the 40-MeV beam of RRIKU. The solid curve showsserved at =3 mm with the lamellar gratings6 in Table I. The
SPR with the 6-mm-period grating at=2.4 mm and the dashed beam energy is 40 MeV. The lower part shows theoretical depen-
curve from 12-mm-period grating at=4.8 mm. The lower part dence of SPRIE’,|>+|H’,|* on the groove depth atgp
shows the theoretical dependence of the SPR interj&ify;|? =20 mrad.
+|H”,]? on the groove depth ap=20 mrad. _ o

oretical depth of grooves, for example, at the minima of SPR
of the properties of the radiation from the relativistic elec-intensity indicated by the arrows in Fig. 15 shifted toward
tron. Using the low-energy beam of 100 keV, Gowral.  the left by about 0.02 inl/g, in comparison with the experi-
observed that SPR was distributed over a wide range of theent. The simulation showed two peaks at arodhg=1,
azimuth angle from 0 to 70 degrees or m@@é but the experiment shows one peak with broad width. The
reasons for these discrepancies are not clear at present.
D. Properties of SPR in relation to grating shape

o ) 2. Dependence of intensity on groove depth
1. Similarity relation

The dependence of SPR intensity on the depth of the

: . ) . O groove was observed, using the 40-MeV beam. Figures 16
intensity at\ on the grating depth will show a similarity to 3,4 17 show examples of the observations at the wave-

the dependence of SPR ak @n the grating depth if all |ongihs)\ of 3 and 4.8 mm with the gratinG6; the solid,

dimensions of the grating are doubled. To confirm such & qhed, and dotted curves show the total intensity antithe
similarity relation we measured the dependence of the Spgndv-polarized components, respectively.

intensity on the groove depth at a wavelength of 2.4 mm
with the gratingG6 and the dependenceXat4.8 mm with
G7. The period and width of the gratin@7 are two times T I—6 (')(m'm '
larger than those of the grating6. 2 %;4',3(mm)

The results obtained with the 40-MeV beam are shown by
the solid curve foh =2.4 mm (G6) and by the dashed curve
for A.=4.8 mm G7) in Fig. 15, where the abscissa is rela-
tive depth normalized by the grating period. The ratios
\:g:w:d are the same in the two observations.

The solid and dashed curves are similar to each other.
Both curves show a structure having five minima indicated
by arrows in Fig. 15 with an averaged period of 0.22 in a
range from 0.04 to 0.92 in the unit of g.

We have simulated the relative variation of the SPR in- /
tensity |E’ ;|?+|H’ ,|? as a function of the groove depth. ' A N
The result is shown in the lower part of Fig. 15, and has 00 1
structure similar to the experimental ones. The five minima
of the structure were shown by arrows in the range from 0.02 GROOVE DEPTH d/g
to 0.9 ind/g. The period has been calculated as 0dZ§3by
Eq.(52), which is derived in the next section, and is in agree- FIG. 17. Dependence of SPR intensity on the groove depth ob-
ment with the experiment. These results confirm the similarserved at = 4.8 mm with the lamellar grating6 in Table I. The
ity relation between the wavelength and the grating shape.beam energy is 40 MeV. The lower part shows theoretical depen-

Though the calculation reproduced the experimental redence of SPR,|E’|?+|H’,|?, on the groove depth ai
sults qualitatively, there remain small discrepancies. The the=20 mrad.

As pointed out in Section Il A, the dependence of SPR

AL LA N B I
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0
35 i £=6.0(mm)
) ! {4 A=4.8(mm)

INTENSITY (arb.units)
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In Figs. 16 and 17, the solid curves of the total intensityture as shown in Fig. 16. On the other hand, if the rgtin
change nearly periodically with the groove depth. Periods ofs not so large as in the case@f 6 mm and\ =4.8 mm, for
the depth are 1.63 mm on average\at3 mm and 2.34 mm example,x,, becomes imaginary fan=2 and the solution
at A=4.8 mm. The degree of polarization was almost inde-of the first order of Eq(52) does not explain the period of
pendent of the groove depth. the structure in Fig. 17.

For comparison the SPR intensit’ ;|?+|H’ ;|? has The periodic structure in Fig. 17 is determined by another
been calculated ap=20 mrad as a function of the groove condition. In Egs.(20) and (21), the SPR of the orden
depth, and the results are shown in the lower part of Figs. 18anishes at the groove depth where the denominator of the
and 17. To make the distribution clear in Fig. 17, the dashed@oefficients ofE] or H] becomes zero. This condition is
curve shows five times the intensity in a range from 0.45 tareduced to the following one in the case wher&€1 and for
2 in d/g. The calculation reproduced the periodic change ofthe order|n|=1:
the observation. The theoretical period is 1.73 mm and 2.45
mm at A\=3.0 mm and 4.8 mm, respectively, which are 9: K
nearly in agreement with the experimental ones, but a little g 2[L*—(L-1)7"
longer.

(53

. . whereK is an integer and. =g/\. The calculated values of
In Egs.(20) and(21), the intensity depends on the groove Eq. (53 with K=1.2.3 . .. are0.41,0.82,1.22 .. indlg,

depthd through the factod,,=exp(2«,d). Therefore, the : . : -
dependence shows different behavior according to the valuvevhICh corre;pond o the dip of the experiment in Fig. 17.
We consider that the theory has qualitatively reproduced

of x,. Whenk, is real, the equation of the order has the . : :
- . the experimental results, even though there are slight devia-
same coefficients for different groove deptld, and d2, Lo . : = .
tions: the theoretical period at=3 mm, for example, is a

\;\g‘lﬁ:ﬁ)ﬁmﬁ; p’;r:i((j)éiz ztfuzusraeuzfr:gdtr\:\g tgea:ir:)g;tﬁg?{th;hg ngt ittle longer than the exp(_arimental one. The cglculation for

f the cycle,Ad, is determined by the relatiohd= 17/ k., . the wavelength of 3 mm in the lower part of F|g_. 16 shows

gh' di o . in the following f in th m narrower structure of the peak than the experiment in the

IS condition is written In the following form in the ca§e upper part. In Fig. 17, the theoretical intensity varies more
where ¢<<1, which is satisfied in the present experiment: steeply than the experiment.

g\2 [mg|2]¥2 When the groove depth is shallow, as clearly shown in

X) —(m) (52 Figs. 15-17 the calculation shows that the SPR intensity

In our experimentg=2w andm= —1, and we hence get the

varies drastically as a function of groove depth. The theoret-
ical distribution of intensity for such a shallow groove depth

period of 1.73 mm from Eq(52) at A=3 mm. The period

corresponds to the periodic structure in Fig. 16.

shows deviation from the experiment. These small but clear
Whenk,, is imaginary, the solution has no periodic struc-

discrepancies are to be studied further.

ture. Moreover, if x|d is large,I" ,, approaches zero and the
solution tends to be independent of the groove depth. We thank Mr. T. Tsutaya of RISM, Tohoku University,

The dependence of SPR on the groove depth becomeke machine group of TULNS and the staff of KURRI for
complicated whenk,, changes from real to imaginary with their technical support and assistance. This work was par-
an increase in the numbém|. Roughly speaking, when the tially supported by a Grant-in-Aid for Scientific Research
ratiog/\ is large, i.e., the wavelength is short compared withfrom the ministry of Education, Science, and Culture of Ja-
the grating period, SPR of the first order show periodic strucpan.
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