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Observation of optical Smith-Purcell radiation at an electron beam energy of 855 MeV
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Smith-Purcell radiation, generated when a beam of charged particles passes close to the surface of a dif-
fraction grating, has been studied in the visible spectral range at wavelengths of 360 and 546 nm with the low
emittance 855 MeV electron beam of the Mainz Microtron MAMI. The beam focused to a spot size.of 4
(full width at half maximum passed over optical diffraction gratings of echelle profiles with blaze angles of
0.8°, 17.27°, and 41.12° and grating periods of 0.833 and 6@ Taking advantage of the specific emis-
sion characteristics of Smith-Purcell radiation a clear separation from background components, such as dif-
fracted synchrotron radiation from upstream beam optical elements and transition radiation, was possible. The
intensity scales with a modified Bessel function of the first kind as a function of the distance between electron
beam and grating surface. Experimental radiation factors have been determined and compared with calcula-
tions on the basis of Van den Berg's thed§:M. Van den Berg, J. Opt. Soc. A3, 689 (1973]. Fair
agreement has been found for gratings with large blaze angles while the measurement with the shallow grating
(blaze angle 0.8°) is at variance with this theory. Finally, the optimal operational parameters of a Smith-Purcell
radiation source in view of already existing powerful undulator sources are discussed.
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[. INTRODUCTION were reported25—29. At energies in the mega-electron-volt
range or even more the distance between electron beam and
Smith-Purcell(SP) radiation is generated when a beam of grating surface can be increased and, therefore, competing
charged particles passes close to the surface of a periodamoduction mechanisms arising from the interaction of the
structure, i.e., a diffraction grating. The radiation mechanisnelectrons with the grating can widely be avoided. Fair agree-
was predicted by Frank in 1942] and observed in the vis- ment was reported between the measured intensity in the
ible spectral range for the first time by Smith and PurE2]l  far-infrared and millimeter spectral region and theoretical
They used a 250—-300 keV electron beam with a typical curpredictions[26,28—-31.
rent of several microampere. In a number of subsequent ex- The purpose of the experiments presented in this paper
periments the results were confirmed mainly in the visiblewas to investigate the coupling of the virtual photon field of
spectral rang¢3—9]. Soon after the discovery, potential ap- the electron to the grating at the ultrarelativistic energy of
plications of the SP effect also became the topic of interesigss ey [32]. Radiation was generated with the low-
In a number of theoretical and experimental studies the SBittance electron beam of the Mainz Microtron MAMI
effect has been discussed as a basis for free-electron 1as¢i) sp radiation in the visible spectral range was separated
(e.g.,[lQ—lﬂ), for particle acceleratiofil8], or for particle from background components such as diffracted synchrotron
be;a:m <Ij|agn?st|c519,2q. . d " | hs th radiation from upstream beam optical elements and transition
or low-electron energies and small wavelengths the COUr diation. The latter is emitted when electrons traverse the

pling of the electron beam to the grating surface rapidly . . : MR
weakens if the distance between the electron beam and tiger?r:'?r? gro;)_vels. Tlhel |rt1_ten5|£[)y OdeP rtar\]dlatﬂon IS ?co\;npa(;ed
grating increases. To achieve a sufficient radiation outpu ! eoretical calculations based on the theory of van den

in most of the experiments the electron beam scratche erg[34] and asc_:alar quel d_eveloped in th_e course of this
the grating surface making it impossible to distinguish bePaPer. The latter is described in the Appendix of this paper.
tween SP radiation and competitive mechanisms as, for ex- "€ paper is organized as follows. In Sec. I, the basic
ample, transition radiation production at the grating stryctadiation characteristics of SP radiation with regard to ul-
tures. This fact was probably one of the reasons why thérarelativistic electron energies are described. The experi-
intensity of SP radiation was controversially discussed in dnents and the procedure to separate SP radiation from back-
number of papergsee, e.g.[3,21-24). Later on, experi- ground components are described in Sec. lll. In Sec. 1V, the
ments with larger electron energies and longer wavelengthexperimental radiation factors are compared with theoretical
predictions. Section V is dedicated to the discussion about
the operational parameters of a possible future SP radiation
*Corresponding author. Fax:49 6131 3922964; email address: source in view of already existing powerful undulator radia-
Kube@kph.uni-mainz.de tion sources. A concluding section summarizes the paper.
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where « is the fine-structure constariyl,, the number of
grating periods, andl the distance of the beam above the
grating. The radiation factorR,|? which are analogous to
the reflection coefficients of optical gratings are a measure
for the grating efficiency. They can be calculated by the

constant reduced velocitg=v/c at a distanceal parallel to the theory of Van den Ber@34.—3q Wh|ch.takes into accqunt the
grating surface irx direction. The grooves, oriented in tiyedirec- Shape of the groove prOf!le' ACFO“?"”Q to I_E{Q)' t_he inten-
tion, repeat periodically with the grating peri@ The blaze angle Sity decreases exponentially with increasing distadidee-
apjaze Characterizes théchelette gratings which we used in this tween electron and grating surface. The interaction length
paper. The direction of the photon wave-vedtds described in the

emission plane resulting from tlze=0 plane by a rotation about the

y axis by the angl&. In the emission plane thle vector makes an h. :m 3)
angled with they axis. The length of the grating is denoted lby Nt A

FIG. 1. Definition of the geometry. The electron moves with

II. DEFINITION AND CHARACTERISTICS OF
SMITH-PURCELL RADIATION COMPONENT where y=(1— %)~ Y2 is the Lorentz factor, describes the

In this paper, we designate as SP radiation only that ra(_:haracteristic finite range of the virtual photons emitted and

diation component which is emitted under the restriction thafeabsorbed by the el_egtrong. Since_ the exponential inZq.
5 of fundamental origin this functional dependence on the

no electrons enter the grating surface. One characteristic si¢g2 - c _
nature of SP radiation in this sense is that it must fulfill thediStance can be chosen as a sufficient condition for the iden-
dispersion relation tification of SP radiation.
To achieve a good coupling between the electrons and the
radiation field via the grating the mean spot size of the elec-
D . . . :
A= —(1/8—cosfsin®d). (1)  tron beam and its distance from the grating should be in the
| order of the interaction length;,,. However, in the experi-
ment of Smith and PurcelR] the beam spot size of 0.15 mm
In this equation) is the wavelength of the emitted radiation, was much larger than the interaction length which was of
D the grating periodn the diffraction orderB=v/c the re-  order ofh;,;=10"8 m. Such experimental conditions render
duced electron velocity, an@, ® are the emission angles as an investigation of the radiation as a function of the distance
introduced in Fig. 1. This relation was already deduced byimpossible. At higher-beam energies, for instance, 855 MeV
Smith and Purcell2] from a simple construction of Huygens which is the current maximum energy of the Mainz Mi-
elementary waves. In nearly all publications which appearedrotron MAMI, the interaction length in the optical spectral
up to now it was argued that the experimental verification ofregion amounts td;,,;=70 wm. Taking, in addition, advan-
Eq. (1) proves already the observation of SP radiation. How+tage of the low-vertical emittance,=1 7 nmrad of the
ever, the dispersion relation E€) is not at all a sufficient MAMI electron beam, a beam spot size as small as a few
condition for SP radiation emission in the sense definednicrometers can be achieved. With such parameters the in-
above. For example, the dispersion relation is also fulfilledvestigation of SP radiation in the optical spectral region as a
for transition radiation emitted if an electron traverses thefunction of the distance seems to be promising.
grooves of the grating. Therefore, an additional criterion Furthermore, at ultrarelativistic electron energies, the ra-
must be found by which SP radiation can be identified un-diation is emitted according to E) in a very narrow an-
ambiguously. This criterion will be formulated in the follow- gular region around =90°, i.e., in the plane containing the
ing. grating normal and the electron beam. For typical parameters
According to the approach of di Frandi2l] the radiation  of our experimenth =360 nm andd=100 wxm, an angular
mechanism can be understood as the diffraction of the fieldvidth of A®=1.0 mrad [full width at half maximum
of the electron by the grating. Above the grating surface thiSFWHM)] results. This feature can be used to discriminate
field is expanded in a set of evanescent plane waves whicBP radiation against background components as demon-
are scattered by the grating. Some of the scattered wavesrated later.
become propagating ones and can be observed as SP radia-After this discussion of the main characteristics of SP ra-
tion. The angular distribution of the number of photons perdiation at ultrarelativistic electron energies we turn to the
electron radiated into thieth order is description of the experiment.
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divergence of the electron beam with an absolute vertical
emittance ofe,=1 z7rnmrad (lo) resulted in a larger ef-
fective spot size which was estimated from the envelope
equation(see, e.g.[40]) to be 3.4 um. However, even this
spot size is well below the interaction length,=70 um.

In order to suppress detection of background signals in the
photomultiplier tube the electron beam was pulsed with a
repetition rate between 1 and 9 kHz and a pulse duration of
10 ns. The pulse current amounted typically to (58
+2) pA and was measured via the calibrated induction
voltage signal in a ferrite ring.

f=20 mm
The detection system consisted of a photomultiplier tube

(PM, Hamamatsu R6479Pa lense together with a slit
which defined the accepted solid angle of the system, and a
wavelength selecting color glass filter of bandwidi
=30 nm(FWHM) in front of the multiplier. Two detection
systems were mounted on a revolving spectrometer arm at
the angle® =90° permitting simultaneous measurements at
the wavelengtha =360 and\ =546 nm.

For the investigation of the dispersion relation ED.the
= gratings were positioned at a fixed distanceith respect to

FIG. 2. Schematic picture of the experimental setup. The vari-f[he beam and the angleof the spectrometer arm was var-

ous degrees of freedom for the adjustment of the grating relative t4d- For the investigation of the distance dependence the
the beam axis are indicated by the arrows. These are translationgllating was moved step by step with the goniometric stage
motions iny, z direction and rotational motions around tge z  towards the electron beam with the detection system posi-
axis. The distance between lense and grating is 195 mm. The inselioned at a fixed angl®,, as calculated by Eq1) and ex-
depicts the slit aperture system in a cut perpendicular to thgerimentally verified as the maximum before the measure-
electron-beam direction. ments by ap scan.

Il EXPERIMENT B. Data analysis and extraction of SP radiation component

A. Experimental setup and data taking In Fig. 3, spectra are depicted which were taken as a

The setup of our experiment is shown in Fig. 2. The gratfunction of the observation angle at various grating posi-
ing was mounted together with a beam diagnostic systentjons d. The spectra show pronounced maxima at the posi-
consisting of a wire scanner and a ZnS screen, on a four-axi®ns which agree well with predictions of Edl), i.e., the
goniometer which allowed the positioning of the grating with observed radiation satisfies the dispersion relation as a nec-
a translational and angular accuracy ofum and 0.01°, essary condition. In the next step, it must be shown that the
respectively, with respect to the electron beam. The alumiintensity as a function of the distandeobeys the exponen-
nized surface of the grating was electrically connected to dial dependence of Ed2) which is the sufficient condition
charge-sensitive preamplifier which measured the secondafgr the identification of SP radiation.
electron signall ¢ released by beam electrons hitting the  The intensity of the maxima as a function of the distance
grating. In our experiments we investigated radiation emisd is plotted in Fig. 4a). For distancesl=25 um the inten-
sion from three gratings, designated as A, B, and C, whossity for both wavelengths decreases exponentially alike to
parameters are listed in Table I. P,=Aexp(—d/A) with a decay constant ~h;,; as expected

At the position of the grating the 855 MeV electron beamfor SP radiation from Eq(3). Notice that the slope is differ-
was focused to a vertical spot sizedt=2 um (1o). The ent for the two wavelengths which is also expected from Eq.

i ) ) (3). For distancesl=25 um the same exponential depen-

_ TABLE |I. _Parameters of th_eodelelette-type repllc_a gratings used dence holds, however, with a very smal=2.2 um which

in the experiments. The grating substrates consist of JBKS) s comparable with the vertical beam spot size. In Fidp) 4
covered with an aluminum coating of about (7080) nm thick- e secondary electron signal from the grating surface is plot-
ness. Manufacturgr of grating A is Edmunds Scientific, Barrlngton,ted. The fact that the radiation component for@

New York, of grating B and C, Milton Roy, Rochester, New York. . .

<25 um correlates with both, the secondary electron signal

and the vertical beam spot size, strongly suggests that this

size[mm] . . . - 7
. o radiation component is optical transition radiatic®@TR)
Grating ®plazd °] D [um L WxH produced by eﬁactrons of thpe beam halo traversing the grating
A 17.27 0.833 2% 25% 10 grooves. The experimental proof of this conjecture is given
B 41.12 0.833 26020% 10 in Ref. [41], further experiments and theoretical studies are
C 0.8 9.09 30X 30X 10 described elsewhefd2,43. As already mentioned the same

dispersion relation Eq.l) as for SP radiation holds also for
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20 i E FIG. 4. (a) Observed radiation intensity for wavelengths
' ' =360 nm and 546 nm at first order arfd) secondary electron

0 —— ' ’ : : : signal as a function of the distance between electron beam and
50 60 70 Gs?deg] %0 100 110 grating. Measurements were performed with grating B at fixed ob-
servation angled;=55.4° and#,=69.8° for the wavelengths 360
and 546 nm, respectively. The correlation of the intensity with the
FIG. 3. Experimental photon intensity as a function of the ob-secondary electron signal far<25 um indicates that this radia-
servation angled. The measurements were performed with gratingtion component is optical transition radiation.
B at a distanced=127 um between electron beam and grating
surface. The dashed vertical lines denote the calculated positions of
the diffraction ordergn|=1,2,3 according to EqJ). Tilt angle of

‘ metrically with respect toa=0°, the angle at which the
the gratinga=0°.

grating surface is aligned with respect to the beam direction.
In contrast, the diffracted SR intensity is strongest if the
grating is tilted towards the upstream direction and vanishes
OTR. Consequently, in the following discussion only the ra-if tilted in the opposite direction.
diation component al=25 um is considered to be a can-  The experimental observation is in accord with this ex-
didate for SP radiation. pectation as demonstrated by Fig. 6. From this picture it is

It remains to be proven that the radiation observed foobvious that the SP radiation should be separable from the
distancesd=25 um does not originate from synchrotron diffracted SR component. The procedure is based on the
radiation (SR), produced in upstream beam optical compo-functional dependency of the intensi§(d,«) on the beam
nents and diffracted by the grating. A detailed analysis of thalistanced from the grating and on the tilt angte. A typical
beam optics showed that the quadrupole doublet directly iispectrum is shown in Fig. 7. Each of these spectra must be
front of the grating is the strongest source of SR. This doudecomposed into the desired SP radiation component
blet was used to focus the beam to the required small spdis(d,«), a possible diffracted SR componeNgg(d,a),
size. To suppress this radiation a slit aperture was installed 8nd a background radiation componedgg(d,a) which
mm above the grating, see Fig. 2. The slit with a width oforiginates from diffuse scattered light in the experimental
400 um was oriented parallel to the beam direction. Thechamber.
corresponding angular width of the accepted radiation of The calculation of the SP radiation componéiys(d, )
Ad =44 mrad was large enough to accept the strongly direquires some modifications of E@). First of all, the inte-
rectional emitted SP radiation. With this aperture, the SRyration must be carried out over the angular acceptance
background component was reduced but could not be comi® = +22 mrad as defined by the longitudinal slit aperture
pletely suppressed. above the grating. Second, the variation of the distahoé

The principle of the procedure to separate the remaininghe electron beam above the grating as function of xhe
SR and SP radiation components will be explained by meansoordinate along the grating must be taken into account. As-
of Fig. 5. If the grating is tilted by an angle with respectto  suming that the distanad, over the grating perio# is con-
the beam direction the intensity of SP radiation varies symstant the total intensity can be obtained by an incoherent
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0 Tilt Angle o [deg] full line represents the best fit according to Eg). The individual

. . components for Smith-Purcell radiatiofis5(d, ), diffracted syn-
FIG. 5. Procedure to separate the diffracted synchrotron radiasp, giron radiatiorNsg(d, ), and background radiatioNgc(d, )

tion contribution from smith-PurceII r.adliation. As illustrated by the as given by Eqs(4), (7), and(8), respectively, are also plotted.
lower graph the intensity of both radiation components as function

of the tilt anglea of the grating exhibits distinct differences. Beam

height has been adjusted., exponential dependence as a function of the distanddis

is even not the case at a tilt angle=0° for which Eq.(4)

: . . i , reduces to
summation over alll{/D— 1) grating periods which yields

72+ 1/2AD M N p(d a—0)=A £f7/2+1/2Aq>dq) e—hi?]tlw’—l+(ﬁycosfb)2d
Ngp(d,a)=Agp @) . dd e Nint Y1+ (By cos®)?d spld, SPD ) o 1on0 :
" &)
N1t (B cos®)2L si . . .
% 1—e Nint V1 (By cos®)L sine 4 The integral can be solved analytically provided that the an-
1 e*h-ﬁtl\/—lﬂﬁv cos®)2D sina ) gular acceptancAd of the slit aperture is large in compari-
— n

son to the angular width of the emitted SP radiation. This
requirement is fulfilled in our experiment fa=15 wum.
The integral must be calculated numerically. It is interestingThe result is

to note that the intensitiNgp(d, @) does not exhibit a pure

L 2
Nsp(d,a=0)=Asp 5—Ki(d/hiny), (6)
x10- DBy

with K;(x) the modified Bessel function of first order. For
argumentx=d/h;,;>1 the modified Bessel function can be
T approximated by K(x)— +m/2xe * [44], i.e. even ford
i >h;,; the integrated intensity cannot be described by a pure
exponential.
The SR componentigyd,a) can best be studied at large
7 tilt angles @=1° for which the SP radiation component is
] small. We found that it can well be described by the function

Nsg(d,a) =Asga)exp(—d/Asg +Bsgla)  (7)

with Agr=60 wm.

The background componeNi(d,«) was obtained from

FIG. 6. Number of photons per electron as a function of the tiltS€parate measurements close to the maximum in the continu-
anglea of the grating. Shown are measurements for grating A at &0Us part of the spectrum, cf. Fig. 3. It can be described for all
wavelength\ =546 nm for a fixed distancd=100 um between tilt angles by the expression
electron beam and grating. The distribution resembles qualitatively

N/e
N W A o N o Co
T

06 04 02 00 02 04 06 08 1.0
Tilt Angle o [deg]

the expectation, cf. Fig. 5. The individual Smith-Purcell and dif- Ngg(d,a) =Agg(a@)exp(—d/Agg) +Bga(a)  (8)
fracted synchrotron radiation distributions, as separated by means
of the fit procedure described in the text, are indicated. with typically Agg=45 um.
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90 T . . T T . T additional radiation component of the type of E@) had to
be added to obtain a good fit. The characteristic decay length
8o | A=29 um is consistent with the decay length of a known
l ; very weak beam halo compondd&]. Therefore, it might be
—70 | % i § s tempting to assume that this radiation component originates
€ ¢ also from OTR production of beam halo electrons entering
& the grating grooves.
<60 From these results together with the fact that the observed
radiation also fulfills the dispersion relation Ed) we con-
50 | clude that in our experiment a SP radiation component has
been identified unambiguously. In the next section its inten-
40 . . . . . . . sity will be extracted from the measurements and compared

06 -05 -04 -03 -02 -04 00 01 02 with theoretical predictions.
tilt angle o [deg]

. . . IV. RESULTS AND DISCUSSION
FIG. 8. Interaction length;,; as extracted for various tilt angles

for grating A,\=546 nm, and first diffraction ordgn|=1. The A. Radiation factors
value h;,;=72.7 um as calculated by E(3) is indicated by the

dashed line. The radiation factor§R,|“ were determined at a tilt angle

of the grating ofa=0° by a best fit to the dat&(d,«
=0) with Eqg. (6) at fixed interaction lengthk;,;, as given

The various radiation intensity spectidd, «) were fitted by Eq.(3), and

with the function

InjL 2 (on+A0
N(d,a')=N5p(d,a)+NSR(d,a)-‘rNBG(d,a') (9) ASP:|Rn|28DNea__f d0
D ByJo,-ne

with Ngp(d, @), Ngg(d,a), andNgg(d,a) as given by Egs. e
(4), (7), and (8), respectively, andhi,;, Asp(a), Asy(a), XF[N(8)— \o] 5 (10
andBgg(«) as free parameters. A typical result of the best fit (1/8—cosb)
is shown in Fig. 7 for the example of tilt angle=0° to- ) . .
gether with the three radiation componehtse, Nsg, and Here, « is the fine structure constanty the detection
Ngc. efficiency withep(546 nm)=(2.0=0.6)% (measuregdand

Examples of the fit results for the interaction lengih,  £0(360 nm)=(8.3+2.5)% (estimateg, N, the number of
are shown in Figs. 8 and 9. The data exhibit no systematig/ectrons with an uncertainty of 11.5%, afid the angle of
deviation from a constant when the tilt angle of the grating isoPservation at the central wavelengity. The function
varied and agree well with the interaction length according td=[A(6) —Xo], with X(6) as given by Eq(1), describes the
Eq. (3). This fact supplies additional confidence that the ratransmission characteristic of the color glass filters which
diated intensity contains indeed a SP radiation contributionWas approximated by a normal distribution with FWHM

Only for one measurement with grating Blat=546 nm an AA=30 nm. The integration interval =+26 mrad fol-
lows from the acceptance of the detection system.

The experimental radiation factoi®,|? are shown in

65 T T T T T T T

60 L i Figs. 10 and 11. The error bars of the experimejRa)? are

dominated by the uncertainty of the detection efficiency

551 i Aep=30%. For grating A ah =546 nm andn|=2 no sta-

50 I - T ¢ } . tistical significant SP radiation component was found. This
Eoasf 1 * I result is represented in Fig. 11 as an upper limit, based on the
S a0l 95% confidence level.
< For the geometry in which the grating surface is aligned

3B r with respect to the beam axis our measurements can be com-

30 | pared with the theory of Van den Bef§4—39. The calcu-

o5 | lated radiation factors based on the two-dimensional model

20 . . ) . . . . described in Ref[34] are shown in Figs. 10 and 11 as lines.

025 -02 -015 01 -005 0 005 01 0.15

tilt angle o [deg] B. Discussion

FIG. 9. Interaction length,,, as extracted for various tilt angles ~ Comparing our experimental results with the calculations
for gratng B, A=360 nm. Orders |n|=1 (x), |n| on the basis of Ref[34] a fair overall agreement can be

=2 (0), and |n|=3 (®). The data points for the first and sec- concluded. Deviations may not be surprising because the
ond diffraction order atw=0° have been shifted in the graph to theory assumes a perfectly conducting grating surface. It is
a==*0.1° for the sake of better representation. The vaiyg  well known that on the basis of this assumption classical
=47.9 um as calculated by Eq3) is indicated by the dashed line. optical grating theories, which are the basis also of the Van
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FIG. 10. Radiation factoR,|? in first order as a function of the FIG. 11. Radiation factofR,|? in second and third order as a

blaze angle for gratings A and B with grating peribd=833 nm.  function of the blaze angle. Experimental results are shown for

Experimental results of this paper are represented@®y &nd cal-  gratings A and B with grating perio® =833 nm, () for |n|

culations according to Ref34] by the solid line. The beam energy =2 and (¢) for |[n|=3. The experimental upper limit for

is 855 MeV. |R,(546 nm)? for grating A is shown by the error bar. The dashed
lines are calculations with Van den Berg’s the¢B84]. The beam

den Berg theory, often fail to explain the reflectivit6]. energy is 855 MeV.

Therefore, it may well be that improved calculations, which

take into account the finite congluctmty of the grating sur-inig paper. The approach used here is similar to that one

I_ace, would even better agree with the experimental Observ%’ublished in Ref[47]. Apart from an easier numerical han-

ions.

The striking feature of the results shown in Figs. 10 and
11 is that the radiation factof®,|? are extremely small. We 10° ¢ . | .
come back to this fact in Sec. V where optimal operational

parameters of a SP radiation source are discussed. 4 [ 1
It is also interesting to note that for the shallow grating C 10 =
in Table | with ap,,6=0.8°, D=9.09 um the theory[34] I 1

predicted a radiation factdiR,|2=9.9x10 °, see Fig. 12. o 5 |

However, no SP radiation component was found in the ex- 107 E
perimental data. The experimentally determined upper limit I ]

|R;|2<9.9x 1077 (95% confidence levilis clearly at vari- 6
ance with calculations based on the Van den Berg theory. The 10° ¢ E
main problem connected with this theory is that, in general, I 1
extensive numerical calculations are required until finally the 70
numerical solution of the integral equation converges. This is 10 ' ' '

g d 9 0 0.05 0.1 0.15 0.2

particularly difficult in the regime where the wavelength is
small in comparison to the grating perig88]. In our calcu-
lations the convergence condition Eg0) in Ref. [34] was FIG. 12. Calculated radiation factfR, |2 for a shallow grating
always fulfilled down to a level of 5%. In order to overcome with blaze anglevy,,,.=0.8° as a function of the normalized wave-
the numerical difficulties and to explain eventually the dis-length A\/D. The experimentally determined upper limit based on
crepancy between experiment and theory a surface currefie 95% confidence level from a measurement with grating C at
model was developed which is described in the Appendix ofvavelegth\ =360 nm andn|=1 is indicated by the error bar.

AMD
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dling, the advantage of this model in comparison to Van derA good coupling of the electron beam to the evanescent
Berg ones originates from the fact that it allows a clearemode is achieved when the expectation value over the beam
insight into the underlying physical processes. This modeprofile satisfies the inequality

belongs to the category of scalar grating theories because no P Cde .,

polarization effects which are responsible for the appearance (e minlint),,, (=€~ Cminin=g" %, (14

of Wood’s anomalies are included. It is well known from ) o )
conventional optical grating theories that reasonable result§ order to avoid the exact definition of the expectation value
are obtained fol/D<0.2 [48] and presumably this holds @nd elaborate calculations a coupling parameterl has
also for SP radiation emission. With the rakiéD=0.04 for ~ been introduced. For the following estimates we use2

our experiment this condition is fulfilled. However, the in- Which might be an adequate choice if the emittance of the
tensity calculated with this model is still a factor of 50 higher €lectron beam is defined by its rms value. With H4S) and

than the upper limit derived from the experimental data, al{14) @ critical wavelength; can be defined in such a
though it is lower in comparison to the Van den Berg theory.manner that the inequalif4) is satisfied folh =\, . With
Since also the surface current model was deduced under tifels.(13) and(1) the critical wavelength can be rewritten as
simplified assumption of an ideally conductive grating sur- (4mK)2 Ny
face the still remaining large discrepancy may originate from crit= w e
this simplification which is discussed in more detail in the (By)® 1l/B—cosd
Appendix.

N/ . (15)

We still can dispose on the observation an@léf it is cho-
V. ON OPTIMAL OPERATIONAL PARAMETERS OF SP sen as

RADIATION SOURCE COSHOpt=B= /—'yz— 1y (16)
This section is devoted to a discussion of the optimum ) ) ) . 5.
operational parameters of a SP radiation source. It is adh® kinematical factor in Eq2), s_'”z 0/(1/,8—c0310)_|n front
sumed that an electron beam with Lorentz faciaand nor-  ©f the exponential which now is a constaait”, is maxi-
malized emittancesN is available. The discussion will be Mizéd. The final results are
carried out on the basis of E() for ®==/2 and Eq.(3) (47K)?
assuming that the radiation factd®,|? is a constant. In ad- A=\2P = Ny|n|eN/ 7 (17)
dition, the number of grating periods, is kept constant at a 2y
reasonably large value, e.®\,,= 100, rather than the grating
lengthL. No further restrictions are imposed on the optimi-
zation procedure at this moment. y
It can be seen from Eq2) that the emitted intensity de- Dopt= |n|)\gﬁ{,872:(47r;<n)2NW’EsN/Tr (18
pends very sensitively on the evanescent scaling leimgih
i._e., the coupling to the evanescent mode d_ecre_ases EXPON&YF the grating period,
tially if the electron passes over the grating in a distance
much larger tham;,;. In order to find the optimum coupling y
we start with the envelope equation for the vertical beam Lopt= NWDopt=(47TKan)258N/7T (19
waistw,(x) (see, e.g.[40])

for the wavelength,

for the grating Iength, and
W2 X x—L/2 2
z( ) ] ( )

2 2
W20 Xo

dN
() S lop= @lnINu(BY?IR, e ! (20

with w,, the beam spot size in the focusat L/2, cf. Fig. 1, for the SP photoq n.umber per electron and solid angle, all

andx, given by taken for the optimized critical waveleng#2P. In Fig.
13(a) the critical wavelength 2! is plotted as a function of
the normalized emittance®/ 7 of the electron beam.

(12) It is interesting to discuss these equations for the param-
eters y=1673 and&"/By=1 = nm rad of the Mainz
Microtron MAMI. For N,,=100, |[n|=1, =2 the results

_ opt _ _
The distancel of the electron-beam axis above the grating is2'€_ @opt=0.6 mrad, Acrig=63 um, Dop=177 m, Loy

— - 2 i

defined by the requirement that its waist just touches the- 17-68 km, and Ne/dQ)[q,=7.5xX10°|R;|*/sr which are
grating atx=0 andL. Minimization of the distancel with completely unreasonable. Extremely good normalized emit-
respect taw,, yields tances would be required in order to achieve reasonable di-

mensions for such a SP radiation source. It is useless to say
that such a device would not at all be competitive with a
N/’IT SN/’IT .. . .
_ € _ radiation source based on magnetic devices as, e.g., an un-
dmin_ L - wD (13)

By By dulator.

>, By

Xo=W2p———.
eNlar
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FIG. 13. Critical wavelength in first ordén|=1 as a function
of the normalized beam emittance for different beam energes
according to Eq(17) at 6, from Eqg. (16), (b) according to Eq.
(15 at an observation anglé@=90°. Solid lines are forN,,
=100, k=2, the dashed line foN,=73, k=1. Symbols @)
and (O) indicate the critical wavelengths.,;; according to Egs.
(15) and(17) for beam emittances of the Mainz Microtron MAMI
and the experiment of Uragt al.[50], respectively. The shadowed
region is based on inequalit23).
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Nop_ 4
dNur _
d0 WY 1 K22+ (99)22
2
%[5 IFAnKD.0). 22

The coupling factor K/2)2|n|F(n,K,d,¢) for the undula-

tor radiation withK the undulator parameter can well be in
the order of one. The corresponding factor for SP radiation is
sin? ¢ "exp(— (d/hin) Y1+ (97)*cos ¢).

A necessary condition for this factor to be also in the
order of one is that an azimuthal angfe= 7/2 is chosen,
i.e., the radiation must be observed in the plane spanned by
the x and z axis, and, in addition, that for the distande
between grating and electron beahs h;,; holds. The suffi-
cient condition is that the radiation fact¢R,|? is in the
order of one. This requirement will be discussed below. The
essential difference between the “kinematical” factdesy
=4(9y)’[1+(9y)?] 2 and kyr=4[1+K?/2+ (8y)?] 2
for SP and undulator radiation, respectively, is that the SP
radiation intensity always vanishes on axis. However, for an
observation anglé=1/y the kinematical factokspis in the
same order of magnitude &g,z at on-axis observatior
=0.

The remaining factors in Eq$21) and(22) are the same
and it can be concluded that, provided the radiation factor
|R,|? is also in the order of one, the SP radiation source is as
powerful as the undulator radiation source. This holds if grat-
ing and undulator period lengtisandD ,, respectively, are
the same. The corresponding wavelengths &mé\gp
=(D2y)[1+(9y)?] and |n|ayr=(Dy/2y?)[1+K?/2
+ (9y)?] which actually agree foty=1 for SP radiation
and 0y=0 for undulator radiation with a typical undulator
parameteK = /2.

Accepting this, an essential advantage of a SP radiation
source originates from the fact that short period gratings can
be manufactured much easier than microundulators for
which Dy=8 mm may be about the lower limit.

The question arises under which circumstances a SP To proceed in the discussion we require somewhat arbi-
source might be superior to an undulator radiation source. Itrarily that the grating perio® should be shorter than about
answering this question, we first note that the structure of EgRo=6 mm. With this restriction we obtain from E¢18)

(2) for the SP intensity has some striking similarities with its that the beam emittancef must fulfill the following in-

equivalent for undulator radiatiofsee also Ref49]). This
can be seen by rewriting E€R) in polar coordinates with

the polar andp the azimuthal angle as measured with respect

to thex andy axis, respectively. In the ultrarelativistic limit
and at small angle® the result is

dNgp 4(9y)?
= a|n|N,, y>——————=sirf ¢|R,|?
><exp( —h= 1+ (9y)°cos ¢ |. (21)
int

The equivalent equation for undulator radiation rept

equality:

N
€0

D 1 -1 -1
LT L e S b 23)
T (4wkn)? Ny 52 v?

For k=2, N,=100, and |[n|=1 the constant isC
=10 m. The inequality can only be fulfilled foeN/ =
<C/2=50 nm rad for whichy is equal to\2. Thus, the
worst emittance can be afforded for= /2, at all other beam
energies better normalized emittances are required.

The emittancesyy, corresponding to a period lengih,
=6 mm, is also shown in Fig. 18. An optimal radiation
source must operate in the shadowed region. For short wave-
lengths, e.g.x=25 A (water window, the electron beam
with 855 MeV should have a normalized emittanc¥ 7 as
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low as 6< 10 *mrad which is completely out of the range 4k [LeNar
for the Mainz Microtron MAMI and other currently existing AWZW By (25
accelerator facilities.
Beams with a normalized emittance™/7=10"% () e wavelength
mrad are available at electron microscope devices. As can be '

seen from Fig. 1& SP radiation with a wavelength LeV o
=60 um can be produced at comparatively low-beam ener- DW=47k|n| (26)
gies of E=5 MeV. Such a radiation source might be supe- By
rior to an undulator radiation source. SP radiation productio . .
has been studied indeed with beams from an electron micrd®" the grating period,
scope[31,50. The performance of such radiation sources
may be further improved by employing magnetic guiding W 1 [LBYy
fields as it is common practice in millimeter wavelength de- Nw:m N (27)
vices(see, e.¢9.[10,11,13,14).
The severe restriction on the operational parameters of ; -
SP radiation source just discussed originates from the facﬁor the number of grating periods and
that both optimization conditions Eg§l4) and (16) were W
demanded to be fulfilled simultaneously. In the discussion to dN _ Y / LB?’, ~1)|R |2e’1 (28)
follow, the restriction imposed on the observation angle is dQ) 2wk gN/T,‘y n

given up. At free disposal of the latter many operational con-

ditions are conceivable at realistic grating periods. This ior the number of emitted photons per electron.
demonstrated in Fig. 18) for the observation angle With a length of the grating of ;=574 mm which still

= m/2. Notice that the grating period is, according to B, might be reasonable for our experimental parameters
D=np\; which is in the order of the critical wavelength —1673, eN(7mBy)=1 nmrad, [n|=1, andk=2 we ob-
itself. However, a loss of intensity by about a factorgf  (ain A V=360 nm, D¥=0.60 mm, N,=953, and
has to be paid for the choice of this observation angle WhidaN\lN/dQZS.GX 10°8|R,|? srt. Comparing with the ex-
might be quite dramatic if the Lorentz factgris large. The ected intensity according to Eq2) for grating A at A
reason is that the advantage of the relativistic forward boosi 360 nm under our experimental conditionss

has been given up. . —55.4°, |n|=1, N, =30000 the result is N/dQ=0.29
Other optimization schemes have been discussed previy 10°%|Ry|2 sr* which indeed is a factor of 30 smaller than

ously by Walsh{51] and Trotzet al. [52]. They came to the the above-quoted number for the optimized grating.

conclusion that higher-energy beams are capable of produc- For the shorter wavelength‘z’"= 25 A, which might be of

ing more narrowly focused and greater energy SP output than . c2 .
low-energy beams. In Ref52], the optimization procedure interest for _practlcal appllcatlor(svater window the length
) ) : of the grating scales down according to E@5) to L,
is based on the radiated energy at, in essence, a constan AWy 2_ 57 7 d th r oW th
grating length while in our paper, the photon number at a %( 2/A1)°= W pm, an e grating perio®™, the
constant number of grating periods has been optimized. |gra\2ng numberN,,, and the em|ttevsl glhoton number
the former case, the optimum angle of observation in théIN"/d(} scale by the factorL,/L,=N7/\;'=1/144. Let
ultrarelativistic case is) = y2/y while we find according to US compare the emitted photon numberNyddQ
EQ. (16) Oop=1/y. =60/R,|?> sr ! with the emission characteristics of an undu-
Clearly, the number of grating periods is the quantity oflator with 10 poles, period length,=9.33 mm, and undu-

physical relevance since for a given observation angle it delator parameteK =1 in first order|n|=1 at on-axis obser-

fines the emission spectrum vation 9=0. The result is, according to EQq(22),
dNyR/dQ=3.6xX10° (K/2)?F,;(n,K,d,¢) sr i. Assuming
w—wp) \ 2 |R1|2=(K/2)2FJ(n,K,ﬂ,cp)=1_th_is intensity is a factor of
&N Si? o sin( Ny ) 6000 larger than the SP radiation. This result corroborates
=2 n2N2 “n our previous conclusion that a SP radiation source does not
dQdw/w "1/ —cos6 0= wy perform better than an UR source in the wavelength range
7N o A<60 um, even if a probably unrealistic radiation factor
|IR;|?2=1 is assumed. The reason is that also in the optimi-
X | Ry ()| ?e™ Y/Mint (24)  zation scheme of Trotet al. [52] the advantage of the rela-
tivistic forward boost has partly been given up leading to a
with w,=2m|n|c/[D(1/8—cosh)]. reduction of the intensity of about a facter2.

However, also the length of the grating may be subject to To produce radiation with wavelengths less than about
restrictions which could originate from experimental bound-25 A with an 855 MeV electron beam requires microundu-
ary conditions. Therefore, it may be appropriate to optimizdators with periodD ;<10 mm which are difficult to con-
according to the procedure proposed in R&R2]. Applying  struct. However, even in this case the SP radiation source is
this procedure to Eq2), i.e., to the photon number rather not advantageous since the number of periods will be, ac-
than to the emitted energy, we obtain cording to the optimization scheme of R¢B2], less than
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o : : ' T ' ' function of the first kind rather than by a pure exponential.
10 - . A T The intensity of the SP radiation component was compared

e e 1 with the Van den Berg theory and fair agreement was found
B ~ Ay E-1aMeV ] for gratings with large or moderate blaze angles. However,
107 o7 C 7 the measured low intensity for a shallow grating with the

o A R AT R angle ay,,¢=0.8° and period lengtb =9.09 um can nei-
£ 1 ther be explained by the Van den Berg theory nor by the
10° - E=855MeV . scalar model in the Appendix of this work or that one pub-

lished in Ref.[47]. A general feature of SP radiation from
optical diffraction gratings of echelle type at ultrarelativistic
- beam energies is the weakness of the radiation. The reason
L L L L L L L for that was found in the very small radiation factors,|2.
000 025 050 075 1.00 125 150 175 2.00 These factors become large, according to Van den Berg’s
AMD theory, only at low electron beam energies.

FIG. 14. Calculated functional dependence of the radiation fac- A detailed discussion of the emitted photon number per
tor |R,|2 on the normalized wavelengifD according to Ref[34]  €lectron leads to the conclusion that a SP radiation source
for a grating with ay,.,c=41.12° (as for grating B. The quoted actually is not advantageous in comparison with an undulator
beam energies correspond to the different accelerator sections of tii@diation source for ultrarelativistic beam energies. However,
Mainz Microtron MAMI. a viable SP radiation source can probably be constructed in

the spectral rangen=60 um employing electron beams
seven with the disadvantage that the spectral distribution at&ith an energy of less than 5 MeV at a normalized emittance

fixed observation angle is very large. gN=10 7 nmrad.
As pointed out in Ref[52] the large radiation factor
|R,|?=1 can be expected for strip gratings. A similar large ACKNOWLEDGMENTS

value has been obtained for echelle-type gratings in this pa-
per also for the surface current model, see the Appendix. The authors would like to thank Dr. H. Barth, Dr. K. H.
However, it remains to be explored why the radiation factorBrenzinger, Dr. S. Dambach, Dr. H. Kalinowsky, Dr. O. Ket-
is so large, independent on the Lorentz factorand the tig, Dr. Ch. Weinheimer, and Dr. R. Zahn for fruitful discus-
observation angle?}, in comparison to calculations on the sions and help during the course of the experiment. We grate-
basis of the model of Van den Berg. As can be seen from Figlully acknowledge financial support from the Deutsche
14 the radiation factors scale inversely proportionajfpat ~ Forschungsgemeinschaft DRSFB 201 and Ba 1336/13.3
least forn/D=0.2, and are in the order of 16 at a beam
energy of 855 MeV which is in fair agreement with our APPENDIX
experimental findings.
This appendix describes a simple surface current model
VI. CONCLUSION for the generation pf Smith-.Purce.[ISFb radiation. The
model correctly predicts the dispersion relation EL. and

The optical radiation emission has been investigated fronthe interaction length of Eq3), i.e., the two properties that
diffraction gratings with echelle profiles using a low- are at the focus of our experimental investigation, and it
emittance electron beam of an energy of 855 MeV. The specsupports physical intuition in so far as its evaluation yields
trum is composed of various radiation components to whicltlosed analytic expressions and as the resulting angular in
belongs(i) optical transition radiation emitted at close dis- tensity distribution for emitted SP radiation can be written as
tance of the electron beam from the gratin@) Smith-  a product of several factors with a clear physical interpreta-
Purcell radiation emitted at medium distances in the order ofion. This is in contrast to the more rigorous theory of Van
the interaction lengtln;,; as given by Eq(3), (iii) synchro-  den Berg[37], which is formulated in terms of a boundary-
tron radiation from upstream electron-beam optical elementsalue problem for partial differential equations and yields
which is diffracted by the grating, an@v) background ra- predictions only after extensive numerical calculations. A
diation from diffused scattered light in the experimentalsimilar surface current model has been described by
chamber. Brownell, Walsh, and Doucdg}7], however, our derivation

These components could be isolated from each other bgind our ansatz for the surface current differ slightly from
rather involved experimental procedures. The SP componetieirs.
has been identified by means of the dispersion relation Eq. Our model is derived from the following consideration:
(1) and the functional distance dependence of the intensityAn electron traveling parallel to a perfectly conducting plane
which is characterized by the interaction length Eg). It is accompanied by an induced surface current density, but no
was demonstrated that both dispersion relation and the evaadiation is emitted. Local deformations of the plane, such as
nescent scaling behavior of the intensity must be exploited tthe grooves of a reflection grating, represent obstacles that
identify the SP radiation component unambiguously. It wasorce the surface current into detours, thus acquiring compo-
shown that thed-integrated intensity as a function of the nents normal to the plane. Each obstacle in the path of the
beam height over the grating scales with a modified Bessedurface current therefore causes a current variation that is a
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source of electromagnetic radiation, which in the far zone tanay, for 0<é¢<D coS ay,
can be computed by well-known formulas. h'(x)=
Besides the surface current models described, there exist

further scalar approaches for the description of SP radiation Our model requires a plausible guess for the surface cur-

which are based on diffraction radiati$a9,53—58. While . i
the surface current models are valid for arbitrary grating pro{ﬁpééi?;aetfs?g?gl scliﬁ?:r‘]sttsééhnzsnsa(ﬁnrmally written as a
files, in the latter ones, only simplified structures are consid- y

ered.

—cotay, for D cog ap,<é<D.

Qo g, (d—2)
2

i =—48z—h
Ix(xy.z,0) 2 (X)]2’7T yve m

: |
o y“+(d—-2)°|,

1. Ansatz for the surface current

According to Ref[57] an electric chargg placed at rest
at a distanced from the perfectly conducting plane=0 XKy
induces on this plane a charge density(x,y,z=0;t)=
—(qdi2m)[x?>+y%+d?]"%2 By a Lorentz transformation

we obtain the corresponding induced charge density for a Jy(xy,2,0)=0, (AS)
chargeg moving with velocityv in the direction of the posi- ) .
tive x axis[ B=v/c,y=(1—B%) 12| J2(%y,Z,0)=h"(X)jx(X,y,Z,0),
yqd where §(z) denotes Dirac’'ss function.
ag(x,y,z=0t)=—— Al
2O o e onpayr e AY | o
2. Smith-Purcell radiation field
and the associated induced surface current density is According to standard literatuf&7] the electromagnetic

vector potential in Lorentz gauge generated by a three-

Jxy,z=0l)=vo(xy,z=01), Jy=J;=0. (A2) dimensional current density distributig(, w) is

No radiation is emitted. Translating this result into frequency 1 ikR
space by means of a Fourier transformation with respect to A(X,w)= _j X' (X', 0) — (AB)
time we obtain[cf. [44], p. 749, no. 6.699, Eq12)] c R

(™ o i with k=w/c and R=|x—x'|. At large distancesr
cr(x,y,z=0,w)=§f_mdte o(x,y,z=0}) =X?+y?+7? and in the directionn=(x/r,y/r,z/r) we
haveR~r—n-x', so that

ex;{iw—x> okR  gikr
qwd v ( ) ) —— = .g7iknx", (A7)
=— Kyl —vy2+d?]. R r
2m2yw? \y*+d? Yy Y

(A3)  The unit vectom can be expressed by the angles defined in

Let us consider now the situation that the perfectly con-FIg' las

ducting planez=0 is deformed within a regio into a _ s . .

reflection grating with grooves parallel to tgeaxis, so that n=(Ny,Ny,Nz) = (sin® cosf,cosd,sind sin ). (A8)

the equation of the conducting surface is actuahyh(x)

with h(x)#0. The induced surface current has to be tangennserting our ansatz for the surface current E45) and
tial to the deformed surface everywhere, i.e., it will acquire 8qnsjgering the ehelette grating of Fig. 1 the integrations
component in the direction and the components intk@nd ¢4 he carried out explicitly. The integration with respect to
y directions may be changed. This requires Z' is trivial. The integral with respect tp’ can be obtained
with the help of{cf. Ref.[44], p. 756, no. 6.726, Eq4)]

d , J,[X,¥,z=h(X),w]
N FRvE = Tey sy L ’
] 5 . TKl(—\/y'2+ 7'2)
Considering specifically thechelette grating of Fig. 1 the ‘R f dy’e cosdy’ By
jth period (=1,2,...N) covers the coordinate rangg ( m 0 Vy' 2+ 72
—1)D=x=<]D. Within the jth periodx=(j —1)D + ¢ with
0=<¢=D. Given the blaze angle, we have _ %exp(—kr (By) 2+cod D). (A9)
Etanay, for 0<é<D cog ay,
h(x)= (D—é)cotay, for D cog ap,<é&é<D, The integration with respect t®’' extending from O toL
=ND reduces to the integral over a single groove multiplied

and by a coherence sum
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N o _ At large distances =\Xx?+y?+27? and in the directiomn
C= >, (elkP(Bp "—cosdsin®))l =(x/r,ylr,zIr) the electromagnetic fields associated with
=0 this vector potential are
_ exp[ikND(B~*—cosfsin®)]—1

. (A10 E=—-iknx(nxA), B=nXE. (A18)
exdikD(B 1—cosfsin®)]—1

As is well known from optics the coherence fact@{? is a 3. Angular intensity distribution

rapidly oscillating function, that exhibits extremely narrow  The radiated energy flux as given by the Poynting vector

maxima at the positions where the condition becomes
1 S=(c/l4m)EXB=(cl4m)(E-E)n
k,D| = —cosfsin® |=2mn (A11)
B = (k2c/4m)|n(nx A)|?n. (A19)

is satisfied. The integen is the order of the corresponding The flux integrated over time is
SP peak. The intermediate result valid for any shape of the

grooves is +oo c +oo %
f dtS=—nf dt(E~E)=cnf do|E(x,0)|?,
Axo)=— 22 ot - X T eze o i
(X,w)=— z—mex - E B°y-co (A20)
ekr rp hence, the number of photons radiated per steradian and fre-
XCE dx'[e,+h'(x")e] quency interval is given by
0
xexgkh(x')(\(B) 2+ cog & —i singsin®) Wor(n.0) _ 10 € 122
dQdw 10
+ikx' (B~ t—cos@sin®)]. (A12)
= lim (c/hw)(kr)?In(nxA)|2.  (A21)
The remaining integration depends on the shape of the r—o
grooves of the grating. In particular, for thehelette grating
of Fig. 1 one finds Combining this with Eq.(A13) we obtain immediately the
prediction
__ab kd\/T
A(x,w)——%exr{—ﬂ 1+ B%y?cos ® N(nw) @ (KDY -
Qikr dQde 442 o ICFIR]
><C(aQ+a’Q’)T, (A13)

2kd
Xexp{ — ——J1+(By)%cos d |,
where a=cosa,€,+Sinaye, and a’' =sina,e,—CoSay €, By
are unit vectors tangential to the faces of the grooves, and the (A22)
quantitiesQ andQ’ are defined as
wherea=q?/(4c) is the fine structure constant and
Q=cosay(e’-1)/7, (A14)
IR(0,®,0)|>=|nX[nX(aQ+a'Q")]|* (A23)
Qr — (sinab(e”' _ 1)/7’r)eikD(B’1—c050 sintIJ), (A15)
is the structure factor that is obtained for thehelette grat-
with ing. It is easily seen to vanish for blaze angles=0 and

ap= /2. At intermediate values of the blaze angle and with
1
n=KkD cosay, sinab( \/ oo +cog ®—isingsind
Y

our experimental parameters it varies typically between 0

and 0.1.
Integrating over the frequency distribution around ttie
1 order maximumw,=Kk,c all other terms are slowly varying
+ikD cog ab(ﬁ —cosé sin(I)), (Al16) and can be considered practically constant. We find
wptA , 2mcN [1 _ -1
1 f dw|C|*= 5 ——cosfsin®| .
7' =kD cosay, Sinay, > +cog ®—isingsind wp=A B
By (A24)
. . 1 . Thus, the angular distribution of photons resulting from the
ikD sirr ab(ﬁ cosd qu))' (AL7) nth-order SP peak is obtained as
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dN_(n, @) anN (i.e., an electric dipole densjtybecause conduction glec-
= 5|R(6,®,0,)|? trons of the metal are pushed away from the surface into the
dQ interior of the metal. The depletion of electrons on the metal
surface, traveling with the beam electron, mimics a surface
current of positive charge carriers accompanying the beam
xex;{ — 2_kd 1+ (Bv)2%co2 q)}_ (A25) electrpn, while at thg same time a compensatil_ﬂg _current of
By negative charge carriefglectron$ travels further inside the
metal, in other words, we deal effectively with a current of
4. Discussion induced electric dipole density. Assuming the two currents of
opposite electric charge to be at a distadkcand using an-
satz (A5) for each of these the angular distribution of SP
photons picks up another factor

— —cos@sin®d

B

Unfortunately, the structure factgA23) following from
the surface current ansaf&5) turns out to be much larger
than found by our experimentgypically 10 ). Let us dis-

cuss possible reasons for this. Our angatz) has been de- kA 2

duced from a static equilibrium situation as seen by a mov- (1—exp{ - E\/lﬂﬁy)zcosz CDD

ing observer. Aside from the assumption of perfect

conductivity this picture presupposes that the time necessary kA 2

to build up the induced current is extremely short on the time *(E\/lﬂﬂwzcog CD) : (A26)

scale in which the field of the beam electron changes in the
laboratory frame. This assumption seems plausible for eledAith parameters typical for our experimer®= /2, \
tron beams moving at nonrelativistic speeds, but it becomes 546 nm, B~1, and y=1672 a choice ofA=100 nm
questionable for an ultrarelativistic beam. We rather expecivould result in a factor of=10"® and would therefore re-
that the ultrarelativistic electron traveling parallel to the duce the structure factgA23) to a size compatible with the
metal surface is accompanied by a small spot of polarizatioexperiment.
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