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Suppression and enhancement of coherent synchrotron radiation
in the presence of two parallel conducting plates
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The suppression effect of coherent synchrotron radiation due to conducting boundaries has been observed
using the Tohoku University 300-MeV linac. The variation of the relative intensity of coherent synchrotron
radiation with the gap between the metallic plates is well explained by the theory of Nodvick and Saxon. The
emission of coherent synchrotron radiation in the long-wavelength region is suppressed more than that pre-
dicted by the theory, which indicates the possibility of other suppressing eff&di863-651X98)06903-7

PACS numbes): 29.17+w, 29.27.Bd, 41.60.Ap, 42.72.Ai

[. INTRODUCTION tron radiation source. In 1984 Yarwoa al. reported that
the intensity of synchrotron radiation in the wavelength re-
In the early days when synchrotron radiation was firstgion longer than 1 mm measured at Daresbury SRS was at
observed, it was predicted that bunched electrons might rdeast an order of magnitude higher than the intensity of a
diate coherently in the region of wavelengths comparable ténercury lamp, which is a commonly used light source in this
or longer than the bunch length. Since the coherently radiwavelength regiofi4]. They pointed out that it might be due
ated power is proportional to the square of the number of0_coherence effects. In the subsequent experiments at
electrons in a bunch and hence may become enormous, RESSY [5], NSLS[6], and UVSOR(7], however, no posi-

was discussed that the power loss due to coherent radiatidfy® result was obtained for coherence effects of synchrotron

might restrict maximum energies of the high energy electror{adéat'or;]'ln thfhfar-lfn:‘rzared rleglton. ‘ , ¢ 3
synchrotrons planned in those days. Schiff estimated cohe{b 3(l)mccm ec?r? thse Oothe‘isr?aigcerlz r(ltfo%ratl)%?]gr?egss f?(r)?n rl?nrgar
ent radiation loss and speculated that the emission of cohel- ' '

. ) .~acceleratorglinacyg are 1-6 mm long and consequently it
ent synchrotron radiation might be suppressed by conductln\%as expected that coherent synchrotron radiation was emit-
boundaries such as a vacuum chamidgr Schwinger de-

. . . . ted in the shorter-wavelength region where detection of light
rived the general formula for radiation with conducting g g g

; ; 2 was easier. In 1989 coherent synchrotron radiation was ob-
boundaries. Then Nodvick and Saxon solved the equatioBgp e in the far-infrared region for the first time at the To-

under the condition that electrons are circulating betweer,qy, University 300-MeV linad8]. Coherent synchrotron
two infinitely wide conducting plates and derived the for- radiation has been observed also on other electron ljigaes
mula for suppression of coherent synchrotron radiaf@n  11).
In those days people seriously investigated how to suppress The spectrum of coherent synchrotron radiation has been
coherent radiation on the synchrotrons in order to obtairmeasured in the wavelength region ranging from 0.16 to 3.5
higher electron energies. The energy loss due to coherentim [12,13. The theoretical spectrum of coherent synchro-
radiation, however, was not observed on the constructed symron radiation emitted by an electron bunch is given by the
chrotrons. product of three terms; the spectrum of synchrotron radiation
In 1982 Michel suggested that coherent synchrotron raemitted by one electron, the square of the number of elec-
diation might be observed as intense submillimeter radiatiotrons in the bunch, and the bunch form factor, which reflects
on electron storage rind8]. In response to the speculation, the shape and the size of the bunch. If the electron bunch has
some experiments to search for coherent synchrotron radia Gaussian shape, the intensity of coherent synchrotron ra-
tion were conducted on electron storage rings for a synchradiation is greatly enhanced at wavelengths comparable with
the longitudinal bunch length and decreases a$® in the
region of wavelengths longer than the peak of the spectrum,
*Present address: The Institute of Scientific and Industrial Rewhere )\ is the wavelength. The measured spectrum in the
search, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567, Jdonger-wavelength region, however, decreases more steeply
pan. than the theoretical prediction. It was speculated that this
"Present address: Mitsubishi Electric Corporation, Itami Works,might be due to the suppression effect of coherent synchro-
Tsukaguchi honmachi 8-chome, Amagasaki, Hyogo 661, Japan. tron radiation by metallic walls of the vacuum chamber.
*present address: Department of Materials Science, University of In order to study the suppression effect, we conducted
Osaka Prefecture, Gakuen-cho 1-1, Sakai, Osaka 593, Japan. experiments using the Tohoku University linac. Two metal-
Spresent address: Research Reactor Institute, Kyoto Universitjic plates were placed parallel to the orbit plane in a bending
Kumatori, Osaka 590-04, Japan. magnet, where the electron beam from the linac emitted co-

1063-651X/98/53)/34547)/$15.00 57 3454 © 1998 The American Physical Society



57 SUPPRESSION AND ENHANCEMENT OF COHERENT ... 3455

| | |
107 10 10™° 10™* 107 102 107" 10°

FIG. 1. Coordinate system for calculating the spectrum of co-
wavelength (m)

herent synchrotron radiation with the conducting boundaries.
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herent synchrotron radiation. Spectra and the degree of po- g 2. spectra of synchrotron radiation in the presence of the

larization of coherent synchrotron radiation were measurethginitely wide parallel conducting plates calculated with the theory

as a function of the gap between the plates. Preliminary resf Nodvick and Saxon. The solid lines are the calculated spectra for

sults of the experiments have been reported previdusly  ditferent gaps &) and the dashed line is the spectrum of synchro-
The purposes of the present study are as follosto  tron radiation emitted by a 50-MeV electron in a bending magnet

verify experimentally if emission of coherent synchrotronwith a radius of 2.44 m. The arrows indicate the critical wave-

radiation is suppressed by conducting boundaries,(@htb  lengths given by Eq( 5).

see if the variation of the intensity can be explained by the

theory of Nodvick and Saxon for suppression of coherent

synchrotron radiation. njR=
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Il. THEORY
If the speed of the electron approximates the speed of light,

The suppression effect of coherent synchrotron radiationp(g=1),a), which is hereafter denoted bp(\,a), is
has been theoretically studied by Nodvick and Saxon for thgiven by
electron circulating between two infinitely wide parallel con-
ducting plates[2]. Assume that the plates are located at 2( j<2a/n
z=*a/2 and an electron bunch moves at the speed3c P(\,a)=1.946x 10—7_[ 2 (& /n)4[K§,3(§f’/3n2)
along the circular orbit with the radiuR on thex—y plane an|j=13, ...
at z=0, as shown in Fig. 1. The intensity of photoRs,
coherently radiated is given by + K§,3(§j3/3n2)]} , (4)

P AL,a)=N(N+D)P(B,N,a)f,(A . -
ool BN 8) =N JP(BN2)TH(A) where¢; = j mR/a, andK 3 andK »5 are the modified Bessel
=N?P(B,\,a)fp(N), (1)  functions. The solid lines in Fig. 2 show spectraR{i\ ,a)
calculated with Eq(4). The theory predicts that the emission

where N is the number of electrons in the bunch, the of synchrotron. radiation is suppressed in the long-
bunch form factor, and®(3,\,a) the intensity of photons wavelength region. As the wavelength becomes shorter than

radiated by a single electron. In practical units, the numbef€ 9ap between the conducting boundaries, the intensity first
of photonsP radiated in the fractional band width\/\ of increases more than that of ordinary synchrotron radiation

1% at the wavelength by one electron moving in 1 mrad of without boundarie§15], which is shown by the dotted line in
the arc is given by Fig. 2 for an electron of 50 MeV energy, and then ap-

proaches it again. The wavelength around with the suppres-
sion effect appears is given (h§6]
P(B,\,a)[ photons(electronmrad 1% bandwidth]

R[m]? j<2pal\ A.=2ava/R, (5)
=9.170<10 " ——=Rel > [ —H{YY,
alm]BA[m] =13 wherea is the gap and is the bending radius. Here we call

(2)  for several gaps. The physical meaning of the critical wave-
length may be intuitively understood as follows. The angular
opening of the emitted synchrotron radiation is given[ by

2 it the critical wavelength. It is indicated in Fig. 2 by arrows
+ S (HZ 01+ HE ) ]

(6)

wheren=27R/\, J, the Bessel function and{" the Han- e
kel function of the first kind. The argument of these func- S56~n—13= A
tions is 27R
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FIG. 3. Calculated spectra of incoherent and coherent synchrc

tron radiation in the presence of the infinitely wide conducting
plates emitted by an electron bunch with different lengths. The solic.
line is the spectrum of incoherent synchrotron radiation and the
other lines are spectra of coherent synchrotron radiation. The eleg- . ) . . - o
tron energy is 50 MeV and the number of electron in the bunch is‘;ﬁ\)ﬂendmg magnetsl p, ”?e‘a”'f’ platesp, I_|ght em'“'rfg p0|r'1t.,M1,

. . 2, and M4, plane mirrors;M3, spherical mirror;Sl, slit; Sp,
3.6x 1(P. The gap between the plates is 40 mm and the radius of the ; .

. . - spectrometer,Ds and Dm, infrared detectorsSEM, secondary
bending magnet is 2.44 m. The total energy radiated as COheregmission monitor(current monito, VC, vacuum chamberCB
synchrotron radiation strongly depends on the bunch length. The ! ' !
: . . concrete blocklLB, lead block.
inset shows the portion of the spectrum of incoherent synchrotron

radiation. The numerical calculation shows that the sum of the . . . .
power radiated in the aredsandC is equal to that in the areR plates. As the result of numerical integration, it turns out that

which means that the total energy radiated by an electron with thh® Sum of the power radiated in areasand C is equal to
metallic plates is the same as that without them. that in areaB, which indicates that the total energy radiated
by a single electron does not change due to the presence of

From a simple argument based on the Fourier transformdghe conducting boundaries. The intensity of coherent syn-
tion, the effective transverse size of the light soudcenay ~ chrotron radiation, however, depends on the bunch form fac-

FIG. 4. Schematic layout of the experimental se®p.andBd,

be given by[17] tor as given in Eq(1). The calculated spectra of coherent
synchrotron radiation emitted with the same boundary con-
d=N/86~N2PRYS, (7)  ditions by electron bunches which have the Gaussian shape
with bunch lengths of 1, 10, and 30 mfthe full width at
Solving Eq.(7) with respect ta\, one obtains half maximum, FWHM are also shown in Fig. 3. When the
bunch length is longer than the wavelength given by (Bj.
A=d\d/R. (8) the total power of coherent synchrotron radiation emitted by

the bunch drastically decreases. Electron bunches accelerated

Aside from the numerical factor, the critical wavelength de-by a linac are typically 1-10 mm long. While electron
fined by Eq.(5) is the wavelength at which the effective bunches of storage rings are longer than 30 mm and the
source sizeal is equal to the gap. emission of coherent synchrotron radiation is strongly sup-

As the wavelength becomes shorter, the intensity calcupressed for the same gap. The total energy loss by an elec-
lated with Eq.(4) increases monotonously aside from thetron bunch due to emission of coherent synchrotron radiation
spectrum of synchrotron radiation without the boundariesdrastically changes with the gap between the conducting
because we have assumed in E4). that the speed of the boundaries and the bunch length.
electron is equal to that of light. The proper spectrum of
synchrotron radiation with the boundaries is obtained by Ill. EXPERIMENTAL METHOD
connecting spectra with and without the boundaries at an
intermediate wavelength. The solid line in Fig. 3 shows such The experiment to study the effects of conducting bound-
a spectrum of incoherent synchrotron radiationRo= 2.44  aries on the emission of coherent synchrotron radiation has
m anda = 40 mm, which is the typical vertical size of the been carried out at the Tohoku University 300-MeV linac.
vacuum chamber in a bending magnet. Coherent synchrotrobhe experimental setup is shown schematically in Fig. 4. The
radiation is suppressed in the long-wavelength region beelectron beam accelerated to 50 MeV by the linac was in-
cause incoherent synchrotron radiation is suppressed by thected to the bending magn&s. A bending radius of the
metallic plates. The inset in Fig. 3 is a portion of the specinagnet was 2.44 m and a magnetic field was 68.6 mT. The
trum near the wavelength given by E&). The intensity of energy spread of the electron beam was 0.2%. The time du-
synchrotron radiation in regiond andC are suppressed by ration of the beam pulse was 2s long and its repetition
the metallic plates, whereas the intensity in regibis en-  rate was 300 pulses/s. One pulse is made up of approxi-
hanced compared with synchrotron radiation without themately 5700 electron bunches and one bunch contains
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3.6x 1P electrons. The longitudinal bunch length was ap-
proximately 1.7 mm, which corresponds to the phase angle
of 5.5 degrees in the accelerating rf of 2.856 GH&].

At the light emitting pointP two aluminum parallel plates
Mp 1 mm thick were installed in the bending magrizs
such that the electron beam went through the center of the
gap between the plates. The gap could be varied from 81
down to 12 mm. The shape of the plates was trapezoidal.
They are 300 mm long along the beam axis, 180 mm wide at
the upstream side, and 200 mm wide at the downstream side.
The plates were bent outward at 50 mm from the down
stream side by an angle of 100 mrad so that they did not
restrict the acceptance angle of the detection system of light.
The vertical cross section of the aluminum vacuum chamber
at the light emitting pointP is 270 mm wide and 180 mm
high.

Synchrotron radiation emitted between the metallic plates
was focused and led to the monochroma&p with the
spherical mirrorM 3 shown in Fig. 4, which extends an ac-
ceptance angle of 70 mrad to the light emitting point. We
used two types of monochromators. The light intensity at a o
fixed wavelength was measured as a function of the gap with FIG- 5. Spectra of coherent synchrotron radiation for gaps be-
a grating-type far-infrared spectromefd?2)]. The degree of tween the metallic plates frqm 81 doyvn to 15 mm. The sollq lines
polarization of coherent synchrotron radiation was measurefl'® the measured spectra with the slit and the dash-dotted lines are
with this spectrometer equipped with an additional polarizet"°%® W':h’\?”é't_' lhe gasshed Ilne(sj ?r:e tdhetts%el_ctra calcm:Lated W!m the
P ) eory o oavick an axon an € aotted lines are those with an
g‘ fl|tx;- dhzsge\;it{# rg gglsgr?;izgoﬁﬁgr;gg&iﬁ'&%}gﬁ STrrr::allng%rted aEa{]cceptance angle of 70 mr.ad. In this cglculation, the bunch shape is
came out of the monochromator was detected with a quuidgf%ug] ri?nto be the Gaussian shape with the bunch IRythiM)
helium-cooled silicon bolometeDs. Another detector de- ' '

noted byDm was used to monitor the intensity of the inCi- yeta|lic plates. When it was used, on the other hand, a part
dent light. In order to cut the stray light reflected by the ot coherent synchrotron radiation might be lost due to dit-
metallic plates, the slis| was placed at the focal point of the fraction by the slit especially in the long-wavelength region.
mirror M3. When the slit was used, its width was set at 6since it is very difficult to exclude the diffraction effect in
mm, which was determined such that the spectrum of lighthe |ong-wavelength region, both of the spectra with and
from a mercury lamp placed at the light emitting poitdid  ithout the slit are shown in Fig. 5. The dashed lines are
not change when the gap was varied from 81 to 24 mm. theoretical spectra of coherent synchrotron radiation includ-
The overall efficiency of the detection system was cali-ing the suppression effect calculated with E@3.and(4). In
brated with a black body source. Since the intensity of cotne calculation, we assumed that the bunch had the Gaussian
herent synchrotron radiation is not proportional to the bea”éhape with the bunch lengtfull width at half-maximun of
current, the measured data has to be corrected for the flug;3 mm, which gives the best fit to the short-wavelength side
tuation of the beam current. The intensity of coherent synyf the experimental spectra where the intensity of coherent
chrotron radiation was hence measured at wavelengths @{nchrotron radiation rises rapidly. The assumed bunch
1.6, 3.0, and 4.0 mm as a function of the average beampngth is shorter than the previously estimated bunch length
current over the range from 0.5 to pA. The measured of 1.7 mm. The measured spectra were obtained from the
beam current dependence of the intensity was well fitted withumper of photons emitted in the circular cone with the full
the function proportional to the square of the beam currentyjidth of 70 mrad, while the theoretical spectra denoted by
as expected for coherent synchrotron radiation. The roothe dashed lines show the total number of photons integrated
mean-square deviation of the measured data from the fitteger the vertical angle. In this wavelength region, the vertical
function was taken as the error of the measured data, whichngular distribution of incoherent synchrotron radiation has
includes the temporal stability and the beam current depenhe width comparable to or larger than the vertical accep-
dence of the bunch shape. This error is shown in the figuregance angle of detection system, 70 mrad. If we assume that

o e

1@ gap=24mm

Py
(=]

N

T T

| (¢) gap=15mm ' 10° 102 10"

~’\ 1 ——— meas. with slit

\

- %) — —.— meas. without slit
; S — calc. for ali

i N - vertical angle

{ S calc. for 70 mrad
4 i }
107 | Lol = acceptance angle

10 107 10% 107
wavelength (m)

—_
(=]
»

intensity [photons/(3.6x10%lectrons mrad 1%b.w.)]

below. the vertical angular distribution of coherent synchrotron ra-
diation is the same as that of incoherent synchrotron radia-
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS tion, we obtain the theoretical spectra in the same condition

of the acceptance angle denoted by the dotted lines.

Figure 5 shows spectra measured with the polarizing in- Figure 6 shows the degree of polarization of coherent syn-
terferometer for gaps between the metallic plates from 8Throtron radiation as a function of the gap at wavelengths
down to 15 mm. The solid lines show spectra measured witfrom 1.6 to 5 mm, which was measured with the grating-type
the slit for cutting stray light and the dash-dotted lines showfar-infrared spectrometer and the slit for cutting stray light.
those without it. When the slit was not used, the measuredhe degree of polarization is independent of the gap and
spectra might include stray light due to reflection by thenearly constant except for that)at=5 mm. We think that the
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the dash-dotted lines show those without it. The dashed lines show

FIG. 6. Degree of polarization of coherent synchrotron radiation>Pectra calculated with the theory of Nodvick and Saxon.

as a function of the gap between the metallic plates for wavelengths

from 1.6 to 5.0 mm. The degree of polarization is defined as In order to excludg(\), let us take the ratio of the spec-
P=(I,—1,)/(1,+1,) wherel, andl, are the intensity with electric  trum to that at the reference gap as

vectors parallel and perpendicular to the orbital plane, respectively.

Pio B:M@)  P(\,a)
Peor( BN, a0) - P(\ag)’

degree of polarization at=5 mm decreased due to mixing (10
of stray light and that it was not intrinsic. The degree of
polarization of coherent synchrotron radiation measured at )
wavelengths from 1.6 to 4.5 mm is not equal to that previ-Equation(10) does not depend on any of the bunch shape,
ously measured in the shorter wavelength region from 0.333iz€ and the other factors that are independent of the gap, so
to 1.5 mm[19]. In the previous measurement a different that the experimental spectrum ratio on the left-hand side of
far-infrared spectrometeiHitachi FIS-3 was used, and the Ed-(10) can be directly compared with theoretical one on the
metallic plates in the vacuum chamber and the slit for cuttingight-hand side calculated with the theory of Nodvick and
stray light did not exist. Saxon. The emission of coherent synchrotron radiation is
The experimental spectra in Fig. 5 fall at wavelengths€nhanced compared with the emission at the reference gap
shorter than those predicted by the theory of Nodvick andio. When the spectrum ratio is larger than one, and sup-
Saxon. It seems that, contrary to the prediction of the theoryPréssed when it is less than one. _
the critical wavelength does not vary greatly with the gap. Figure 7 shows the spectrum ratios measured with the
There may be another or other factors that distort the spedolarizing interferometer for gaps from 54 to 15 mm together
trum more than the suppression effect by the conductind‘”th the calculated spectrum ratios. The reference gap is c_:ho—
boundaries. They may depend on the wavelength, but shouRen to bea,=81 mm where the influence of the metallic

not depend on the gap. plates may be neglected. The solid lines are those with the
the right-hand side of Eq1) as lines are calculated spectrum ratios. The calculated spectrum

ratio at the gap of 54 mm shows no suppression and en-
, hancement at the wavelengths shorter than 4 mm. As the ga
Pl B:1,8)=N?P(\,2) fo(\)g(N). ©)  gecreases, however, the egmission is first enhanced and '?hepn
suppressed. The measured spectrum ratios with and without
Contrary to the bunch form factdr,(\), g(A) should be the slit have similar trends to the calculated ones within the
equal to one in the shorter-wavelength region and shouléxperimental error bars. The variation of the spectrum ratio
decrease, independently of the gap, down to zero in thaith the gap is explained by the suppression theory derived
longer-wavelength region in order to explain the falls of theby Nodvick and Saxon.
measured spectra shown in Fig. 5. Such a factor may origi- Figure 8 shows relative intensities of coherent synchro-
nate from another suppression effect or measurement condiron radiation as a function of the gap measured at wave-
tions such as the slit of the spectrometer, theSiin Fig. 4  lengths from 1.6 to 5 mm with the grating-type far-infrared
for cutting stray light, and a finite solid angle of detection spectrometer as well as calculated ones. The reference gap is
subtend by the detector. Although these measurement condip=80 mm. The solid circles denote intensities measured
tions give the same tendency, it seems that they are natith the slit and open circles without it. The dashed lines are
enough to explain the discrepancies between the measurediculated values. If there is no suppression effect due to the
spectra and the calculated ones as shown in Fig. 5. metallic plates, the relative intensity would be independent
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V. SUMMARY AND CONCLUSIONS

The emission of coherent synchrotron radiation was stud-
ied in the presence of conducting boundaries. The suppres-
sion effect of coherent radiation due to the metallic plates
was observed. They not only suppressed the emission of co-
herent synchrotron radiation but also enhanced it. The inten-
sity became 1.3-1.5 times higher in a certain region of the
gap between the plates. The degree of polarization of coher-
ent synchrotron radiation was constant and did not depend on

) the gap for wavelengths between 1.6—4.5 mm. The spectrum
Zo05F & ) i o . .

F ° (6) A=4.0mm (@) A=45mm of coherent synchrotron radiation with the conducting
00+ttt P - P boundaries was calculated with the theory of Nodvick and
20 40 60 80 Saxon. It was found by the numerical calculation that the
18 total energy of synchrotron radiation emitted by a single

1.0 - ; electron did not change due to the presence of the conducting
osk £/ | boundaries. The variations of the relative intensity of coher-
/() 2=5.0mm ent synchrotron radiation with the wavelength and with the

0.0 — 240 : 4'0 : elo 30 gap were explained by the theory of Nodvick and Saxon. The
gap (mm) theory, on the other hand, could not account for the intensity

reduction in the region of wavelengths longer than 2 mm,

o o - which indicates the possibility of another or other suppress-
FIG. 8. Relative intensities of coherent synchrotron radiation aﬁng effects

a function of the gap between the metallic plates for wavelengths The results of the present experiment are applicable to the

from 1.6 to 5.0 mm. The intensities are normalized with the inten- . . .
. .~ . beam tube design for accelerators with very short bunches in
sity at the gap of 80 mm for each wavelength. The solid circles

denote intensities measured with the slit for cutting stray light anaordeLtotsuppredsfstt_he ene(;gyl Iosts dtl:]e tt? eng'ss'c?_n of coher(;,'nt
the open circles without it. The dashed lines are calculated valuesy'¢Nrotron radiation, and aiso to that for bending magnets

The arrows indicate the critical wavelengths given by Eg). of stqrage rings in order to enhance the light intensity at a
certain wavelength.

of the gap and equal to one. As the gap becomes small,
however, the measured relative intensities shown in Fig. 8
first increase more than one and then rapidly decrease less This work was supported in part by a Grant-in-Aid for
than one. The experimental results clearly show that th&eneral Scientific Research, Japan, for Developmental Sci-
emission of coherent synchrotron radiation is not only supentific Research and for Encouragement of Young Scientists
pressed but also enhanced by the metallic plates. The agreef the Ministry of Education, Science, Sports and Culture.
ment between the experimental results and the relative interFwo authors(R.K. and T.N) express their sincere thanks to
sities calculated by the theory of Nodvick and Saxon is fairlyProfessor G. Isoyama of Osaka University for critically re-
good. The poor agreement in the smaller gap region may beiewing the manuscript, and are grateful to Dr. R. L. War-
ascribed to finite dimensions of the metallic plates, to annock for his valuable suggestions about the theory. The au-
other boundary conditions of the side walls in the vacuunthors thank Mr. T. Tsutaya for his technical support for our
duct, or to coherent diffraction radiation emitted by the elec-making optical elements and Dr. O. Konno for his help with
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