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Spectrum of coherent synchrotron radiation in the far-infrared region
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A spectrum of coherent synchrotron radiation emitted from a bunch train of relativistic electrons
accelerated by the Tohoku 300-MeV linear accelerator (linac) has been observed in the wavelength
range from 0.16 to 3.5 mm. The energy of the electrons and the longitudinal bunch length are 150
MeV and about 2 mm. The observed spectrum has a broad peak at A. =1.5 mm, and the intensity
decreases sharply towards shorter wavelengths. The peak intensity is enhanced by a factor of
5 X 10 in comparison with ordinary incoherent synchrotron radiation; the enhancement factor is
comparable with the average number of electrons in the bunch. The electron distribution in the
bunch is derived from the observed spectrum, and the bunch length (full width at half maximum) is
obtained to be 0.25 mm. This bunch length is shorter than that estimated from the characteristics
of the linac. The relation between the spectrum and the distribution of electrons in the bunch is dis-
cussed.

I. INTRODUCTION

Electron bunches in storage rings radiate light pulses
of ordinary incoherent synchrotron radiation (SR) over a
wide frequency range from the radio frequency to the ul-
traviolet or x-rays. SR is an excellent light source for uv,
x-ray, and far-infrared spectroscopy because it has high
brightness, high stability, clean environment, pulsed time
structure, and high polarization over the wide and con-
tinuous spectral range. ' Incoherent SR from the
storage ring is now regarded as a standard light source.

In the region where the wavelength is as long as the
mean distance between electrons in a bunch, SR will be
partially coherent. ' In such a case, the intensity of SR
depends not only on the number of aeeelerated electrons,
but on the bunch length and the electron distribution in
the bunch.

At the early stages of development of the synchrotron,
several authors ' studied the increase of energy loss due
to a coherence effect of SR. Schiff gave the expression of
the loss, or the emission rate of SR, for the case in which
the electrons are spread in a Gaussian distribution about
the equilibrium phase. Nodvick and Saxon have given
the expression of the spectral intensity of coherent SR.
More recently, a possibility of submillimeter coherent ra-
diation in electron storage rings was pointed out theoreti-
cally by Michel in 1982 and was discussed by Wing-
ham' in 1987.

According to the theory, ' the intensity of SR has
been expected to be greatly enhanced due to the coher-
ence effect, when the wavelength is longer than the longi-
tudinal bunch length. The enhancement factor is nearly
equal to the number of electrons in the bunch, in compar-
ison with that of ordinary incoherent SR.

A positive indication of the coherence effect of SR was
reported by Yarwood et al. in 1984 who used the Syn-
chrotron Radiation Source (SRS) at Daresbury. Howev-
er, coherent SR from storage rings has not been con-
clusively confirmed. Schweizer et al. were unable to
detect any enhancement in the wavelength range from 1

to 667 pm at the storage ring BESSY with a bunch length
of about 3 cm. Williams et al. " could observe no
enhancement in the wavelength range from 30 to 400 pm,
using the BNL National Synchrotron Light Source ring
with a bunch length of 30 cm. Nanba et al. ' also ob-
tained a negative result in the millimeter region with a
bunch length of 6 cm at the Ultraviolet Synchrotron Or-
bital Radiation (UVSOR) facility of the Institute for
Molecular Science. In these experiments the observed
wavelengths were much shorter than the bunch lengths.

In 1989 using the Tohoku 300-MeV linear accelerator
(linac), the coherence effect of SR was observed for the
first time by our group' ' in the far-infrared region.
The electron energy from the linac was 180 MeV and the
bunch length was estimated to be about 2 mm. The in-
tensity of coherent SR was about 1.0X 10 times as strong
as that expected for incoherent radiation at the wave-
lengths around 1 mm. The value of the enhancement fac-
tor was the same order of magnitude as N„ the number
of electrons in the bunch. The intensity of coherent SR
was proportional to X, and the radiation was mainly po-
larized in the orbital plane. Coherent SR from the elec-
tron bunches of the linac can be used as a useful light
source in the submillimeter and millimeter wavelength re-
gion.

The measurement of the spectrum of coherent SR over
wide spectral ranges is important to investigate not only
the electron distribution in the bunch but also the radia-
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tion mechanism of coherent SR. In the previous experi-
ments, we were unable to observe the full spectrum in the
subrnillimeter region, because optica1 filters were incom-
plete to eliminate stray light of intense coherent SR. The
purpose of this work is to obtain a precise spectrum of
coherent SR in a wide wavelength region and to study the
relation between the spectrum and the electron distribu-
tion in the bunch. For this purpose a far-infrared spec-
trometer has been constructed, which was equipped with
short-wavelength-pass filters to cut off the stray light of
the long wavelengths.

try f ( —A, )=f (A,). Therefore the inverse transformation
off (A.) gives only the even component of the distribution
function,

S(x)=ff(k)' cos 2~ —dA, .

Thus the electron distribution obtained from the ob-
served spectrum is a symmetric function of the coordi-
nate x.

The total intensity of coherent SR from Nz bunches is
given by

II. THEORY OF COHERENT SR
FROM BUNCH TRAIN

Several authors have studied coherent SR from
bunched electrons. ' Recently, however, the interfer-
ence effect of SR between successive bunches was experi-
rnentally proved to be important. ' In this section, we
present a simple theory for the analysis of the present ex-
periment. The interference effect was also treated by
Wingham. '

Here, we consider a train of light pulses of SR emitted
from a train of bunched electrons. In the experiment, as
shown in Fig. 1 and Table I, the observation point is far
from the emitting point of SR. Let x be a curvilinear
coordinate along the circular orbit, and P(A, )=lEo(A, )l

be the intensity of SR at wavelength A, emitted by a single
electron. ' Then, the electric field at the observation
point from the successive bunches can be expressed as

x,
&r(g)=&0(A, ) g g exp i2vr-

j=1 n=1

x„' —c(j —1)r

=p (A, )N, [1+(N,—1)f(A, )]

where N„Nz, and ~ stand for the number of electrons in
a bunch, total number of bunches, and the time interval
between the successive bunches, respectively. The quan-
tity x„gives the position of the nth electron in the jth
bunch relative to the bunch center. The time interval ~
was assumed to be constant, as the accelerating rf of the
linac was stable enough in the present experiment. The
intensity of SR from one bunch, which includes N, elec-
trons, is given by

P„h(A, ) =p (A, )(N, f (A, ) )6 (A, ),
L6 (A, ) = g exp i2rr( j—1)

1

sin(mLsNs/A, )

sin(res /1, )

The angular brackets show a mean value averaged over
the bunches. The interference effect between the succes-
sive bunches is given by the factor 6 (A), and the quanti-
ty I.~ stands for the distance between the successive
bunches. Equation (5) corresponds to the coherent com-
ponent given by Eq. (4.16) in gingham's paper. '

The theoretical spectral intensity given by Eq. (5) in-
cludes a rapidly oscillating factor with the wavelength.
When N~ ))1, the spectrum consists of a series of lines.
Frequencies of the lines correspond to the higher har-
monics of the fundamental frequency defined by
vz=c/Jz, i.e., the rf of the linac, 2856 MHz in the
present experiment. The interference effect can be mea-
sured only with an apparatus whose resolution is higher
than v&.

When resolution of a spectrometer is lower than vz, an
observed spectrum results in a mean value of intensity
averaged over a wavelength interval corresponding to the
resolution of the apparatus. When N~ ))1, the function
6 (A, ) varies so rapidly that the other functions in Eq. (5)
are considered to be constant for the narrow wavelength
interval. Let k be an arbitrary integer; then the mean in-
tensity at the wavelength A, =L~/(k + —,') is given by

L~ /(k+1)
P„„(k)=P(k)(N,f (A))L f „6(A,')dA, '

=P (A, )(N, f (A, ) )NB .

-p (A, )N, f (X),

f (A, )= f exp i2vr S(x)dx—

(2)

(3)

Thus the intensity of the low-resolution spectrum of
coherent SR from a bunch train is equal to the spectral
intensity from a single bunch multiplied by the number of
bunches.

where f (A, ) is a bunch form factor defined by the Fourier
transform of S(x), the density distribution function of an
electron in a bunch. The value of the bunch form factor
varies from zero at wavelengths A, ((x (incoherent limit)
to unity at A, &)x (coherent limit).

The distribution function is calculated by the inverse
transformation of the bunch form factor. By the
definition, the bunch form factor Eq. (3) has the symme-

III. EXPERIMENT

A. Generation of coherent SR

The experimental assembly is shown in Fig. 1. The
electron beam was accelerated up to the energy of 150
MeV by the Tohoku 300-MeV linac. The accelerating rf
was 2856 MHz. A magnetic field of 0.206 T was applied
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TABLE I. S. Source charactenstics of synchrotron radiation
~ ~

Electron beam
Electron energy
Energy width
Repetition
Radio frequency
Bending radius of electron orbit
Beam size (horizontal X vertical)

at emission point P
at 2.64.64 m downstream point from P

Acceptance of synchrotron radiation
Distance between emission point and

collecting mirror
Acceptance angle of collecting mirror

150 MeV
0.2%%uo

300 Hz
2856 MHz
2.44 m

2X2 mm2

9.5 X 6.5 mm

1.88 m
70 mrad

to the electron beam to produce SR. S hource c aracteris-
tics of SR are given in Table I. A b d
electron orbit an

en ing radius of the
e ectron orbit and the characteristic wavelength of SR

unch train was 2 ps and its repetition was 300 pulse/sec.
An average beam current was measured by a secondary
emission monitor downstream from th b d'e en ing magnet.

rom the characteristics of the linac ' ' th 1'nac, ' t e ongitudinal
unc ength was estimated to be about 2 mm at the light

emitting point, where the transverse bunchunc size was
mm and the beam energy spread was 0.2/o.

The number of electrons in the bunch was 3.6 X 10 at an
average beam current of 1 pA.

Coherent SR can be suppressed in part by the use of
metallic shields. In order to avo'd th h ld'i e s ie ing effect in

~ ~

t e wavelength range observed h here, t e cross-sectional
imensions of thhe vacuum duct were designed to be as

large as 200X 200 mm at the emission point.
Emitted SR w as collected by a spherical mirror with an

infrared spectrometer described in the next section

FIG. 2. Thee optical layout of spectrometer. M M M
M, M M

1~ 2~ 5~

M, scatter
&o, and Mi3, plane mirror. M s h3, sp erica mirror;

4, scatter plate; M7, collimator mirror for m 't; Moni or; », colli-
mator mirror; M», telescope mirror. L hi h-

are am Ch cho
or;, ig -pressure mercury

set S an
l p; Ch, chopper mirror; P, polarizer and sh tt F fils u er;, ter

G ratin
&

an 2, entrance and exit slits G G d2, an 3, gratings;
M, grating for monitor; LP, light pipe; T, turntable; D detec-

tor for si nal' D d
quartz window; and SR, synchrotron radiation.

B. Spectrometer

The grating-type far-infrared spectrometer wa
structeded, which had metal mesh filters to cut off the stray
light accompanied with intense coherent SR in the lon-
wavelen th rg region. It had a system to monitor the Que-

en in t e ong-

beam. All o tical
tuation of the intensity due to the in t b'1e ins a i ity of electron

eliminate the absorption loss by water vapor
The optical layout of the spectrometer is ill t d

'
i us rate in

o erent SR is imaged onto an entrance slit of
the monochromomator. The dispersive system is an f/4. 8
Czerny-Turner type. Spherical mirrors of 750 f

g are used as a collimator mirror and a telescope
mirror. Five echelette gratings of 5 2.5 1.25 0 6. 25, and

grooves/mm are used to cover the 1e wave engt
ge rom . to 4.0 mm. Each grating has a 154X 128

mm effective ruledd area. Three gratings can be mounted

ulse m
on a turnable. Scanning is m d b h'

~

'
a e y a igh-precision

pu se motor connected directly with the turntable. The

bolometer wit
m-coo e si icon

with three long-wavelength-pass filters and is
transmitted to ai e to an amplifier. The radiation reflected by a
10-Hz chopper mirror is converged onto a liquid-helium-
cooled silicon bolometer of the monitoring tg sys em.

e combinations of filters and grating adopted for
each spectral range are listed in Table II. Trana e . ran smission
pec ra o the metal meshes, which were found to be

ers, are s own in Fig. 3.effective long-wavelength-cut filt h
e control of the spectrometer and data acquisition

were made by a computer (NEC Co. PC-9801).
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TABLE II. Combinations of optical elements for each spectral range.

Filter

Spectral range
(pm)

—100-125

—125-167

—167-222

-222-333

—333-500
—500-1000
—1000-2000
—2000-4000

Grating
(lines/mm)

2.5

1.25
1.25
0.625
0.3125

LWPF'

(NaC1+ KC1+NaF+ Cu20+ polyethylene)
+crystalline quartz
(KBr+BaF2+ Cu&O+ polyethylene)
+crystalline quartz
(CaCO, +KBr+BaF +Cu 0+polyethylene)
+crystalline quartz
(CaCO3+ KBr+ BaF2+ Cu, O+ polyethylene)
+ (T1C1+T1I+NaF+ polyethylene)
+crystalline quartz
300 pm (cutoff' wavelength)
500 pm (cutoff wavelength)
1000 pm (cutoff wavelength)
1000 pm (cutoff wavelength)

SWPFb
{mesh number)

40

40

40

200

80
50
24
24

LWPF'
of detector

cutoff'

wavelength (pm)

100

100

100

286
286
286
286

'Long-wavelength-pass filter.
Short-wavelength-pass filter of metal mesh.

C. Intensity calibration IV. EXPERIMENTAL RESULTS
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FIG. 3. The transmission spectra of metal mesh filters. The
mesh number is given in the figure.

The absolute sensitivity of the measuring system was
calibrated by a blackbody radiator at 1500+1 K, which
was located at the emission point of SR. The structure of
the blackbody radiator is shown in Fig. 4. The radiator
was made up from a graphite cavity, and the effective
aperture is 12 mm. In order to obtain a high signal-to-
noise ratio, the measurements for calibration were repeat-
ed 40 times at maximum, because the intensity of the
blackbody radiation at 1500 K was extremely weak at
wavelengths longer than 1 mm. The accuracy of the ab-
solute intensity of coherent SR after the correction was
estimated to be within a factor of 1.5.

A. Spectrum

The spectrum of coherent SR was observed in the
wavelength range from 0.16 to 3.5 mm. The observed
spectrum is shown in Fig. 5. The spectrum shows a
broad peak at A. =1.5 mm, and the peak intensity is
enhanced by a factor of 5 X 10 in comparison with ordi-
nary incoherent SR. The enhancement factor is compa-
rable with the number of electrons in the bunch,
3.6X10 . In the wavelength range k &0.5 mm, the spec-
tral intensity decreases rapidly as the wavelength de-
creases. As is shown in Table II, the longest cutoff'wave-
length of the long-wavelength-pass filter was 1 mm; hence
the order separation might be insufficient in the range
k& 2 mm. However, the spectrum at wavelengths A, & 2
mm seems to be hardly affected by the unwanted light,
since a spectrum recently observed by a polarizing inter-
ferometer showed a similar spectrum in the range A, )2
mm. ' In the narrow wavelength ranges 1.38 & A, & 1.56
mm and 0.20&k&0.22 mm in Fig. 5, the spectrum was
not correctly observed for the following reasons. In the
range 1.38 & A, & 1.56 mm, the lang-wavelength-pass alter
used (see Table II) did not sufficiently cut off unwanted
higher-order light of shorter wavelengths. In the range
0.20 & A, & 0.22 mm, where the efficiency of a grating used
was low, the intensity of coherent SR was too weak to be
observed. Intensities in these ranges were linearly inter-
polated (see Fig. 6) to derive the bunch form factor from
the observation as given in a later section.

The theoretical spectrum given by Eq. (5) has an oscil-
lating structure with a period of 2856 MHz (0.095 cm ')
in the present experiment. The resolution of the spec-
trometer was about 0.1 cm ' at k-1 mm. However, the
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FIG. 4. The blackbody radiator. F, siliconit heater; G,
graphite cavity; T, alumina tubes; B, heat insulating material;
Bs, brass tube; TC, thermocouple; P, field stop; and 8', water
cooling pipe.

oscillation was not observed, probably for the following
reason. In the measurement of the spectrum, the scan-
ning interval was about 0.035 cm ' on the average at
A. -1.5 mm and was not constant in the frequency scale.
Moreover, the sampling points were taken irrespectively
of the period of the oscillation and might have over-
lapped fortuitously with the local maxima of the oscilla-
tion. This sampling interval was inadequate to find out
the oscillation from the observed spectrum including ex-
perimental errors. We consider that the averaged spec-
trum given by Eq. (7) has been observed in the present ex-
periment.

B. Bunch form factor

The bunch form factor was derived from the observed
spectrum by applying Eq. (7). The result is shown in Fig.
6. The overall structure of the bunch form factor resem-
bles the observed spectrum, since p (A.) is a slowly varying
function proportional to A,

' in the far-infrared re-

gion. In Fig. 6, the bunch form factor predicted by
Michel is also shown by a straight line broken at k=2
mm. This has a wavelength dependence of A, in the
shorter wavelength region. The wavelength dependence
of the observed bunch form factor is almost k in the
range from 0.16 to 0.5 mm (shown as a dashed line in Fig.
6). The experimental result disagrees with Michel's
theory.

The bunch form factor should have the upper limit of
unity. On the other hand, the observed bunch form fac-
tor is larger than unity at around the peak wavelengths.
This discrepancy may be caused by the following uncer-
tainty, in addition to the experimental errors of the cali-
brated intensity. In the conversion process by Eq. (7), it
was assumed implicitly that (N, f (A, ) ) = (N, ) (f (X) ).
The electron beam from the linac shows temporal varia-
tion over the duration of the bunch train, so that ( N, ) is
always larger than (N, ); it makes the experimentally
obtained bunch form factor large.

C. Electron distribution in a bunch

The electron distribution derived from the observed
spectrum by Eq. (4) is shown in Fig. 7. The bunch shape
resembles a Gaussian function with a sharp peak. The
longitudinal bunch length (full width at half maximum) is
about 0.25 mm, which is shorter than the bunch length of
2 mm estimated from the characteristics of the linac. ' '

Figure 7 shows that electrons are confined in a short
arc along the circular orbit, ~x~ (0.4 mm. Hence, ac-
cording to the asymptotic property of Eq. (3), the bunch
form factor in the range k ) 1.6 mm should increase
monotonically to unity, as the wavelength increases. On
the contrary, the observed bunch form factor decreases
towards longer wavelengths. Though the suppression of
SR by the shielding effect at around A, =4 mm is estimat-
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FIG. 5. The observed spectrum of coherent SR. The intensi-

ty is calibrated by a blackbody radiation of 1500 K.

FIG. 6. The bunch form factor derived from the observed
spectrum. The straight line bent at k=2 mm shows the relation
by Michel {Ref.9).
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FIG. 7. The electron distribution function S(x) in the bunch
obtained from the observed spectrum.

V. DISCUSSION

ed to be small, the shielding effect may be a possible cause
of the decrease. The decrease may also be explainable by
a broad, e.g. , ~x~ =1.5 mm, distribution of electrons, in
addition to a sharp concentration as discussed below.

+(1—a) exp
2vrD2

+2a(1 —a)cos 2' D)+D2
exp ' 27T

k2

(9)

The third term in Eq. (9) shows an oscillation with the
period of Av=c/I. . The amplitude decreases as the
wavelength decreases. The first minimum occurs at
).=2L.

Model calculations have been carried out for various
parameters. Figures 8 and 9 show examples of the calcu-
lation; Fig. 8 shows the electron distribution functions
and Fig. 9 the calculated bunch form factors. The solid
line in Fig. 8 shows the symmetric distribution given by
two equicenter Gaussian functions. The dotted line gives
the asymmetric distribution; a sharp peak is superposed
on a broad peak at a position near the limb. A Gaussian
function with the dispersion of 0.1 mm is also given by
the dashed line.

Results of the calculation are summarized as follows.
(1) A local concentration of electrons in longitudinal

size of about 0.2 mm is necessary to explain the sharp de-
crease of the observed intensity in the region k (0.5 mm
towards shorter wavelengths, irrespective to the peak po-
sition in the bunch.

(2) A fairly large portion of electrons in the bunch
should be confined in the local concentration. Otherwise,
the spectral intensity observed in Fig. 6 in the range
0.5 (A, &2 mm is not explainable.

According to the accelerating mechanism of electrons
by the linac, it is possible that the electron distribution
has sharp local concentrations in the bunch. Moreover,
the distribution function obtained by Eq. (4) is only the
even function. To examine the relation between the elec-
tron distribution and the spectrum shape, a model calcu-
lation has been carried out. The distribution function
S(x) is assumed to be given by two Gaussian com-
ponents, to include the effects of local concentration and
the asymmetric distribution. We write

E
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)
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1 cxS(x)=, exp
(x L)—

2D I

1 —a+ exp
2

X

2D2

~ ~ ~ I I a0
—Z.O O. O

where D, and a are the dispersion and the fractional
~eight of the distribution given by the first term, and D2
and 1 —n are those by the second term, and I. is the dis-
tance between the two peaks. The function S(x) gives a
symmetric distribution if (1) L =0, or (2) D& =D2 and
a=0.5. Otherwise, S(x) is asymmetric.

Then, the bunch form factor is calculated by Eq. (3).
We write

L ENGTH X (rnrn)

FIG. 8. The electron distribution function S(x). The param-
eters in Eq. (8) are as follows; (1) symmetric distribution,
D, =0.1 mm, D2 = 1.0 mm, +=0.5, L =0 for the solid line, and
(2) asymmetric distribution, D& =0. 1 mm, D2 =1.0 rnm, ca=0.4,
L =1.5 mm for the dotted line. The single Gaussian distribu-
tion function; Dl =0. 1 mm, a=1.0 (L =0), is also given by the
dashed line.
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TABLE III. Accelerating parameters at the injector of the

linac. A,o=c/2856 MHz=105. 0 mm.
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Electron gun
Cathode voltage
Peak current

Prebuncher
Modulation voltage
Drift space

Bun cher
Phase velocity
Length
Electric field
Drift space

First accelerating structure
Phase velocity
Length
Electric field

—80 kv
100 mA

10 kv
2.0A,O

0.7c
2.0XO

2.6 MV/m
1.5ko

1.0c
10.3io
10.0 MV/m

WAVELENGTH (rnm)

FIG. 9. The calculated bunch form factor. The observed
bunch form factor is also given. The form factor was calculated
by Eq. (3) in the text for distribution function given in Fig. 8.
The solid and dashed lines correspond to the symmetric distri-
bution given by the solid and dashed lines in Fig. 8, respectively.
The dotted line corresponds to the asymmetric distribution
given by the dotted line in Fig. 8.

(3) The decrease of the observed bunch form factor at
A, & 2 mm towards longer wavelengths could be qualita-
tively reproduced by a two-peak distribution with
I ) 1.5 mm.

In comparison with the calculation, we may conclude
that the electron distribution has at least one local con-
centration of electrons by longitudinal size of about 0.2
mm in the bunch. The comparison also suggests a possi-
bility that the electron distribution has a complex struc-
ture like the one shown by a dotted line in Fig. 8.

To examine a possibility of sharp structure of the elec-
tron distribution in the bunch, the motion of electrons ac-
celerated in the linac used has been simulated. The elec-
tron bunches are produced at the injector of the linac,
which consists of an electron gun, prebuncher, buncher,
and the first accelerating structure. The prebuncher is a
single-cell reentrant cavity and the buncher and the first
accelerating structure are traveling wave type. The ac-
celerating parameters at the injector are shown in Table
III.

In order to estimate the bunch shape, we simulated the
bunching process by tracking the longitudinal motion of
the electrons in the injector. The calculation was carried
out according to the formulas'

of the electron to rest mass energy, p the phase relative to
an accelerating wave with phase velocity cp, E the elec-
tric field gradient, A,o the free-space wavelength of the ac-
celerating rf, and z is an independent variable along the
beam axis.

As the energy of the electron is about 10 MeV
(/3, =0.9987) at the end of the first accelerating structure
and /3 = 1.0 for the regular section of the linac, the right
side of Eq. (11) can be regarded as zero downstream of
the injector. Therefore the relative position among the
electrons does not change so much after the injector, i.e.,
the bunch shape is determined in the injector.

The bunch shape depends strongly on the relative
phase of the rf supplied to the prebuncher, buncher, and
the first accelerating structure. One of the simulated re-
sults is shown in Fig. 10. The main body of the bunch is
1.3 mm in length and it has three spikes in it. The width
of each spike is about 0.1 mm. This result is not exact
but similar to our experimental bunch shape.

50
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0
dy eF sing,
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(10) —2 —
I

dp 27r 1
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where y [=1/(1—P, )'~ ] is the ratio of the total energy

LENGTH (mm)

FIG. 10. An electron distribution in a bunch calculated by
the simulation of motion of electrons accelerated in the injector
of the linac.
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The effects of the beam loading and the space charge
are not taken into account in the above simulation. In
order to consider these effects, a rough calculation by the
one-dimensional disk model was carried out. The result
was almost the same as Fig. 10 because the beam intensi-
ty was small.

We consider the simulation gives qualitative but posi-
tive support to the above conclusion of the local concen-
tration.
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