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Coherent transition radiation in the far-infrared region
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Coherent transition radiation (TR) has been observed in the wavelength range from 0.2 to 5 mm,

which is emitted from bunches of 150-MeV electrons passing through a radiator system composed of an

upstream aluminum foil and a downstream aluminum mirror. At the beam current of 1 pA, the intensi-

ty at A, = 1 mm is enhanced by a factor of 0.9X 10 compared with incoherent TR. The value of this fac-
tor is close to the number of electrons in the bunch. The intensity of the TR has been observed to de-

pend on the emission length or the length of the trajectory of the electrons between the foil and the mir-

ror. The angular distribution of the TR intensity and its dependence on the wavelength and on the emis-

sion length have been observed. All results are in good agreement with theory. Dependences of the TR
intensity on the cross section of the beam and on the radiation material have also been examined. From
the observed spectrum of TR, the longitudinal distribution function of electrons in the bunch is derived

to be approximately a Gaussian with the bunch length full width at half maximum of 0.28 mm.

PACS number(s): 41.75.Fr, 42.72.Ai, 41.60.Ap

I. INTRODUCTION

aP slil 8cos 8
HA, (1—P cos 8)
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where a is the fine-structure constant, P the ratio of the
speed of the electron to that of light in vacuum, 0 the

Transition radiation (TR) is emitted when an electron
crosses a boundary of two media [1—3]. At short wave-
lengths from the x-ray region to the visible region, TR
has been studied theoretically and experimentally over
several decades. In the infrared region, however, there
had been no investigation of TR because of its weak in-
tensity. Recently, experiments of coherent TR using a
short-bunch electron beam were carried out, and it has
been found that TR is enormously enhanced due to the
coherence effect in the far-infrared region where the
wavelength is comparable to or longer than the longitudi-
nal bunch length [4—6]. The coherence effect of TR is
analogous to that of coherent synchrotron radiation
[7—11].

According to the theory [3,12], TR is not emitted in-
stantaneously at the boundary, but occurs over a forma-
tion length. %hen an electron crosses a metallic foil in
vacuum, the intensity P, of forward TR is given as fol-
lows, provided that a distance between the boundary and
an observation point is much longer than the formation
length:

direction angle from the axis of the electron beam, e the
dielectric constant of the metal, and 0 the solid angle
directed to the angle 8.

The formation length of the forward radiation in vacu-
um is given by

z P
2ir(1 —P cos8)

(3)

In the far-infrared region, the formation length for a rela-
tivistic electron is considerably long. When the energy of
the electron is 150 MeV, for example, the formation
length is 13.8 m at the wavelength of A, =1 mm for the
direction of 8=1/y, where y is the Lorentz factor,
y =1/(1 —P )' . In the limited space of the laboratory,
it is sometimes difficult to make the observation point far
enough from the boundary to complete the emission pro-
cess.

%'hen a mirror to observe the forward TR is located
within the formation length on the trajectory of the elec-
tron (see Fig. 1), the TR is partially suppressed [2]. Back-
ward TR is also emitted from the mirror surface [13]and
the observed TR will be the superposition of the forward
TR from the foil and the backward TR from the mirror.
The intensity and the angular distribution of TR should
depend on an emission length, or the length between the
foil and the mirror. However, there have been only a few
investigations on the dependence of TR on the emission
length. The efFect of the emission length on the TR in-
tensity was studied qualitatively in the x-ray region
[14,15] using multifoil radiators with variable spacings
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II. THEORY OF COHERENT TRANSITION
RADIATION IN THE FAR-INFRARED REGION

A. Transition radiation emitted from an electron

FIG. 1. Schematic diagram of a system of transition radia-
tion. Electrons travel with a constant velocity along the z axis.
A metallic foil and a mirror, whose dielectric constants are e(1)
and e(2), are located on the trajectory. The trajectory is normal
to the foil and has an incident angle of 45' to the surface of the
mirror.

between the foils. Recently, Shibata et al. [5] observed
the relation between the emission length and the intensity
of the coherent TR in millimeter wavelengths, using elec-
trons of 42 MeV from an L-band linear accelerator at
Kyoto University. In the previous experiment [5], how-
ever, the bunch length was not short enough and the
beam was not narrow enough to observe the coherent ra-
diation in a complete enhancement. In the present exper-
iment, we have used a very short bunch and a thin beam
from an S-band LINAC at Tohoku University and have
carried out more detailed observations.

In this paper we report properties of coherent TR in
the far-infrared region emitted from the radiator com-
posed of an upstream aluminum foil and a downstream
mirror located within the formation length. (Hereafter,
this radiator is referred to as an "aluminum-foil-mirror
system. ") In Sec. II we formulate the intensity of the TR
from the radiator system, explicitly taking into account
the emission length and the coherence effect. In Sec. III
the experimental system is described, and in Sec. IV the
experimental results are given and are compared with
theory. We have observed the spectrum, the angular dis-
tribution of intensity, and the dependences of the intensi-
ty on the emission length and on the beam current. In
Sec. V the bunch shape, or the distribution of the elec-
trons in the bunch, has been derived from the spectrum.
In Sec.VI the observed dependence of the TR intensity on
the transverse spread of the electron beam is shown, and
the result is discussed on the basis of the theory. In Sec.
VII additional observations to clarify the property of TR
are reported. The TR radiator is replaced by an Ec-
cosorb sheet and the observed results are compared with
those of the aluminum-foil-mirror system.

We consider an electron passing through a metallic
foil-mirror system which is shown in Fig. 1. The mirror
is located downstream of the foil within the formation

length to reflect the TR to the observer, and it also has

the role of a TR radiator. The observed radiation is a su-

perposition of TR from the foil and the surface of the
mirror. The trajectory of the electron is normal to the
foil, and an incident angle P between the trajectory and

the surface of the mirror is 45'. The dielectric constants
of the foil and the mirror are e(1) and e(2).

Let the electron go along the z axis with a constant

speed of U, the origin of the z axis be the emerging point
of the electron in vacuum from the foil, and the electron
cross the mirror surface at z =L. We call the distance
between the foil and the mirror the emission length. In
the case of the field downstream of the foil along the

beam, the crossing term of electric vectors of the radia-

tion and the charge field of the electron cannot be ig-

nored [3], since the emission length L is smaller than the

formation length Zf in the present case. TR is emitted

from both boundaries in a sequential process. In our ex-

periment, however, TR is observed in a plane perpendicu-
lar to the beam axis. Hence, the phase difference between

the charge field and the radiation fields is given by [3]

b, 1(
= [L (1 Pcos—O) DP c—osO],

pA,
(4)

where D is the distance of the observation point from the
beam axis.

In the experiment, D &)A, , so the phase difference is

much larger than 2~ and the radiation field is considered
to be separated from the charge field. In other words, the
interference term between the two fields oscillates rapid-

ly, and its average over the space is negligible. We con-
sider only the radiation field emitted from the two boun-

daries.
The intensity of TR is calculated using a method given

by Pafomov and Frank [16]. The method is based on the
theory that the Fourier component of the field in the fre-

quency domain is equivalent to the field of a set of sta-

tionary dipoles located along the trajectory of the elec-

tron which have the moment (ie /2')exp(icoz/u) per unit

length [1].
We assume that the observation is made at a distant

point much farther away than L and that the foil and the
mirror are optically thick enough. Then, the TR intensi-

ty in units of photon number per unit solid angle per unit
wavelength interval is given by

P = P sin O~P, ~
dQdk, ,

4m 2

f r2 [ exp[icoL (1—P cos)/u] —1]

e(1)' [1—p[e(1)—sin O]' } 1 —pcosO

r, r2 I exp[i coL (1+PcosO)/u] —1] [ exp[i uiL (1—p sinO) /u] —1]+ '' +--
1+PcosH 1 —P sinO

fzexp[icoL (1—P cosO)/u]

e(2)' [ I+Pe(2)' cosO2]
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1 2e(2)sin(P —8)—[e(2)—cos (P —8)]'
e(2)sin(P —8)+[e(2)—cos (P —8) ]'~ (9)

where R z is the reflectivity of the mirror and is close to
unity in the far-infrared region.

In our experiment, the following conditions are
satisfied: 1 —p«1, ~e(1)~ ) 1, and 8 &&1. So, the factor
g' is almost equivalent to the g of Eq. (2), and its value is
nearly equal to unity. Equation (5) is reduced to

P =2P,Rz[1—cos(L/Zf )], (10)

where Zf is the formation length and P, is given by Eq.
(1) with the replacement e=e(1). When the ratio L/Zf
is much smaller than unity, the intensity is proportional
to (L/A, ) .

It is interesting to note that Eq. (10) is equal to a for-
mula of interference given by Wartski et al. [13]. These
authors have calculated the intensity as the result of in-
terference between forward TR from an upstream foil
and backward TR from a downstream foil separated by
the distance L which is longer than Zf. As shown above,
Eq. (10}is proved to be applicable for any value of L.

Equation (10) is also equivalent to the formula for TR

where f, and r, are Fresnel coefficients of refraction and
reflection of the foil and fz and rz are those of the mir-
ror. Angle 8z is related to 8 by the law of refraction:

cos(P —8}=—e(2}' cos(P+8i) .

The first term of Eq. (6) is a contribution from the in-
tegration of the field of the dipoles along the trajectory at
upstream of the foil. The second to the fourth terms are
those from the trajectory between the two boundaries:
The second term corresponds to the radiation from the
limited trajectory which propagates to the direction of
the motion of the electron, the third term corresponds to
the radiation which propagates backward and is refiected
by the upstream foil, and the fourth term, which arises
from the condition that the optical axis of the observa-
tion is perpendicular to the beam trajectory, represents
radiation directly propagating to the observer. The last
term of Eq. (6) is a contribution from the trajectory at
downstream of the mirror surface.

The second term in Eq. (6) is most important for high-
energy electrons, because the denominators is much less
than unity for small values of angle 8. The first term is
also important, since it may be comparable to the second
term at proper values of 8, depending on the value of the
dielectric constant of the upstream radiator. The other
terms are smaller than the second term by at least one or-
der of magnitude under the present experimental condi-
tions. Ignoring these terms, we reduce Eq. (6) to

P, = 2
Rz~('~ [1—cos(L/Zf )], (7)

(1—P cos8)

[1—e(1)cos8][e(1)—sin 8]'~

{e(1}cos8+[@(1)—sin 8]' ] {1 P[e(1)—sin—8]' ]

(8)

from a vacuum slab of thickness L in a dielectric medi-
um, on the condition that Rz = 1 [17].

B. Coherent radiation from bunched electrons

PT„(A,) =N[1+Nf (A, )]P(A,), (12)

where P(A, ) is the TR intensity emitted from an electron.
The first term of Eq. (12}expresses the ordinary TR and
the second term the coherent TR. The quantity f (A, } is
the bunch form factor which is given by the Fourier
transform of the distribution function, S(x), of an elec-
tron in the bunch:

2f (A, ) = fS(x)exp[i2n(n. x)/A. ]dx (13)

where n is a unit vector directed from the center of the
bunch to the observation point and x is a position vector
of an electron relative to the bunch center. When we ob-
serve the TR from the on-axis or nearly on-axis direction,
i.e., 8 «1, the bunch form factor is given by

2f (A, ) = fS(z)exp[i2mz/A, ]dz (14)

where S(z) is a one-dimensional distribution function of
an electron projected onto the trajectory of the beam.

The value of f (A, ) varies from 0 (the incoherent limit)
to 1 (the coherent limit). The intensity of the coherent
TR is proportional to the square of N, and in the
coherent limit it is enhanced by a factor of N in compar-
ison with that of incoherent TR.

When the transverse size of the electron beam is con-
siderably larger than the wavelength of the radiation, the
value of f (A, ) decreases [19]. This effect is discussed in
Sec. VI.

III. EXPERIMENT

The experimental arrangements for generating TR are
shown in Figs. 2(a) and 2(b). Electrons were accelerated
to 150 MeV by the Tohoku 300-MeV LINAC with the rf
frequency of 2856 MHz. The duration of a burst of elec-
trons was 2 ps, and its repetition rate was 300 pulses/s.

The TR expressed by Eq. (10) is emitted in a cone and
its electric vector is in the plane given by the beam trajec-
tory and the direction of observation [1—3]. When a
bunch of electrons emit TR, the electric field at the obser-
vation point is given by superposition of the plane waves
emitted from every electron:

r X(VXr)
E=EO g ~

exp[i2n ~r ~/A, ],
, ~rj X,Xr,.

where vector r is a position vector from the jth electron
to the observation point, VJ is the velocity of the elec-
tron, and N is the number of electrons in a bunch. The
quantity ~EO ~

is proportional to the TR intensity emitted
from an electron.

When the cross section of the beam is small and the ob-
servation point is far from the emitting point, the intensi-
ty of TR is expressed by the analogy of the intensity of
coherent synchrotron radiation [8,18,19] as
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spectral sensitivity of the measuring system was calibrat-
ed by a source of blackbody radiation at 1200 K [9]. The
observational error of the measuring system in the abso-
lute intensity was estimated to be within a factor of 1.S.

IV. RESULTS AND DISCUSSION

A. Spectrum

SP f.:C:TROMFTER

Ml

.&0
c

I

MlP7

FIG. 2. Schematic diagram of the experiment: (a) A dot-
dashed line sho~s the trajectory of the electron beam. Ml, M2,
and M4 are plane mirrors and M3 is a spherical mirror. %1
and %2 are titanium windows. The position of an upstream foil
is varied from points P1 to P4. (b) Assembly to observe the an-

gular distribution of transition radiation. The mirror M 1 is ro-
tated around a vertical axis C.

The energy spread of the electrons was 0.2%, and the
average beam current was typically 1 pA, which corre-
sponds to 3.6X 10 electrons in a bunch.

The vacuum chamber to generate TR was separated
from the linac by 50-pm-thick titanium windows W1 and
W2, as shown in Fig. 2(a). The distance between the two
windows was 50 mm. The residual gas pressure in the
chamber was less than 1 Pa, which was far below the
Cherenkov threshold in air, 2. 17X 10 Pa.

On the beam trajectory, we placed a radiator system
composed of an aluminum foil of size (width X
height Xthickness) 50X100X0.015 mm and a plane
mirror M1, which was an aluminum-evaporated fused sil-
ica, of size 75XSOX1 mm .

To observe dependence of the TR intensity on the
emission length, i.e., the distance between the foil and the
mirror M1, the aluminum foil was moved from point P1
to point P4 in Fig. 2(a). The emission lengths were 41,
156, 350, and 872 rnm at the points Pl, P2, P3, and P4,
respectively. In the case of the observation of the angular
distribution of the TR, the mirror M1 was rotated around
an axis C as shown in Fig. 2(b). The transverse beam size
(width X height) of the electrons was 5 X 7 mm at point
P2.

The TR was collected by a spherical mirror M3 with
an acceptance angle of 70 mrad and was led to a grating-
type far-infrared spectrometer [9], which was equipped
with a monitor system to correct the fluctuation of the in-
tensity due to the beam instability. The radiation was
detected by a liquid-helium-cooled Si bolometer. The

Spectral intensities of TR from the aluminum-foil-
mirror system were observed in the wavelength range
from 0.2 to 5 mm. The results from the emission lengths
L of 156 (A) and 872 (8) mm are shown in Fig. 3. A
spectrum for L =350 mm was also measured, which lay
between the two spectra for L = 156 and 872 mm, though
it is not shown in Fig. 3. The intensity increased with the
emission length in the whole observed wavelength region.
All spectra had similar structures with a broad peak at
about X=1 mm and the intensity decreased sharply to-
wards shorter wavelengths.

Theoretical intensities of the incoherent TR are calcu-
lated by Eq. (10) on the experimental conditions and are
shown by dashed curves in Fig. 3. The observed intensity
at A. =1 mm with L =156 mm is enhanced by a factor of
0.9X10 compared with the calculated intensity of the
incoherent TR. The factor of the enhancement is of the
same order of magnitude as the number of electrons in

the bunch, 3.6 X 10 .
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cc 1012

0
C4
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10'
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B

I

. . . , I

0.1 1 10
WAVELENGTH (mm)

FKx. 3. Observed spectra of the transition radiation of an
alurninurn-foil-mirror system from the emission lengths of 156
( A) and of 872 (B) rnm. The intensity is given in units of pho-
tons per second per 1% bandwidth (AA, /A, =0.01) at the beam
current of 1 pA. Vertical bars show observational errors. The
dashed lines show theoretical intensities of incoherent transition
radiation from L = 156 ( 3) and 872 (B) mm.

B. Dependence of intensity on the emission length

The TR intensity was observed by changing the emis-
sion length L from 41 to 872 mm at wavelengths of
A, =0.7, 1.4, 2.4, and 4.5 mm. The observed intensities at
each wavelength have been normalized to the intensity at
L = 156 mm and the results are shown in Fig. 4 by open
circles. The intensity increases with the emission length
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the intensities at the wavelengths of iL=0.7, 1.4, and 2.4
mm, respectively.

The straight lines in Fig. 5 have been determined by
method of least squares. Their gradients are 1.82+0.04,
1.96+0.02, and 1.86+0.01 at 1=0.7, 1,4, and 2.4 rnm,
respectively, and are close to 2. This result shows that
the intensity is nearly proportional to the square of the
number of electrons in a bunch and that coherent TR has
been observed.

D. Angular distribution

FIG. 4. Dependence of the intensity of the transition radia-
tion on the emission length. The open circles show radiation
from the aluminum-foil-mirror system and the solid circles that
from the Eccosorb-mirror system. Theoretical intensities are
shown by the solid curves.

at all wavelengths.
The solid curves show the theoretical intensity of the

incoherent TR. The observed points at each wavelength
are in good agreement with the calculation. At short
wavelengths, however, the observed intensity from the
long emission length is more intense than the calculation.
At A, =4.5 mm, on the other hand, the observed intensi-
ties from the emission length of less than 100 mm were
larger than the calculation. According to a further ex-
periment we have performed, these deviations are related
to the transverse spread of the electron beam. Detailed
experiments and analysis of the results will be reported in
a separate paper.

C. Dependence of intensity on the beam current

The TR intensity from the emission length of 872 mm
was measured by controlling the beam current by a
proille-deSning slit of the LINAC and thus varying the
number of electrons in a bunch. The results are shown in
Fig. 5; the open circles, solid circles, and squares show

1P

The angular distribution of TR intensity was observed
and the results for the emission length of 350 mm at the
wavelengths of 1.4 and 2.4 mm are shown in Fig. 6(a). In
the Figure the distribution of the total intensity is shown
by the solid curves, and the horizontal and vertical com-
ponents are shown by the dashed and dotted curves, re-
spectively.

The observed distributions are almost symmetric with
respect to the angle 8=0, i.e., with respect to the direc-
tion of the electron beam. The distribution of the total
intensity has two main peaks at angle 8 around &100
mrad. The angle between the two peaks corresponds to
the apex angle of the light cone of the TR. The depen-
dence of the angle on the wavelength for three emission
lengths L =156, 350, and 872 mm is shown in Fig. 7 by
open circles, solid circles, and squares, respectively. The
TR diverges more as the wavelength increases and as the
emission length decreases.

For comparison, the theoretical angular distribution of
the incoherent TR intensity collected by the optical sys-
tem with an acceptance angle of 70 mrad has been calcu-
lated on the basis of Eq. (10). In the calculation the size
of the mirror M1 has been assumed to be unbounded.
The results for L =350 mm at A, =1.4 and 2.4 mm are
shown in Fig. 6(b). The distributions of the horizontal
component, the vertical one, and the total intensity are
shown by the dashed, dotted, and solid curves, respec-

1P14

O

1P13
C4

1P12

R 1P$$

1P"
10 10 10'

I

X=1.4mm

~ ~
A 4

-2-
0:-. -

X=2.4mm

c/0Z4-

z'
-200 0 200
ANGLE (rnrad)

I

A, =1.4mm

~ W
A 4

0
) =2.4mm

Z4-

z'
0 . . i . . s

-200 0 200
ANGLE (mrad)

BEAM CURRENT (pA)
FIG. 5. Dependence of the intensity of transition radiation

on the beam current. The straight lines are fitted to the data by
the method of least squares and the gradients are 1.82+0.04,
1.96+0.02, and 1.86+0.01 for A, =0.7, 1.4, and 2.4 mm, respec-
tively.

FIG. 6. The angular distribution of the intensity of the tran-
sition radiation from the emission length of 350 mm obtained by
(a) the observation and (b) the theoretical calculation. The
solid, dashed, and dotted curves show the total intensity and the
horizontally and vertically polarized components of the radia-
tion, respectively.
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FIG. 7. Dependence of the main peak angle on the wave-

length for three emission lengths: I. =156, 350, and 872 mm.
The dotted curves show the theoretical relation given by Eq.
(18) in the text.

(15)

(16)

tively. The calculated distribution is in fairly good agree-
ment with the observation.

According to theory [2,12], when L »Z&, most of the
TR is emitted in the direction of 8= 1/y. In the present
experiment, however, the emission length is much shorter
than the formation length, i.e., L (&Z&. In addition, the
value of 1 —P is 5.8 X 10,which is much less than uni-
ty, and we have made the observation in the direction of
small angle 8 « 1. Then, the TR intensity of Eq. (10) is
given as follows [5]:

'2

P = —
~g~ sin 8 dA,

teresting to note that these properties of TR in the long-
wavelength region are the same as those of Cherenkov ra-
diation from a limited length of a trajectory [5,20].

The relation between the peak angle and the emission
length given by Eq. (18) is shown by dotted curves in Fig.
7. The observed peak angles for three emission lengths
are in good agreement with theory.

Besides the main peaks, the observed angular distribu-
tions in Fig. 6(a) have small subsidiary peaks at larger an-

gles. In the observation of the angular distribution of the
TR, the mirror Ml has a limited size and it gets out of
the beam for angles ~8~ & 160 mrad [see Fig. 2(b)]. At the
direction of 8= 160 mrad, the formation length at A, = 5

mm is 62.5 mm and is smaller than the emission length of
156 mm. At angles smaller than but near to 160 mrad,
interference should occur between the forward TR from
the foil and the backward TR from the mirror. For the
angles ~8~ & 160 mrad, on the other hand, Eq. (10) should
be replaced by P =RzP„which is only the forward TR
from the aluminum foil reflected by the mirror, and the
angular distribution should not show oscillatory structure
due to the interference e6ect. The observed angular dis-
tributions of TR in Fig. 6(a) at large angles, however,
show complex oscillatory structure: At the wavelength
A=2. 4 mm, the secondary peak is seen at the angle
around +180 mrad. The distribution at A, =1.4 mm also
shows the secondary peak as a shoulder at the angle
around +150 mrad and the third peak around +200
mrad. It is not clear at present what caused the oscillato-

ry structure.

V. BUNCH FORM FACTOR AND KI.KCTRON
DISTRIBUTION IN A BUNCH

A bunch form factor has been derived from the ob-
served spectrum of coherent TR and the theoretical in-

tensity of incoherent TR. Figure 8 shows the form factor
derived from the spectrum of the emission length of 156
mm.

I r
~

e s ~ I I

(17)

The angular dependence of the intensity expressed by Eq.
(15) has the following properties: The angular distribu-
tion of the TR has an oscillatory structure, and the max-
imum flux of the TR is emitted in the direction of the erst
peak whose angle 6j is determined from the equation

20

X 8' —1 y1"

When 0 »1/y, 0 is given approximately by

8 -0.86(A, /L)' ~18)

IO-'—

The condition 0 »1/y is equivalent to A, /L »1/y,
i.e., the emission length L is much shorter than the for-
mation length along the beam axis. When A. /L decreases,
0 approaches 1/y. The approach, however, is not
smooth, since the maximum TR flux shifts from the first
peak to the second and so on as A, /L decreases. The
value of the peak angle given by Eq. (18) is valid for the
range k/L &2m/y within an accuracy of 6%. It is in-

10

0. 1 1

WAVELENGTH (mm)

FKJ. 8. Bunch form factor derived from the observed spec-
trum of the transition radiation from the aluminum-foil-mirror
system.
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FIG. 9. Distribution of electrons in a bunch derived from the
bunch form factor in Fig. 8. The bunch length along the longi-
tudinal direction (FWHM) is 0.28 mm.

10-

X=4.5mm

~1.5-

The electron distribution in a bunch has been obtained
from Eq. (14) by the inverse Fourier transform of the
form factor. The result is shown in Fig. 9. The distribu-
tion resembles a Gaussian function in shape, and the
bunch length [full width at half maximum (FWHM)] is
0.28 mm. The distribution of electrons in a bunch is al-
most the same as that derived previously from the spec-
trum of coherent synchrotron radiation, using the same
LINAC [9]. The bunch length obtained from the spec-
trum is shorter than 1.7 mm, which was estimated from
the accelerating mechanism of the LINAC [7]. Possible
reasons for the difference were discussed previously [9].

The transverse spread of the electron beam diminishes
the form factor. In the present experiment, however, the
effect is negligible in the long-wavelength region where
the form factor in Fig. 8 has large values, as is discussed
in Sec. VI.

According to the definition of the distribution function
of electrons in the bunch, the integration of S (z) should
be equal to unity. From the distribution of electrons de-
rived from the observation, which is shown in Fig. 9, we
have evaluated the integration. The result is

fS (z}dz =0.7. If we consider the accuracy of the factor
of 1.5 in the measurement of the absolute intensity of the
spectrum, this value is in agreement with unity.

VI. EFFECT OF BEAM SIZE
ON TRANSITION RADIATION

To observe the dependence of coherent TR on the
transverse size of the electron beam, the cross section of
the beam at the emitting point was varied by a pair of
quadrupole magnets located at about 10 m upstream
from the TR radiator. The cross section was elliptic and
the size (horizontal Xvertical) changed from {a)5 X 7 mm
to (b) 14X12 mm and to (c) 24X21 mm . The angular
distribution of the TR was measured at three wavelengths
A, =1.4, 2.4, and 4.5 mm for the emission length I. =156
mm. The results are shown in Fig. 10, where the curves
a, b, and c correspond to the three beam sizes. As the
beam size increased, the intensity decreased greatly and
the divergence of TR also decreased.

0.5-

0
-200 0 200

ANGLE (mrad)
FIG. 10. Angular distribution of transition radiation from

spread electron beams at A, =1.4, 2.4, and 4.5 mm. The trans-
verse beam sizes are (a) 5X7 mm, (b) 14X12 mm, and (c)
24X26 mm .

f(&)= '

where J& is the Bessel function of the order 1 and p is the
radius of the disk. Equation (19}shows that f (A, ) =1 for
p/A, «1 and that as (p/A, )sin8 increases, f (A, ) decreases
first and begins to oscillate with gradually decreasing am-
plitude. The effect of the transverse beam spread be-
comes prominent with the increase of the argument
(p/A, )sin8.

Using the bunch form factor of Eq. (19},we have calcu-
lated the angular distribution of coherent TR for the
emission length I. =156 mm. The results at A. =1.4, 2.4,
and 4.5 rnm are shown in Fig. 11 for three beam diame-
ters: of {a) 6, (b} 13, and (c) 25 mm. The figure shows
that the divergence and the intensity of TR decreases
with the beam diameter and that the main peaks finally
converge into one central peak at the beam of larger di-
ameter. This is qualitatively in good agreement with the
observation.

To examine the effect of the transverse spread of beams

These results are explained by an interference effect of
TR which is emitted from different positions in the cross
section of the beam. As the longitudinal bunch length
obtained in Sec. V is 0.28 mm, we assume for simplicity
that electrons are uniformly distributed in a disk whose
thickness is negligibly small in comparison with the
wavelength and that the direction of motion of each elec-
tron is parallel to the z axis. Assuming that the observa-
tion point is far from the emitting point, the form factor
in Eq. (13) is calculated as follows:

J, [2n (p/A, )sin8]
(19}

n(p/A, )sin8
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FIG. 12. Observed spectra of the transition radiation of the
Eccosorb-mirror system from the emission length of 156 mm.
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as the aluminum foil [5]. On the other hand, reflectvity
of the Eccosorb sheet is 1% at A, =15 mm (frequency, 20
GHz) and decreases toward shorter wavelengths. Ac-
cording to Eq. (10), the replacement of the mirror by the
Eccosorb sheet should cause a drastic change in the TR
intensity.

FIQ. 11. Theoretical angular distribution of the transition
radiation at X=1.4, 2.4, and 4.5 mm calculated on the assump-
tions that electrons are distributed uniformly in a thin disk and
that the disk plane is normal to the trajectory. Curves a, b, and
c correspond to the disk diameters of 6, 13, and 25 mm, respec-
tively.

on the spectral intensity shown in Fig. 3, numerical cal-
culation has been carried out on the basis of Eq. (19) and
the experimental conditions. A ratio of the TR intensity
with the beam spread to that without the spread has been
calculated. The ratio is larger than 0.95 in the wave-
length region A, ) 1.2 mm and decreases as the wave-
length decreases. It is 0.82 at A, =0.6 mm and is 0.64 at
A, =0.4 mm. These results confirm that the form factor in
Fig. 8 is reliable in the long-wavelength region A, &0.6
mm with an accuracy of better than 20%.

VII. TRANSITION RADIATION
FROM ECCOSORB SHEET

The intensity of TR depends on the properties of two
radiators in Fig. 2. To examine the dependence, the corn-
position of the radiators was changed as follows: First, we
replace the aluminum foil by a sheet of Eccosorb AN72
(Emerson &, Cuming Co.) with a thickness of 6 mm, an
absorber of millimeter waves. TR from the Eccosorb-
mirror system is compared with that of the aluminum-
foil-mirror system. Next, the mirror was also replaced by
the Eccosorb sheet, and TR from the Eccosorb-Eccosorb
system was measured.

The dielectrc constant of the Eccosorb sheet was es-
timated from a technical sheet of the manufacturer as
a=1.3+0.5i at k=3 mm, and both real and imaginary
parts of the constant increased with the wavelength. So
the factor g' of Eq. (8) is well approximated by unity in
the wavelength region considered here. The Eccosorb
sheet as the forward radiator should have the same role

A. Transition radation from the Eccosorb-mirror system

The sheet of Eccosorb was used in the place of a metal-
lic foil in Fig. 2. The TR intensity from the Eccosorb-
mirror system for L = 156 mm was observed in the wave-
length range from 0.45 to 3 mm and is shown in Fig. 12.
The observed intensity at A. =- 1 mm is enhanced by a fac-
tor of 1.3 X 10 in comparison with the theoretical inten-
sity of incoherent TR. As expected, the spectral intensity
of the Eccosorb-mirror system in the wavelegth range
k & 1 mm is the same as that of the aluminum-foil-mirror
system in Fig. 3 within the accuracy of the observation.
The spectrum, however, shows a small discrepancy: The
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FIG. 13. The intensity of the transition radiation from the
Eccosorb-Eccosorb system (solid lines) at A, =0.7 (circles) and
1.4 mm (triangles). For comparison, the observed intensity of
the Eccosorb-mirror system is also shown by dashed lines.
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spectral intensity of the Eccosorb-mirror system in the
short-wavelength range was stronger than that of the
aluminum-foil-mirror system. The reason for the
difFerence is not clear at present, but it is possible that
some of the beam conditions have changed slightly.

The TR intensity from the Eccosorb-mirror system was
observed by changing the emission length L from 41 to
872 mm at A, =0.7, 1.4, and 2.4 mm. The relative intensi-
ties normalized to the intensity at L = 156 mm are plot-
ted in Fig. 4 by the solid circles. The observed relation is
roughly in agreement with theory, although the slope of
the intensity-emission length relation of the Eccosorb-
mirror system in Fig. 4 is a little steeper than the theoret-
ical one.

B. Transition radiation from the Eccosorb-Eccosorb system

The TR intensity from the Eccosorb-Eccosorb system
was measured, and the results at A, =0.7 and 1.4 mm are
shown in Fig. 13 by solid lines. The dashed lines in the

figure shows the TR intensity of the Eccosorb-mirror sys-
tem for comparison. The observed intensities of the
Eccosorb-Eccosorb system were weaker by about two or-
ders of magnitude than that of the Eccosorb-mirror sys-
tem. As the reflectivity of the Eccosorb sheet R2 is lower
than 1%, the result is in accord with the theoretical ex-
pectation.
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