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Transition radiation generated from a relativistic electron beam is used as a tool for diagnostics of the

beam. Also, it can be used as a source of femtosecond (fs) THz radiation. We are generating the THz

radiation with the pulse energy of 3 �J by means of the coherent transition radiation (CTR) from 55-MeV

electron beam in the fs-THz linac at the Pohang Accelerator Laboratory. The spatial distribution of CTR

could be easily observed by using a pyroelectric camera. In this paper, we report observation of the

transversal distribution of CTR in the prewave zone, and compare with calculated results based on the

bunch form factor.

DOI: 10.1103/PhysRevSTAB.15.030706 PACS numbers: 41.60.Dk, 41.75.Ht

I. INTRODUCTION

A fs-THz linac was constructed to generate femtosecond
THz radiation by using an ultrashort electron beam at the
Pohang Accelerator Laboratory (PAL) [1,2]. A photoca-
thode rf gun and a chicane bunch compressor were taken
up for the generation of a fs electron beam in the linac.
Now, the electron beam with the 55-MeV energy, the 200-
pC charge, and the 350-fs bunch length is generated at the
10-Hz repetition rate in the linac, and the 3-�J THz pulse
is radiated from the electron beam through transition
radiation [1,2].

Coherent radiation is emitted from the electron bunch
whose length is shorter than the radiation wavelength. The
total spectral radiation power from a monoenergetic bunch
of N electrons is [3]

Pð!Þ ¼ pð!ÞN½1þ ðN � 1Þfð!Þ�; (1)

where pð!Þ is the spectral radiation power from single
electron, and fð!Þ is the bunch form factor, which is the
Fourier transform of the normalized bunch distribution

[Fð~rÞ] squared, fð!Þ ¼ jR ei
~k�~rFð~rÞd3rj2, where ~r is the

electron position from the bunch center; longitudinal
bunch form factor fð!Þ ¼ expð�!2�2=c2Þ for a
Gaussian distribution with the standard deviation of �
and fð!Þ ¼ ½sinð!l=2cÞ=ð!l=2cÞ�2 for a rectangular dis-
tribution with a width of l. The first term and the second
term in the square bracket correspond to incoherent radia-
tion and coherent radiation, respectively. When the form

factor is close to 1, the coherent radiation has the N times
higher power than the incoherent radiation.
Transition radiation is emitted when a charged particle

crosses the boundary between two media with different
dielectric constants. It was first predicted by Ginzburg and
Frank [4], and since that time the characteristics of tran-
sition radiation have been extensively studied [5–11].
Transition radiation in the THz regime becomes coher-

ent when it is generated from the electron bunch shorter
than the THz wavelength. Transition radiation has been
used for beam diagnostics, and especially coherent transi-
tion radiation (CTR) gives a great tool of diagnosing the
bunch length of subpicosecond electron beam [12–17].
The observation results for CTR have been presented in

other literature [6,7,10,14]. However, the conventional
methods for CTR observation using Golay cell detector,
pyroelectric detector, etc. have drawbacks to be difficult and
complicated because they are not a single-frame method. A
pyroelectric array camera [Pyrocam III, Spiricon, Inc. (A
spectral response range of Pyrocam III is 13–355 and
1:06–3000 �m, and a sensitivity is 7 nJ per pixel.)] gives
theway that CTRobservation can be easily fulfilled because
it offers discernible results for the transversal distribution of
CTR. In this paper, we experimentally confirm the theoreti-
cal results using the pyroelectric camera.
The remainder of the paper is organized as follows. In

the second section, we show the observation results of
CTR. In the third section, the observation results are com-
pared with the theoretical results using the transverse beam
distribution generated at the PAL fs-THz linac and the
bunch form factor obtained from a streak camera image.
Finally, the paper concludes in the fourth section.

II. CTR OBSERVATION RESULTS

The CTR target in the PAL fs-THz linac is equipped
with a titanium (Ti) foil whose radius and thickness are 0.5
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inch and 1 �m, respectively. The experimental setup for
CTR observation is shown in Fig. 1. After CTR emitted
from Ti foil passes through the diamond window, its spatial
profile is directly taken by a Pyrocam III located at the
position of R from the CTR target.

Figure 2 shows the spatial distribution of the CTR at the
position of R ¼ 11:0 cm. Figure 2(a) shows a single frame
of the CTR image, but the image is indistinct because the
CTR intensity is lower than the detection limit of the
Pyrocam III. Figure 2(b) shows the THz beam profile
which is a sum of 100 frames, and Fig. 2(c) is the cross
section along the solid arrow in Fig. 2(b).

The significant characteristics of the transition radiation
in Fig. 2 exist in a complicated azimuthal asymmetry and a
peak-intensity angle. The angle of the maximum intensity
is 28:2� 2:7 mrad. In the next section, the azimuthal
asymmetry and the observed maximum-intensity angle
will be discussed.

III. OBSERVATION RESULTS ANALYSIS

A. Azimuthal asymmetry

A CTR radiator, generally, uses a target rotated by �=4
into the electron beam path because of its structural sim-
plification. The intensity distribution of the transition ra-
diation from a �=4 oblique target has a simple azimuthal
asymmetry [10,18]. However, Fig. 2 shows a complicated
azimuthal distribution. We supposed that the complication
comes from the electron beam with a nonuniform trans-
verse distribution, and the equations were derived using
Casalbuoni’s paper [19] to confirm the effect of the
transverse beam distribution on the spatial distribution
of CTR [20]:

d2U

d!d�
/ R2ðjExj2 þ jEyj2Þ (2)
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’0 ¼ arg½ð� cos’� s cos’sÞ þ ið� sin’� s sin’sÞ�;
where K is the modified Bessel function, k is wave
number, a is target radius, � and � are the projected
angles taken in the x-axis and the y-axis directions,
respectively, and B and fðs; ’sÞ are the area and the
transverse density function of the electron beam, respec-
tively. Figure 3 shows the numerical result of Eq. (2).
The image, whose size is 2:8 mm� 2:7 mm, at the top
right corner is the beam distribution, which was gener-
ated at the PAL fs-THz linac, used in the numerical
calculation. The azimuthal asymmetry in Fig. 3 is
more complicated than the asymmetry [11,18] of the
distribution for �=4 incidence transition radiation from
an electron. Therefore, we can ascertain that the com-
plicated azimuthal distribution of the observation results
in Fig. 2 is due to the effect of the transverse beam
distribution.
Figure 4 shows � and � cross sections of distribution in

Fig. 3. In the figure, the intensity distributions of transition
radiation from single electron and the uniform electron
beam with radius of 1.2 mm, which is similar to the
beam size in Fig. 3, are shown, too. The deviation of
peak-intensity angle due to the nonuniformity of the trans-
verse beam distribution is bigger than the one coming from

FIG. 1. Setup diagram for the spatial distribution measurement
of CTR.

FIG. 2. (a) Spatial distribution of CTR at R ¼ 11:0 cm,
(b) CTR image summed up to 100 frames, and (c) CTR intensity
along the solid arrow in (b).
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the uniform electron beamwith a finite size. We do not take
into account the effect of transverse beam distribution on
the peak-intensity angle of calculation results. The devia-
tion of peak-intensity angle is just considered as the ex-
perimental errors.

B. Peak-intensity angle

For comparison with the experimental results, we calcu-
lated the total intensity of transition radiation in the pre-
wave zone. The spectral-angular radiation density for �=4
incidence transition radiation in the prewave zone can be
obtained by the equations that Karlovets suggested [11].
For a circular target case, the equations are slightly modi-
fied, and we only take into account the case of � ¼ 0:

d2U

d!d�
¼ cR2ðjExj2 þ jEyj2Þ (3)
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Ex ¼ 2ie
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FIG. 4. � and � cross sections of distribution in Fig. 3, inten-
sity distribution of transition radiation from single electron, and
intensity distribution of transition radiation from the uniform
electron beam with radius of 1.2 mm, which is similar to the
beam size in Fig. 3.

FIG. 5. (a) Transition radiation intensity with 1-THz frequency
for different distances from the target and (b) the peak-intensity
angles �m as a function of the distance from the target for
different frequencies. Numbers indicating the curves in (a) are
distances R in units of m.

FIG. 3. (a) 2D and (b) 3D plot for the spatial distribution of transition radiation from the electron beam with a transverse distribution
at R ¼ 0:1 m. The radiation frequency is 1 THz, and the beam image used in the numerical calculation is at the top right corner.
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and
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Figure 5(a) shows the transition radiation intensity at vari-
ous distances from the CTR target for the frequency of
1 THz. The two lobes of the distributions become wide at a
close position to the CTR target. In Fig. 5(b), the peak
angles �m for different frequencies are given as a function
of the distance from the target. It is shown that the peak-
intensity angles in each frequency become constant at
distant R, i.e., in the far field [8].

The total spatial intensity of the transition radiation can
be written by

dU

d�
/
Z

fð!Þ
�

d2U

d!d�

�
d!; (4)

where fð!Þ is the longitudinal bunch form factor. The form
factor is calculated using the bunch distribution obtained
from a streak camera (FESCA-200, Hamamatsu Photonics

K.K.). Figure 6(a) shows the form factors for the Gaussian
distribution, the rectangular distribution, and the bunch
distribution measured by the streak camera, which is
shown in Fig. 6(b). In Fig. 6(a), the rms lengths of the
three distributions are all 350 fs. The total spatial intensity
has a lower and an upper limit about the frequency by the
spatial intensity d2U=d!d� and the bunch form factor
fð!Þ, respectively.
Figure 7 shows the spatial intensity distributions for

different frequencies and the total spatial intensity of the
transition radiation at R ¼ 25 cm. The radiation intensity
is weaker at high frequencies and low frequencies com-
pared to frequencies in between. The spatial intensity of
the experimental result is also shown in Fig. 7. The peak-
intensity angle of the experimental result is in agreement
with the one of the calculated result at the angle of near
22 mrad. Figure 8 shows the peak-intensity angle as a
function of distance from the target. The plot marked
with ‘‘Calculation1’’ in Fig. 8 is calculated by using a

FIG. 6. (a) Bunch form factors for the Gaussian distribution,
the rectangular distribution, and the bunch distribution in (b),
and (b) streak camera image (bright points) and longitudinal
bunch distribution (solid line) obtained from that.

FIG. 7. Spatial intensity distributions for different frequencies,
total spatial intensity, and experimental result at R ¼ 25 cm.

FIG. 8. Peak-intensity angles of CTR distributions for various
distances. Calculation1 is obtained from a bunch form factor of
the bunch distribution in Fig. 6(b), and Calculation2 is from the
summation of the spatial intensities calculated by using the
bunch form factors for the bunch distributions measured by
the streak camera. Note that the spatial CTR image was summed
up to 100 frames.
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bunch form factor of the bunch distribution in Fig. 6(b),
and the plot marked with ‘‘Calculation2’’ is obtained from
the summation of the spatial intensities calculated by using
the bunch form factors for the bunch distributions mea-
sured by the streak camera.

From the calculation of the peak-intensity angle using
the bunch form factors of the electron bunch generated in
the fs-THz linac, we ascertained that the angle agrees with
the one found from the CTR image taken by a pyroelectric
camera. Inversely, if the electron bunches have a similar
distribution regardless of their length, and a single-frame
CTR image is obtained by using a pyroelectric camera, the
bunch length can be estimated from the peak-intensity
angle of the CTR image and Eq. (4).

IV. CONCLUSION

We have shown the theoretical results and the experi-
mental results for the spatial distribution of CTR. The
theoretical results were calculated by using the bunch
form factor of the bunch distribution obtained from a streak
camera, and compared with the experimental results mea-
sured by a pyroelectric camera.

The observation results of CTR are affected by a water
absorption [21] of THz radiation, a diamond vacuum win-
dow [19,22], etc. as well as a transverse distribution of an
electron beam. In spite of these factors, we ascertained that
the calculations and experiments for the peak-intensity
angles of spatial CTR distribution in the prewave zone
accord with each other.

Finally, if enough radiation energy to measure a single-
frame image can be reached, it might be possible to derive
the shot to shot electron bunch length from the peak-
intensity angle of the spatial CTR distribution.
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