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Abstract Based on the femtosecond accelerator device, we are planning to build a broad band and tunable
THz source using the Smith-Purcell radiation mechanism. Coherent Smith-Purcell radiation could be achieved
owing to the super-short bunch produced in the device. To shorten the distance between the beam and grating,
we use Transport to match the beta function producing a sheet beam on the grating surface. The optimization
of grating length, groove depth and groove width are given in the paper. Then the radiation power for the
shallow and deep grating using these parameters are presented. The detection devices and methods are also

briefly discussed.
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1 Introduction

Based on the definition by P. H. Siegel!, the so-
called Terahertz (THz) region is referred to the fre-
quency band between 300—3000 GHz. This band
contains abundant information of science but is not
known to us at all. Recently, THz science and tech-
nology has been attracting considerable attention in
the fields of source, detection and application re-
search.

The THz radiation generated by the vacuum elec-
tron device is often the ring-based or linac-based
source, which has some unique merits such as high
emission power and brightness.

The Smith-Purcell radiation (SPR) is a new
source producing THz radiation. It was first observed
by S. J. Smith and E. M. Purcell® in 1953. They sug-
gested that the radiation was emitted when an elec-
tron passed near the surface of a metal diffraction
grating, moving perpendicular to the tooth.

The experiment device based on SPR can be de-
signed to be compact and the radiation should be
broad band and tunable. Besides, the fabrication of
grating is not complicated.
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Coherent Smith-Purcell radiation occurs when the
wavelength is comparable to or longer than the lon-
gitudinal length of the bunch. We prefer coherent
radiation to incoherent one because the power of the
former is approximately proportional to the square
of beam current and is enhanced by a factor N com-
pared with the latter, where N is the number of elec-
trons per bunch. Moreover, the coherence superiority
can also be found in beam diagnostics aspect® .

The first coherent SPR was observed in LNSTU
in Japan!®, and the power intensity was enhanced by
several orders compared with incoherent SPR. And
our research work has been done in the Femtosecond
Accelerator, to produce the coherent THz radiation
also based on the SP emission mechanism.

Thus, most part of this paper is concentrated on
the design of coherent Smith-Purcell emitter. First,
the device where our experiment will be carried on is
introduced, and the operation status is given in Sec-
tion 2. And in Section 3, the design results for our ex-
periment including the beam beta function matching
and the grating parameter optimization is presented
in detail. Finally, the detection devices and methods
are also briefly stated in Section 4.
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Fig. 1.

2 Background of our experiment

The femtosecond accelerator is the main device
in the THz Research Centre of SINAP. The coher-
ent THz radiation with high brightness will be emit-
ted when super-short bunches pass through the alu-
minum foil, undulator and bend magnets. According
to the current operation status of the machine, the
primary parameters for electron beam are listed in
Table 1.

Table 1. Parameters of electron beam.
beam parameters

beam energy/MeV (maximum) 21.3
beam charge/nC 0.068
normalized emittance/mm-mrad ~ 107
macro-bunch repetition frequency/Hz 3.125—12.5
micro-bunch repetition frequency/MHz 2856
macro-bunch duration/us 2—3
micro-bunch duration/fs (FWHM) 250

The Smith-Purcell emitter or SPE as an abbre-
viation is placed at the end of low energy transmis-
sion line and before the accelerator tube in place of
the coherent transition radiation emitter, as shown in
Fig. 1.

Schematic of the position where the SP emitter is placed.

3 Design of experiment parameters

3.1 Optimization of beam parameters

The equation of radiation energy for single elec-
tron with the charge ¢ emitted in order n per unit
solid angle in direction (7, ¢) is given by Eq. (1)

dW,  N,¢*|n|* 32 cos® ncos® ¢ 5 20
= . |Rn| exXp | — )
dn 2Dey(1— Bysinn)3 Rint.n

(1)

where N, is the number of the grating periods, D is

the grating period, 3, is the relative velocity of the

electron beam corresponding to the speed of light,

|R,|? is the radiation factor, z is the electron-grating
distance and g is the permittivity of vacuum.

D(1/6,—sinn)
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We can conclude from Eq. (1) that the emis-
sion energy is sensitive to the beam-grating distance.
When z, is much large than the interaction height
Pint.n(2), the radiation can be ignored. Seen from
Fig. 2, envelope of the electron beam develops during
the passage. The distance z, of the electron-beam
axis above the grating is defined by the requirement
that its envelope just touches the grating at =0 and
L when the beam waist is just above the center of the
grating.
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From the envelope equation, the vertical beam ra-
dius w. (z) could be given by

(eV/m)?

wZo°(ﬂo~yo)2 7

where w. is the beam waist size at x = L/2, eV is the
normalized emittance and - is the Lorentz factor. It
is easier to get the minimum value of the distance

P L
BoYo

L-eV/n

Wy =\ — .
’ 2800

We first set L=60 mm, then we have w,,=232 um.
As for our accelerator, we just need to adjust the
strength of Q6 and Q7 quadrupoles whose maximum
gradient of magnetic field is 4 T/m, located just be-
fore the position of SP emitter. The software Trans-
port or OPA could be used to realize the beam output
as what we expect.

Figure 3, 4 show us the evolvement of the beta
function and the beam envelope using the Trans-
port code. And the results are 0, ,,s=232 pm and
Oy ms=b.74 mm. It is evident that the beam could
be recognized as the sheet beam above the surface
of the grating which is an advantage factor for SPE.
And the matching results show that the gradient of
magnetic field is 0.1186 T/m and —2.0699 T/m for
Q6 and Q7 respectively. The same conclusion could
be arrived with the OPA code.
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Fig. 3. Evolvement of beta function.

Fig. 4. Scheme of the beam envelope develop-
ment and the position of the quadrupoles and
the grating.

3.2 Optimization of grating length

We first give the expression of the power emitted
in order n by the beam with a constant current [
while passing over N, grating periods per unit solid
angle in direction (¢, 7)

dpP, IN,q|n|? 33 cos®ncos? ¢
d2  2Deo(1—Bysinng)3

| Rl [SineH(N=1)Seon],
(4)

where S;,. and S, are the incoherent factor and co-
herent factor respectively, which could be expressed

as
R B s A
Secon = [~ exp(—iwt) f,(t)dt| x
. 2 (5)
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(oo P 2
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The power calculation includes the coherent por-
tion and the incoherent one. Fig. 5 represents that
for bunch with Gaussian profile with our experiment
parameters, the enhancement of the coherent portion
over the incoherent one can be eight orders of magni-
tude higher.
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So we only need to consider the coherent portion
in Eq. (4). For the envelope shape as Fig. 4, we can
conclude that the distance varies with the grating
length seen from Fig. 6. Here we adopt the same
grating period 369 um for different grating lengths,
i.e. we adopt the gratings with different number of pe-
riods N,, thus in turn deciding the beam-grating dis-
tance which is also included in the calculation of the
electron distribution density function f, (see Eq. (5)).
From Fig. 7, we can conclude that the longer the grat-
ing is, the stronger the intensity should be. Besides,
the father the beam is away from the grating surface,
the easier to realize in technical aspect. So the op-
timized length of the grating should be 0.06 m and
the number of periods should be 160, meanwhile the
beam-grating distance is set to be 360 pum.
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3.3 Optimization of groove width and depth

The most important but tough work for calculat-
ing the emission power is to decide the radiation fac-
tor with a suitable method. And the radiation factor
could be written as

4 o
IR,|” = ?exp@lwlZo)(1—0082n81n2<) !X

e, @) @A 6

where f14 is the permeability of vacuum and &7 (w, 3),
U (w,f) are the magnitudes of the reflected field in
the frequency domain which are calculated using the

“Modal Expansion Method” (MEM) in this paper.
The radiation factor strongly depends on the energy
of the electron, on the direction of observation (¢, 1)
and on the grating profile. So we can choose the opti-
mized grating profile to achieve the maximum output
power. Considering that the grating profile has no in-
fluence on the calculation of the coherent factor, we
take the single particle emission as the example.

We first assume that the groove width is
A/D=0.5. Then, we can conclude from Fig. 8 that
there are two types of grating that have strong emis-
sion power: the shallow grating with H/D=0.11 and
the deep grating with H/D=0.9. For deep grating,
the peak of emission power reaches a higher value, but
is restricted to a narrow angular interval. However,
for shallow grating the emission could be detected in a
wide range of angular interval. In conclusion, the two
gratings are needed for different experiment schemes.

for single electron

(W, 18)/(J/st) (X107 %2)

Fig. 8. Emission energy per solid angle for sin-
gle electron.

For the shallow grating, we seek for wide range
angular distribution of radiated energy. Thus, we
choose the groove width with A/D=0.5, whose en-
ergy distribution is wide in both forward and back-
ward direction (see Fig. 9).
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Fig. 9. Emission energy for the shallow grating.

Otherwise, for the deep grating we seek for the
higher peak value of radiated energy. As is pre-
sented from Fig. 10, we choose the groove width
with A/D=0.685, whose peak can reach as high as
1.4x1072!(J/sr) enhanced by about ten times com-
pared with the shallow grating.
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Fig. 11. Emission power per solid angle for (a)
shallow grating and (b) deep grating.
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To sum up, the overall parameters for the exper-
iment are listed in Table 2 according to these opti-
mization results.

Table 2. Parameters for SP-emitter experiment.

quadrupoles strength

Q6/(T/m) 0.1186
Q7/(T/m) —2.0699
grating parameters

beam-grating distance/pm 360
grating period/pum 369
number of periods 160
groove depth H/D(S/D) 0.11/0.9
groove width A/D(S/D) 0.5/0.685

Note: S or D represents shallow or deep grating respec-
tively.

Then, the power per unit solid angle for the two
types of grating could be calculated using these pa-
rameters, as shown in Fig. 11.

4 Detection methods and devices

The radiation could be exported through the
quartz window whose attenuation coefficient is al-
ready known, and then the gold-coated parabolic mir-
ror is needed to transmit the light to our detector.
And we can achieve the angular intensity detection
by moving the grating forward or backward using the
stepper motor. That could adjust the angle of emis-
sion through the quartz window.

The intensity of SP radiation could be detected
using a pyroelectric detector which can work at the
room temperature. Besides, the power spectrum of
the coherent SP radiation could be analyzed using
the Michelson interferometer by Fourier transforma-
tion of the autocorrelation function.
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