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I. INTRODUCTION

Nowadays there exist many different techniques de-
voted to the measurement of bunch lengths in the order
of hundreds of femtoseconds at modern electron accel-
erators. One of these techniques widely in use is based
on coherent radiation emission, i.e. emission at wave-
lengths in the order or smaller than the bunch length. In
this case the radiation intensity depends quadratically
on the number of particles per bunch. Thus, by mea-
suring the radiation intensity as function of the wave-
length it is possible to determine in principle both bunch
length and bunch shape. Coherent radiation emission is a
general physical process for bunches of charged particles
that does not depend on the type of the emitted radia-
tion. So far, coherent synchrotron radiation, transition
radiation, diffraction radiation, and Cherenkov radiation
are used as radiation mechanisms. These kinds of radi-
ation have a polychromatic angular distribution, i.e. for
the wavelength–dependent investigation of the emitted
intensity an external spectrometer is required.
In this context coherent Smith–Purcell radiation

(CSPR) is advantageous because of the dispersive ra-
diation emission. Smith–Purcell radiation in generated
when a charged particle passes close to the surface of
a periodic structure, i.e. a diffraction grating. Due to
the periodicity involved in the radiation generation, this
kind of radiation obeys a characteristic dispersion rela-
tion which relates the observation wavelength λ and the
radiation angle θ, the so called Smith–Purcell relation

λ =
d

|n|
(

β−1 − cos θ
)

, (1)

with d the grating period, n the diffraction order, and
β the charged particle velocity in units of speed of light.
Smith–Purcell radiation in view of particle beam diag-
nostics is discussed e.g. in Ref. [1].
A direct way to use CSPR for bunch length diagnostics

would be to measure the angular distribution of the ra-
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diation, to estimate the spectrum of coherent radiation,
and to extract finally the bunch size. Such diagnostic
scheme was already investigated by G. Doucas et al. [2, 3].
The authors used 11 detectors, mounted under different
observation angles θ to select different wavelengths, and
3 interchangeable volume gratings with different periods.
However, such experimental scheme implies the difficulty
that the number of accessible observation wavelengths
is limited by the number of detectors. Moreover, for a
precise measurement all detectors have to be intensity–
calibrated with respect to each other to a high level of
accuracy. From theoretical point of view the applica-
tion of a volume grating has some disadvantages because
the angular distribution of the emitted radiation is not
uniform with respect to the power, there exist some char-
acteristic resonance structures which may drastically af-
fect the achievable accuracy for bunch length diagnostics.
These structures are known from optical grating theories
as Wood–Rayleigh anomalies, an indication of their ob-
servation is reported in Ref. [4].
Unfortunately, up to now there is no exact theory de-

scribing the radiation from volume gratings in the case
of finite grating sizes. There are several theories but
they are not in complete agreement with the experimen-
tal data [5].

FIG. 1: Proposed scheme for CRDR based bunch length di-
agnostics.
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Smith–Purcell radiation from an inclined grating with
respect to the beam axis, which in the following will be
named Resonant Diffraction Radiation (RDR), was cal-
culated for the first time in Ref.[6]. Later on some of
the authors proposed to use Coherent RDR (CRDR) for
beam diagnostics [7]. The proposed scheme is shown in
Fig. 1. The electron bunch travels with an impact pa-
rameter h close to the grating. In order to minimize the
contribution of the Wood–Rayleigh-like anomalies a very
thin strip–grating with vacuum gaps will be used. The
radiation is measured with two detectors under obser-
vation angles θ = ±π

2 . While the grating is parallel to
the electron trajectory, both detectors measure radiation
with wavelengths almost equal to grating period accord-
ing to Eq. (1). However, if the grating is inclined, the
radiation lines shift in opposite directions: one detector
measures at longer wavelengths while the other at shorter
ones. If the grating period is chosen to be close to the co-
herent threshold the line intensities changes drastically.
Thus, measuring the dependency of the radiation inten-
sity versus the inclination angle it is possible to estimate
the bunch length.

The proposed scheme has the advantage that the num-
ber of accessible wavelengths is not limited by the number
of detectors, therefore the number of data points avail-
able for a bunch shape reconstruction is much larger. In
addition, only two detectors are required for which a rel-
ative intensity calibration is necessary. However, with
the proposed experimental scheme it will not be possible
to make a single–shot bunch shape reconstruction, but if
the shape is known a priori a single–shot bunch length
measurement seems to be realistic.

In this paper we calculate some features of the CRDR
from inclined grating for the parameters of SwissFEL in-
jector test facility and discuss some practical aspects.

II. THEORETICAL MODEL

The theoretical calculations are based on a generalized
surface current method [8]. In this theoretical approach
it is assumed that the grating is ideally conducting and
infinitely thin. In addition it is assumed that both de-
tectors are situated in far–field (wave) zone. The radia-
tion fieldE

R(r0, ω) can be expressed as follows (assuming
that the grating is infinite in the direction transverse to
plane of Fig. 1):

E
R(r0, ω) = −i

eikr0

r0
k×

×
∫

S

dz [n,E0(kx, y = 0, z, ω)] e−ikzz
(2)

In the following a coordinate system associated with the
grating is used, k = ω

c
{ex, ey, ez} is the wave-vector of

the radiation, n = {0, 1, 0} the normal to the grating
surface, E0(kx, y = 0, z, ω) the Fourier component of the

initial electron field. The latter can be written as

E0(kx, y = 0, z, ω) = − ie
2πβc

exp
[

iω
c

(

β−1 cos θ0 − sin θ0
βγ

√

1 + (βγex)2
)]

exp
[

−hω
c

(

iβ−1 sin θ0+
cos θ0
βγ

√
1+(βγex)2

)]

√
1+(βγex)2

{

βγex, γ
−1 sin θ0 − cos θ0

√

1 + (βγex)2,

γ−1 cos θ0 + sin θ0
√

1 + (βγex)2
}

(3)

The integration of Eq. (2) is performed over all grating
strips. The following integral can be calculated analyti-
cally:

E
R(r0, ω) ∝

∑N−1
n=0

∫ nd+a

nd
dz

exp
[

ω
c
z
(

−iez + i cos θ0
β

− sin θ0
βγ

√

1 + (βγex)2
)] (4)

with d the grating period, N the number of periods, a
the strip width, and a = d/2.
The integration of Eq. (2), taking into account

Eqs. (3)-(4), results in the radiation field of interest. The
spectral-angular density of RDR both incoherent and co-
herent emission is given by:

d2 W

~dωdΩ
=

cr20
~

∣

∣E
R(r0, ω)

∣

∣

2
Ne

(

1 + (Ne − 1) |fz|2
)

(5)

with Ne the bunch population and fz the longitudinal
bunch form–factor. For a Gaussian bunch the latter one
can be written as

|fz|2 = exp

[

−4π2σ2
z

β2λ2

]

. (6)

III. THEORETICAL CALCULATIONS

The calculations were carried out for the following
parameter set: electron energy Ee = 165MeV, bunch
length σz = (70...250)µm, grating period d = 700µm,
and impact parameter h = 20mm.
Fig. 2 demonstrates the shift of a monochromatic emis-

sion line as seen by both detectors for fully coherent ra-
diation σz = 0. From there it is also obvious that a

FIG. 2: Monochromatic emission line shift as seen by both
detectors. Blue dashed line – lower detector (θ = −90◦), red
solid line – upper detector (θ = 90◦), left figure – θ0 = 0,
right figure – θ0 = 5◦.
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FIG. 3: The dependence of the line shift for both detectors
versus inclination angle θ0, blue dashed line – lower detector
(θ = −90◦), red solid line – upper detector (θ = 90◦).

bunch traveling parallel to the grating surface (θ0 = 0)
both detectors measures radiation with the wavelength
almost equal to the grating period λ ≃ 700µm according
to Eq.(1). If the grating is inclined the lines are shifted
in opposite directions. A further aspect to note is the in-
crease of the radiation intensity from the inclined grating.
This fact is very promising for beam diagnostics because
the intensity of conventional CSPR is low.

Fig. 3 shows the dependence of the line shift for both
detectors versus inclination angle θ0.

During the line shift the radiation intensity is changed
according to the bunch form–factor. In order to estimate
the bunch length the ratio R of both detector signals
versus the inclination angle θ0 is measured, thus avoiding
the need for absolute detector calibrations. This ratio
strongly depends on bunch lengths as demonstrated in
Fig. 4.

FIG. 4: The ratio of detector signals R = D1/D2 versus in-
clination angle θ0 for different bunch lengths σz. Black line –
σz = 0, gray line – σz = 70µm, red line – σz = 90µm, green
line – σz = 110µm, blue line – σz = 150µm, yellow line –
σz = 200µm, pink line – σz = 250µm.

FIG. 5: The scheme of SwissFEL injector test facility.

IV. PRACTICAL ASPECTS

The experiment is planned to be carried out at Swiss-
FEL injector test facility at the Paul Scherrer Institute
in Villigen (Switzerland). The accelerator scheme is
shown in Fig. 5. The vacuum chamber will be installed
in FODO section close to a deflecting cavity, thus ren-
der it possible to make a direct cross–check with the
CRDR measurements. The electron energy may vary
from Ee = 130, 170, 200, 230MeV, the bunch length from
σz = 50 fs up to σz = 1ps, and the bunch charge from
10pC up to 200 pC. The shortest bunch length will be
possible for the lowest bunch charge.

The scheme of vacuum chamber is shown in Fig. 6. The
main part of the chamber is a grating holder that can be
moved londitudinally and rotated using two motorized
stages. The rotary motorized stage allows to rotate grat-
ings at 360◦ with accuracy 0.1◦. At the end of the holder
the OTR screen is installed in order to obtain the beam
transverse profile. Six gratings may be installed on the
grating holder at different impact-parameters from the
beam axis.

The holder rotation axis comes through the beam axis
and in this geometry we plan to use only one detector
instead of two mentioned before. The second detector
may be simulated rotating the grating at angle 180◦.

For the experiment a set of six gratings with 700µm
period was manufactured at DESY. The gratings were
cut out of 100mum thick silicon wafer. Five of the grat-

FIG. 6: The vacuum chamber for the experiment. The grat-
ings are shown schematically.
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ings are covered by 500 nm thick molybdenum in order
to increase the permittivity. The sixth grating is pure
silicon one and is used to investigate the properties of
CRDR from dielectric gratings.
It is planned to install the equipment in February 2012

and to start the experiments in March 2012.

V. CONCLUSION

A monitor concept based on CRDR from an inclined
grating is presented which could be an interesting tool for

bunch length diagnostics. The radiation properties are
well suited for the application as an easy and compact
bunch length monitor with the advantage not to rely on
absolute intensities. Therefore, in the nearest future a
proof-of-principle experiment is planned in order to verify
the radiation properties and to investigate the sensitivity
limits of such a kind of monitor.
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