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Abstract

A new non-intercepting beam size diagnostics for high-charge electron beams is presented. This diagnostics 1s based on
the analysis of the angular distribution of the “diffracted” transition radiation emitted by the beam when crossing a slit

cut 1n a metallic foil. It allows a resolution better than the radiation transverse formation zone. Numerical results based
on the parameters of the TTF FEL beam are given as examples.

1. Introduction

The development of high-charge density electron
beams 1s pursued in all major laboratories for at least two
main objectives: high-energy electron—positron linear
colliders and single pass X-ray free electron lasers.

In both cases, high-charge per pulse and low-emittance
to reduce the transverse beam dimension are required.
Emittance, on the other hand, may be increased by
a rather large number of unwanted or uncontrolled
effects: space charge, short-range and long-range wake
fields, residual chromaticity and even the newly redis-
covered tail-head radiative interaction in bending mag-
nets | 1]. |

The beam transverse dimension measurement i1s the
simplest way to verify the corresponding to the project or
to discover unwanted effects, but the high power density
deposited by these beams in standard intercepting devi-
ces, like view screens, grids or scanning wires, make their
use impossible unless with reduced current or shorter
bunches. The development of new high-resolution, non-
intercepting diagnostics for beam size measurement must
therefore proceed together with that of the beams them-
selves.

In this paper, I will present the possibility of measuring
the beam transverse dimension through the analysis of the
angular distribution of the diffraction radiation emitted by
the beam when crossing a slit cut in a conducting foil.

The measurement is fully non-intercepting, causing
only a small perturbation to the beam, and 1s performed
by means of a simple CCD camera.

As an extra bonus, this method, even if based on
the detection of transition radiation, allows a resolution

better than the transverse formation zone of this radi-
ation, which is thought to be a limit, not yet experi-
mentally verified, for beam spot resolution at high
energy.

I will give numerical examples based on the para-
meters of the TESLA Test Facility (TTF) beam [2],
which is a test bench for the TESLA Linear Collider, and
on which the first experiments with this diagnostics will
be performed. In particular, a single pass SASE Free
Electron Laser experiment in the UV 1s scheduled on this
accelerator [3], requiring a very low-emittance, high
charge beam, for which a non-intercepting diagnostics 1s
fundamental.

2. Diffraction radiation from a slit

Diffraction radiation 1s the radiation emitted by
a charged relativistic particle going through an aperture
in a metallic foil. If the aperture in the foil 1s larger than
the beam transverse dimension, we have a real non-inter-
cepting device, also giving only a small perturbation to
the beam.

The mathematical derivation of diffraction radiation
properties in different environment conditions 1s rather
complex, but has been extensively studied [4—-7]. In the
accelerator physics, diffraction radiation plays an ex-
tremely important role as a source of beam energy losses,
and has been studied principally for circular machines,
with the main focus on the effects on the beam and not on
the radiation itself.

Although in these studies the diffraction radiation has
been considered as an independent form of radiation, 1t 1s
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evident that it is nothing else than the transition radi-
ation emitted by a surface with a cut on 1t which gives rise
to a “diffraction” distribution.

The simplest cuts in a metallic foil are a round hole or
a slit, but the latter must be preferred for a number of
practical reasons: a fixed width slit can be moved to
intercept the beam by means of a single linear actuator,
while two half foils, independently moved along the same
plane, allow to find the beam without intercepting it and
also form a variable width slit.

For these reasons I will concentrate on the analysis of
diffraction radiation from a slit, starting from the equa-
ttons given in Ref. [7].

In a previous note [8], I have already shown the
possibility to measure the bunch length through the
analysis of the far infrared spectrum of the coherent
diffraction radiation emitted by the same type of non-
intercepting device. In this paper 1 will deal with radi-
ation in the optical bandwidth, for which a large number
of imaging instruments are available.

When an electron crosses, with normal incidence, a slit
of width a symmetrically cut in a perfectly conducting foil
around the x-axis, the angular distribution of emitted
photons of wavelength A in a bandwidth dA, around both
forward and backward directions, i1s given by
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in which y is the coordinate of the crossing point perpen-
dicular to the shit axis (see Fig. 1) and thus |y| < a/2, while
¢ and ¢ are the standard polar angles.

After some mathematical manipulations, the photons
number can be written as
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Fig. 1. Siit layout.

with @ defined by
[P+ ki= —2fk,sin®=(f, —kZ)cosd. (4)

If the fo1l carrying the slit 1s rotated around the vertical
y-axis, the same formula (3) applies, under the limiting
conditions of a perfect mirror (reflection coefficient
equals 1 for all wavelength and all angles) and of y>1
(small angles), for the radiation emitted around the direc-
tion of specular reflection of the particle velocity. For this
reason in the following I will not distinguish between
normal or oblique incidence, assuming that the above
conditions are always satisfied. In a real device a 45°
rotation will allow to extract the radiation through an
optical window perpendicular to the beam line and to
measure 1t.

The analysis of formula (3), being af > 2na/yA, reveals
three different behaviours of the radiation pattern as
a function of a combination of the main parameters:

(1) for yA«2na the radiation intensity is strongly
reduced and no quantitative measurements are possible.

(2) for yA>2ma the radiation intensity and angular
distribution are very similar to that of transition radi-
ation, with which these coincide in the limit of a going to
zero. At energies high enough to satisfy this condition for
optical wavelengths, the radiation can be used to make
an 1mage of the beam, but at this moment there 1s no
experimental evidence that a resolution better than yA/2n
can be obtained.

(3) for yA ~ 2ma the intensity is somewhat less than
that of transition radiation, but enough to make quanti-
tative measurements for the TTF high-charge beam with



M. Castellano [ Nucl. Instr. and Meth. in Phys. Res. A 394 (1997) 275-280 277

up to 6 x 10'° electrons in a macrobunch. In this case
interference efiects between the two halfplanes of the slit
are visible and beam size measurement may be performed
in the plane normal to the slit itself.

Before going into the formal derivation of the beam
s1ize measurement, I will show a numerical example of the
diffraction radiation angular distribution in this regime.
The example 1s based on the parameters given in Table 1.

The intensity and angular distribution of the two
polarisation components, with the electric field parallel
and normal to the slit, are quite different, the parallel
component having an intensity almost one order of mag-
nitude less than the normal one.

The angular distribution of the radiation emitted by
an electron crossing the sht in its centre i1s shown in
Figs. 2 and 3 for the two polarisation components.

In the following I will limit the analysis to the normal
component, that from (2) and (3) can be written as

dN_L N 1 94 dj. e_'“f
dQ  2A2 AP+ k2
x {(e**’ + e #/) — 2sin (ak, + D)}, (5)

where « 1s the fine structure constant and @ is defined by
Eq. (4).

Table 1
Parameters used 1n the diffraction radiation calculation

Electron energy 500 MeV
Slit width ] mm
Wavelength  1um
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Fig. 2. Angular distribution of 1 um wavelength diffraction
radiation with parallel polarization emitted by a 500 MeV elec-
tron crossing a 1 mm slit in its center.
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Fig. 3. Angular distribution of 1 pum wavelength diffraction
radiation with normal polarization emitted by a 500 MeV elec-
tron crossing a 1 mm slit in its center.

3. Difiraction radiation emitted
by a gaussian charge distribution

Assuming a beam with a gaussian charge distribution,
in the plane normal to the slit, of the form

S(x) = L e~V y)* 205

\/%Jy |

the convolution of (5) with such a distribution gives
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and (6) becomes
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Two consequences can be derived by the inspection of (7):

(1) o, and y, play the same role, that is the intensity
emitted by a gaussian beam with standard deviation
o, crossing the slit in its centre is the same of that emitted
by an unidimensional beam (with the same charge) cross-
ing the slit at a position y, = + 7,.

(2) The total intensity has a minimum when y, = 0. As
has been already shown in Ref. [6], for a =~ yA the sensi-
tivity to the position is strong and the beam can be easily
centered on the slit minimising the total intensity.
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With the beam centered and for 6 = 0, we have
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and from the measurement of the intensity at 6 = 0 the
beam dimension could be directly derived.

In practice this measurement 1s impossible due to the
extreme difficulty to obtain an absolute calibration of the
detector: one must take into account the real dielectric
properties of the metallic surface, the absorption and
reflection of the vacuum window and of the optical ele-
ments, considering also the possible deterioration due to
the exposure to high energy radiation, and finally the
detector response.

This difhculty can be overcome analysing the whole
angular distribution in the plane ¢ = + n/2. In this
plane, for y, = 0, we have

dN a di e maivA
dQ an* 1 0% + 1/y*

2 _2;. .22 . 2 6
“ {esﬂ: afy? A __ sm( T;a | @)} (8)

with —nm<f<n (—nm<0<0 for ¢ = —7n/2 and
0 <0 < mntor ¢ =mn/2).

The range in which a significant intensity is present is
roughly |6| < 2/y* as determined by the denominator in
(8). If 1in this range the argument of the sine varies by at
least 2w, one or more oscillations will be present in the
intensity distribution as function of 6.

A numerical example of the intensity distribution 1n
the yz-plane of the normal polarization radiation emitted
with the beam and slit parameters of Table 1 and with
o, = 01s given in Fig. 4, while the same radiation emaitted
by a beam with a gaussian distribution of standard

b= 1n/2

V. \/ \/
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0 [rad]

Fig. 4. Radiation angular distribution in the yz-plane from an
unidimensional beam crossing the slit center.

deviation o, = 50 pm (the nominal value for the TTF
FEL beam) 1s presented in Fig. 5.

A fit of expression (8) on the experimental distribution
allows the determination of o,, which 1s the only free
parameter, together with a normalisation constant that
takes care of the overall detection efficiency.

In fact the oscillating amphtude acts as an auto nor-
malization. This can be more clearly seen in a simplified
approach that allows a rapid, but less accurate, beam size
determination: let us assume that

2 2
( nay) «1,
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from Eq. (8), we can write
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The behaviour of F(6) as function of 6 calculated with the
same parameters that have been used to derive Fig. 5 1s
shown 1n Fig. 6.

It 1s evident that F(0) assumes the mimimum values
when the sine 1s 1 and 1s given by

2 2
F(0)min = 2A( ""’) ,
VA

F(6)

—2nalyi

where A contains all the constant factors, while the max-
imum values are assumed when the sine 1s equal to — 1:
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Fig. 5. Radiation angular distribution in the yz-plane from
a beam with a gaussian transverse spread of o, = 50 um crossing
the sht center.



M. Castellano [ Nucl. Instr. and Meth. in Phys. Res. A 394 (1997) 275-280 279

A.U.L
| {\ [\2. des%‘ \ /\ I

CBEL Y
1 d.sito) [( |

¢ |

10

U 0000}

.

-0.003 -0.002 -0.001

L \;4

0.001 0.002 0.003
6 {rad}

Fig. 6. Behavior of F(0) with the parameters used to derive
Fig. 5.
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It must be noted that yA/2m is the transverse formation
zone of the transition radiation, and that some author
[6] considers this quantity as the limit in spatial resolu-
tion obtainable with this radiation. Being R < 1, Eq. (10)
gives a beam size inferior to this limit, and derived by
a far-field angular distribution, avoiding the problems
implied 1n a near field imaging of a very small beam spot.

With the parameters of Table 1 and assuming
R = 0.01, a limit value for standard CCD camera with
a digital dynamic range of 8 bits, but well within the
possibility of high resolution intensified camera, from
(10) it results that a beam with a standard deviation as
small as o, = 16 pm is measurable.

With a gated intensified camera, provided that enough
Intensity is produced, it is also possible to select only
chosen parts of the macrobunch to verify the stability in
time of the beam size.

4. Effects of beam angular spread

Up to now I have considered only a parallel beam. It 1s
evident that the radiation distribution given by Eq. (8),
and 1illustrated in Figs. 4 and 5, is relative to the electron

velocity direction, so that a convolution of (8) with a real
beam angular distribution in the yz-plane somewhat
smoothes out the minimum and maximum values, simu-
lating a larger beam size.

For strongly focalized beams this effect may be domi-
nant and in this case the radiation distribution can
be used for a measurement of angular spread. On the
other hand, beam size and angular spread give differ-
ent contribution to the radiation pattern, so that a nu-
mertcal fit to the experimental data may determine both
quantities.

This procedure i1s highly compute-time consuming,
because i1t i1s not possible to derive a simple analytical
expression for the convolution of (8) with an angular
spread distribution, but it 1s not in the purpose of this
work to consider this point. The possibility of a simulta-
neous measurement of both beam size and angular
spread will be investigated in a successive paper. Here
[ will limit myself to show that for a rather large range of
parameters typical of high charge, low emittance beams,
a good accuracy measure of beam size can be performed
by the detection of diffraction radiation. In fact in these
cases a strong focalization 1s not desired because of the
rapid emittance deterioration caused by space charge
forces. The TTF FEL beam has a nominal normalized
emittance of 2 x 107 ° m rad, and at the entrance of the
undulator 1t 1s focalized to a transverse size of 50 pum,
which corresponds, for a centred phase space ellipse, to
an angular divergence of only 20 prad.

With these values the simplified analysis illustrated in
the previous section gives a beam size overestimation of
3%, which becomes of 20% for a much worse emittance
of 5x 107 ® mrad. Even in this extreme case, the beam
size can be better measured scaling both the slit width
and wavelength. With a = 0.7 mm and A = 700 nm, 1.e. at
constant photon flux, the beam size overestimation i1s
reduced to 9%. A larger beam size can be measured
without any effect of the angular spread.

The slit width and the detected wavelength must
be chosen for each particular experimental situation
depending on beam energy, beam size and desired res-
olution, with the limits given by mechanical accu-
racy, total photon flux and detector bandwidth. As a
general rule, the fewer are the oscillations in the detect-
able angular range, the less 1s the influence of angular
spread.

5. Effects of the radiation bandwidth

Also the finite bandwidth over which expression (&)
must be integrated to be compared with the experimental
data has the eflect of smoothing out the minimum and
maximum values. Although the minimum at 8 = 0 is the
same for all wavelengths, the other minima and all the
maxima are functions of the wavelength. Also 1n this case



280 M. Castellano [ Nucl. Instr. and Meth. in Phys. Res. A 394 (1997) 275--280

a small number of oscillations helps in reducing the effect,
which is fortunately very small for the bandwidth of
standard interferential filters.

Infact, with the parameters of Table 1 and a beam size
of 50 um, the integration over an 80 nm bandwidth does
not lead to a significant difference 1n the radiation angu-
lar distribution. For a much larger bandwidth, the strong
dependence of intensity from wavelength may even result
in an underestimation of the beam size if only the first
maximum is used for the calculation, as can be seen iIn
Fig. 7 in which the distribution from a monochromatic
beam is compared to the one obtained by integrating on
a 400 nm bandwidth. The latter has a smoother behav-
iour, but the first maximum i1s higher. Using only this
value and that of the central minimum (equal for both
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~0.003 -0.002 -0.001 0.001 0.002 0.003
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Fig. 7. Comparison of the radiation intensity distribution in the
yz-plane for a monochromatic and a large bandwidth {400 nm)
radiation. The large bandwidth radiation shows a smoother
behavior but a higher first maximum.

cases), a beam size value of 46 pm 1s obtained, that 1s 8%
less than the nominal one.

6. Conclusions

The measurement of angular distribution of difiraction
radiation from a slit when interference effects are visible
allows the determination of the beam size. A resolution
better than the transition radiation transverse formation
zone 1s obtainable.

This method may be used at high energies and short
wavelengths for diagnostics of linear collider beams. Its
non-intercepting nature allows the determination of
beam parameters in operating conditions even with
high-charge, low-emittance beams.
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