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Abstract

The spatial resolution of an OTR monitor, widely
used for electron beam profile diagnostics, is deter-
mined by the resolution of the optical system and by
the Point Spread Function (PSF) representing the sin-
gle electron image. In the image plane, the PSF has a
typical lobe-shape distribution with an inter-peak dis-
tance depending on wavelength and lens aperture ratio
[1]. For a beam with a transverse rms size smaller than
the distance, the reconstruction of the beam profile has
several difficulties [2,3]. We propose to reduce the
PSF contribution and to improve the spatial resolution
of an OTR monitor simply by rotating the lens optical
axis with respect to the specular reflection direction. If
the difference between the rotational angle and the lens
aperture is much larger than the inverse Lorentz factor,
the PSF has a Gaussian-like distribution which matches
practically with the Airy distribution. Thus the resolu-
tion depends on wavelength and lens aperture. In prin-
ciple, for lens apertures in the order of 0.1 rad such an
approach should allow to measure beam sizes compa-
rable to the wavelength of observation, using a simple
deconvolution procedure for the measured image and
the PSF.

INTRODUCTION

Transverse beam size measurements based on optical
transition radiation (OTR) are a widely used technique
and OTR monitor stations are operated at most modern
electron linacs [4, 5]. For electron energies higher than
50 MeV the OTR intensity collected by a conventional
optics system with numerical aperture of 6, ~ 0.1 rad

achieves N, ~ 10~ photons per electron in the band

width AL /A ~0.05.

The spatial resolution of a transverse beam size mon-
itor based on OTR is determined by the so-called Point
Spread Function (PSF) or, in other words, by the re-
sponse of the monitor optical system to a point charge
crossing the target. With knowledge of the PSF, in
principle it is possible to reconstruct beam size and
beam shape from an electron bunch passing through
the target applying a deconvolution algorithm to the
measured OTR image.

The PSF has a double-lobe structure which is de-
fined by the radiation wavelength A, the acceptance
angle or numerical aperture of the optical system 0, ,

and the alignment accuracy. For the condition of ideal
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imaging the OTR monitor resolution determined by so-
called diffraction limit can be expressed as

R:I,IZ?B—M. (1)

Here M denotes the magnification factor of the optical
system.

For beams with micrometer/submicrometer sizes
such an optical system provides PSF dominated regime
and one should applicate a spectral treatment of the
data in order to extract a real beam size [6].

We propose optical schemes for OTR monitors with
off-axis light collection in order to avoid a two-lobe
structure of the PSF and improve its spatial resolution.

CALCULATIONS OF OTR PSF
DISTRIBUTIONS
Under ultra-relativistic approximation the particle
Coulomb field can be sufficiently described by its
transverse components and it is possible to write down
the OTR field in the lens plane in analogy with wave
scattering at a finite size conducting screen:

cos
Efv(XL’YL) = COIlStJ dXTdYT . (pT K1 iRT X
. 5 sin @, By

k k
exp[zZ(Xi +Y? )}exp[—z;(XLXT +Y,Y, )}.

2

Here R, =X; +Y; ,(X,, Y;) and (X,,Y,) are the
coordinates of target surface and lens plane, a is the
distance between target and lens, S, is the target sur-

f {COS(‘DT} ! {XT} K,(x) is th
ace area, q . =— , x) is the
S Q@ w/X? +YT2 Y, 1

MacDonald function of the first order, k =21/ A.
The OTR fields in the image plane using thin lens

approximation can be written in the following way
after integration over the lens aperture S, :

E? (X, Y,) =const [ dX,dY, E} ,(X,,Y,)x
St

i A3)
exp[—iZ(XLXD +Y,Y, )}

b is the distance between lens and detector. Inserting
Eq. (2) in the last expression and performing 4-fold
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integration, one can obtain the OTR fields and, subse-
quently, PSF distribution [7, 8]:
aw 2 b2
+|Ey | )=
hd wdQ

deD dZWD (4)
const x4 z_|.
hdodQ  HidwdQ

ED

= COIlSt(

Figure 1 shows PSF distributions calculated for the
following  parameters: A=0.5um; y=2000;

a=b=500 mm; the lens diameter d, =100 mm

(green curve) and d, =50 mm (blue curve).

Xy, um

Figure 1: PSF distributions for horizontal polarization
component d°W?" / hdwdQ for y, =0.

METHODS FOR IMPROVEMENT OF THE OTR
SPATIAL RESOLUTION

Basis of the first method is the installation of a mask

" in front of the lens with appropriate size at a position
% which is asymmetric with respect to the optical axis. If
& mask size and position are selected in a proper way it is
@ possible to block one of the lobes of the horizontal
§ angular OTR distribution. In this case information is
& extracted only from the second lobe in the lens plane or
é in the k, —k, phase space. Due to the properties of the

Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

% Fourier transformation the output in the X, -, plane

S (i.e. the detector plane) will also have a single maxi-
& mum distribution.

For such asymmetric geometry the PSF distribution
can be calculated from the above mentioned expres-
sions (1)—(3) with integration in (2) over the open part
of the lens (Fig. 2).

The single maximum PSF in this case can be approx-
imated by a Gaussian distribution and the rms size of
this PSF is much smaller than the diffraction limit
Eq.(1): 6=2.1um, R=5.6um.

Content from this work may be used under the terms of t
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Figure 2: Scheme of the lens screening by an off-axis
mask (up) and PSF distribution calculated for this
case (down). Parameters: A =0.5um;y =1000;"

a=b=500mm; 6, =0.1.

The second method to improve the spatial resolution
of an OTR monitor has the same purpose to create a
PSF with a single maximum. Again, the OTR horizon-
tal polarization component will be considered in the
following. However, in this case the idea is to displace
the imaging lens asymmetrically as depicted in Figs. 3
and 4.

Figure 3: Scheme of the asymmetric lens displacement.
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Figure 4: Scheme of the asymmetric light collection.

If the lens optical axis is disoriented with respect to
the specular reflection direction from the OTR target at
an angle of 0, with 6,-0, >>y~' the OTR light will
be collected from the outside region of the OTR lobe-
shape distribution.

Results of such PSF calculations using asymmetric
light collection geometries are presented in Fig. 5 for
0, =0.1rad (green points) and 0, =0.05rad (red
points). The remaining parameters for the calculation
are the same as before.
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Figure 5: Calculated PSF distributions for an asymmet-
ric lens aperture (red points 6, =0.11 90y =0
0, =0.05 —red points); 0, =0.11, 6, =0.1(green
points) and Gaussian fits for them.

Approximating the central maximum by a Gaussian
distribution results in an rms value of o, =1.01 um for

the first case and o, =2.02 um for the second one.

CONCLUSIONS

In the report we have showed that an off-axis mask
screening of the imaging lens or an asymmetric light
collection geometry caused by a displacement of the
imaging lens both result in light collection from only
one lobe of a linearly polarized OTR intensity distribu-
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tion. As consequence, the PSF possesses also a single
maximum in the image plane.

In the following PSF distributions calculated for
asymmetric OTR light collection (see Fig. 2 and Fig. 5)
will be compared with the well-known Airy distribu-
tion, describing the PSF of an isotropic emitting point
source [9]. It is expressed as

AF(R,) =(1,(aR,)/ aR,)’, )
with 1,(x) the first order Bessel function and
0=2m0_ /A a=2n0_ /A R, =+X;+Y..

In Fig. 6 the Airy distribution for A =0.5 pm, 6, =
0.1, Y, =0 and the PSF are shown.
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Figure 6: Airy functions for y,=0; A=0.5um;
6, =0.1 rad (blue curve) and the PSF calculated for
6,, =0.11, 0, =0.1, red dots (see Fig. 5).

One can conclude that the proposed asymmetric light
collection scheme provides a spatial resolution practi-

cally coinciding with the one for an ideal isotropic
source.
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Figure 7: Comparison of calculated OTR PSF func-
tions for conventional light collection (red line), for
50% screening of the lens aperture (blue line) and for
off-axis light collection (green line)

Figure 7 compares calculated OTR PSF functions for
three different cases, (i) for standard imaging without
using a mask (red line), (ii) for blocking the lens aper-
ture by an asymmetric mask (blue line), and (iii) for
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dD

g off-axis light collection (green line). All PSF functions
E were calculated for the same set of parameters (
£ y=1000, A =0.5um, 6, =0.1). As one can see from

&.this comparison, the PSF for the off-axis light collec-
< tion has the narrowest shape and possesses only a sin-
2 gle maximum in contrast to the PSF for standard OTR
= imaging which exhibits a double-lobe shape.

Drawback of asymmetric OTR observation geome-
tries however is a decrease in the overall intensity. In
the ultra-relativistic approximation (which is valid for
y > 1000 with accuracy better than 1%) it is possible

b

to estimate the OTR photon yield for the cases under
consideration using the formula

o AL
- === 0.do . 6
A JQ (v +ez+ez) o ©)

aintain attribution to the author(s), title of the

In the following the yield of the OTR horizontal po-
larlzatlon component is estimated (which is described
o by the first term in the bracket in Eq. (4)). For the
£ screened geometry presented in Fig. 2 and an optical
% bandpass filter with AL/A=5% and the same aper-
B > ture (6, =0.1), the photon yield amounts to

H AN ~2.4-10*ph/e . This corresponds to an inten-

= sity level of about 25% of the unpolarized OTR using a
_g conventional imaging scheme without screening. Per-
‘g forming the similar calculation for the case of asym-
& metric light collection and a rotation of the lens optical
gaxis at an angle of 0.11 and the same aperture, one

obtains AN, ~1.4- 10*ph/e .

We belleve that the proposed technique allows to
© achieve a submicron resolution for a transverse beam
\Sproﬁle diagnostics which is well above the spatial
§ resolution of the conventional OTR monitor.
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