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Abstract

Over recent years the first Diffraction Radiation (DR)
beam size monitor has been tested on a circular machine. At
CesrTA, Cornell University, USA, the sensitivity and limita-
tions of the DR monitor for vertical beam size measurement
has been investigated. DR emitted from 1 and 0.5 mm target
apertures was observed at 400 and 600 nm wavelengths. In
addition, interference between the DR signals emitted by the
target and mask has been observed. In this report, we present
the recent observations and discuss areas for improvement.

INTRODUCTION

Diffraction Radiation (DR) describes photons which are
emitted when a charged particle passes through a target aper-
ture. In this case the charged particle does not intersect
the boundary of the medium but interacts with the medium
via its electric field. The field of the charged particle ex-
cites atomic electrons of the medium. Polarisation currents
are produced which are accompanied by the emission of
electromagnetic waves called diffraction radiation [1].

The DR spectral angular distribution can be calculated us-
ing Eq. 1 where the wave number is defined as k = 27/ and
E,.y are the polarisation components of the radiation inte-
grated over the target surface. The total field of the radiation
is dependent on the incident charged particle field [1,2].

a>w 2
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The far-field zone defined by the far-field condition in
Eq. 2 where L is the distance from the target to detector, y
is the Lorentz factor and A is the DR wavelength [3] is the
region at which the angular distribution of DR is observed.
The prewave zone is the region near the target where the

far-field condition is not satisfied.
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As shown in Fig. 1, DR is emitted in two directions. For-
ward Diffraction Radiation (FDR) is emitted in the direction
of the charged particle trajectory. Backward Diffraction
Radiation (BDR) is emitted in the direction of specular re-
flection relative to the incident charged particle trajectory
and the target tilt angle 6. For high energy beams the emis-
sion of DR is considered to be non-invasive. The energy loss
of the charged particles to DR is much less than the energy of
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the fast moving charged particle. For this reason the particle
velocity can be treated as constant to a good accuracy [1] and
DR, particularly BDR, can be used for non-invasive beam
diagnostics.

Figure 1: Schematic of DR emission from a particle moving
in the vicinity of a medium where y 1 is the effective electric
field radius and /4 is the impact parameter [2].

EXPERIMENT SET-UP

The DR monitor is located in the L3 straight section
of CesrTA (see Fig. 2). The X-ray beam size monitor
(xBSM) [5] located at the CHESS synchrotron radiation
(SR) station is used to measure the vertical beam size o .
The visible beam size monitor (vVBSM) [6] located in L3
approximately 10 m upstream of the DR target is used to
measure the horizontal beam size o [7,8].
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Figure 2: Layout of CesrTA [4].

CHESS

An overview of the DR tank is shown in Fig. 3. Inside the
tank the target is attached to a mechanism with two degrees
of freedom: translation IN/OUT and rotation about this axis.
DR escapes from the DR tank via a viewport at the top which
is connected to the optical system.

In Fig. 4 a schematic and photograph of the optical system
are shown. The optical system is a dual purpose system pro-
viding direct imaging of the target surface using the achromat
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Figure 3: View of the DR target vacuum chamber from the
upstream direction. The target is inserted from right to left.

and far-field imaging such that the angular distribution of
DR can be observed using the planar convex (or biconvex)
lens. In the latter case, since the compact optical system is
within the prewave zone [3], the camera must be positioned
at the back focal plane of the planar convex lens.
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Figure 4: Schematic and image of the optical system.

Targets used on circular machines must be modified to
have a fork-like shape since they must be retracted from
the storage ring during injection and then inserted to the
stored beam. The roughness, aperture size and coplanarity
of the target must be controlled during fabrication to avoid
distortions in the DR angular distribution.

Bonding by molecular adhesion is a technique that enables
two substrates having polished surfaces to adhere to one an-
other, without the application of adhesive [9]. The upper
and lower tines of the target are machined separately in sets.
The tines are then paired together in all variations to identify
which upper/lower pairs result in the best coplanarity and
attached to a flat mounting block. In effect, the molecular ad-
hesion target consists of three individually machined pieces:
two tines and the mounting block.

In this experiment a 0.5 mm molecular adhesion target
made of Suprasil fused Silica (SiO,) glass with an Alu-
minium (Al) and Chromium (Cr) coating was used. This
target was paired with a Silicon Carbide mask with 1 and
2 mm apertures. The mask was positioned 15.5 mm up-
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stream of the target to reduce the synchrotron radiation (SR)
background (see Fig. 5).

target

Figure 5: Schematic of the mask and target assembly.

OPTICAL DIFFRACTION RADIATION
(ODR) MODEL WITH PROJECTED
VERTICAL POLARISATION
COMPONENT (PVPC)

The author of [10] has shown that the vertical polarisation
component is sensitive to beam size. It is assumed that
electron beam has a Gaussian distribution [2].

In [11], the expression for the ODR vertical polarisation
component convoluted with a Gaussian distribution is given
and shown here in Eq. 3 where « is the fine structure constant,
v is the Lorentz factor, 6y is the target tilt angle, ¢, , = y8y ,
where 6, are the radiation angles measured from the mirror
reflection direction, A is the observation wavelength, oy, is
the rms vertical beam size, a is the target aperture size, a,
is the offset of the beam centre with respect to the slit centre

ly
Visid ||
TR contribution from the tails of the Gaussian distribution
scraping the target is negligible i.e. approximately a > 4o.

The projected vertical polarisation component (PVPC)
takes the vertical (y) projection of the 3-dimensional (6,
6y, intensity) DR angular distribution. The y-projection is
obtained by integrating over the horizontal angle 6. The
visibility (1,;,in /Imax) Of the y-projection is sensitive to the
beam size of the electron beam. The reader should refer
to [11] for detailed steps to obtain the vertical beam size
measurement.

and y = arctan This model is applicable when the

OPTICAL DIFFRACTION RADIATION
INTERFERENCE (ODRI)

FDR produced by the mask interferes with BDR emitted
by the target. Both of these DR sources will also interfere
with background SR. The ODRI model uses Eq. 4 with
parameters:

2 f=AJkZ+7n?
=3 -
ky =ksinfcosgp A= N1-1/¥
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n=—
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where A is the coplanarity of the target tines in the longi-
tudinal direction (i.e. along the trajectory of the electron), a;
is the mask aperture size, a, is the target aperture size and d
is the distance between the mask and target [12]. To observe
the vertical angular distribution ¢ = /2 and a suitable range
of 0 is chosen. This model should be used when a; < 4a;.

BEAM SIZE SENSITIVITY

The xBSM was used as the reference beam size monitor
from which we could compare the DR monitor measure-
ments. A variety of beam sizes were measured at 600 nm
wavelengths. From DR theory it is known that the sensitivity
to beam size scales inversely with wavelength. However as
aforementioned, at 4 = 400 nm the SR background was too
high causing distortions to the DR angular distribution and
inhibiting further analysis.

ODR with PVPC Technique

In Fig. 6 the DR angular distribution in the case of negli-
gible interference is shown. As expected, the central lobes
have a greater intensity compared to the side fringes. In
Fig. 7 the beam size sensitivity is demonstrated. The visi-
bility of the vertical projections at 45 um beam size were
larger than that at 17 pum as expected. The 45 pm line pro-
file with a known beam offset relative to the target centre
also had a greater visibility than that of the centred beam.
Thus in Fig. 7 the ambiguity and contribution due to beam
offset in the target aperture to the beam size measurement
can be observed. The beam offset was observed from direct
imaging of the target surface.

Figure 6: An example of the DR angular distribution: 1 =
600 nm, 0.5 mm target and 2 mm mask.
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Figure 7: A comparison of projected vertical polarisation
components (PVPCs) for different beam sizes.

Using the ODR model and PVPC technique, the expected
visibility curves were simulated by obtaining the visibilities
from simulated angular distributions using Eq. 3 for different
beam sizes at 600 nm wavelength and 0.5 mm target. The
simulated visibility curve assumes zero background thus the
curve passes through the origin. The expected theoretical
visibility curve was fitted to Eq. 5 [2] to obtain the coeffi-
cients Ag,1,2. The coeflicient Ag defines the crossing point
on the visibility axis. For real data measurements there will
be some background contribution to the DR signal. Thus
Ap will be larger than zero and this baseline represents the
background contribution to beam size measurement.

R= Ao+ Aoy + Ayory (5)

Images at 17 and 45 ym beam size and 600 nm wave-
length were analysed. In Fig. 8 the measured visibility from
each image was plotted (red crosses). The average visibility
at each beam size was also plotted (green circles). From
the simulated visibility curve the coefficients obtained were
A = —15.49 and A = 2.130 x 107. Using the data and per-
forming a least squares fit given A; and Aj, the background
offset for the real data was found to be Ag = 0.292. This
background offset was predominantly due to the SR.

As discussed, a significant SR contribution to the beam
size measurement was observed at 600 nm wavelength. In
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Figure 8: Resultant visibility curve at 600 nm wavelength
and 0.5 mm target aperture from a least squares fit of the
average visibility (green circles) at different beam sizes from
individually measured visibilities (red crosses) correspond-
ing to separate images.

this regime, it was found that SR contributed primarily as a
background offset and did not modify the DR interference
fringes noticeably. The beam size sensitivity improves with
decreasing wavelength. However, in this experiment the
SR contribution increased with decreasing wavelength. At
400 nm it was not possible to accurately measure the visi-
bility due to the modification of the DR angular distribution
due to SR. In Fig. 9 the distortion to the angular distribution
at 400 nm in the 0.5 and 2.0 mm target and mask apertures
respectively is shown.

Figure 9: DR angular distribution at 400 nm wavelength and
0.5 mm target aperture.

ODRI

In addition to beam size sensitivity, the ODRI model is
also sensitive to the beam divergence. In the Monte Carlo
application of the ODRI model, the summation of the DR in-
tensity distribution for each electron of the beam is simulated.
Therefore each electron is assigned a transverse position and
divergence in the beam satisfying the user-defined beam pro-
file. The beam profile and beam divergence are assumed to
be Gaussian. To fit the beam size only, a reasonable estimate
of the beam divergence was calculated. This was done by
calculating the vertical beam emittance using the beam size
measurement from the xXBSM and the machine optics.
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Table 1: Table of Beam Size and Divergence at the ODR
Monitor

oy (xBSM) £y oy (ODR) a'; (ODR)
[p m] [m] [p m] [prad]
22.2 3.06E-11 17.6 4.08
46.1 1.70E-10 36.6 8.46
58.2 2.71E-10 46.2 10.7

The natural vertical emittance &, was calculated to be
03 (xBSM)/By(xBSM) = 3.96 x 10~'! m. From the ver-
tical emittance the beam size and beam divergence were
calculated as 17.6 um and 4.08 urad respectively. These
results are summarised in Table 1.

Figure 10: Contour plots of the angular distributions for a)
ODR and b) ODRI.

In Fig. 10 the ODR and ODRI angular distributions may
be compared. Fig. 10(a) shows the non-interference case
(ODR) using a 0.5 mm target and 2.0 mm mask. Fig. 10(b)
shows the interference case (ODRI) using a a 0.5 mm target
and 1.0 mm mask. As expected, an enhancement of the side
fringes was observed due to the interference between FDR
and BDR from the mask and target respectively.
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Figure 11: A beam offset of 120 um obtained using a least

squares fit for ODRI data given parameters: oy, = 17.6 um,

oy, = 4.08 urad and coplanarity offset 40 nm.

As aforementioned in addition to beam size, a beam offset
relative to the centre of the target aperture also contributes to
the visibility measurement. To quantify this beam position
offset the line profile was fitted using the method of least
squares. The result of the least squares fit is shown in Fig. 11.
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The beam offset relative to the target aperture centre was
found to be 120 um.

SHADOWING OF THE
ELECTROMAGNETIC FIELD

In the formation zone (Ly ~ yle /2n) the Coulomb field
of the ultra-relativistic (y >> 1) electron and FDR from the
aperture cannot be measured separately [13].

Mask

Target

Figure 12: Shadowing of the Coulomb field of an electron
passing through the mask and target.

In the Coulomb field point of view, the electric field as-
sociated with the electron beam is considered to consist of
quasi-real photons. Scattering of the Coulomb field by the
mask gives rise to FDR. Positioned downstream, the target
is in the shadow of the mask (see Fig. 12). Thus it emits al-
most no radiation. The Coulomb field is gradually “repaired”
during the formation zone [13].

Figure 13: Images of the 0.5 mm target surface: (a) with neg-
ligible shadowing from a 2 mm mask and (b) with significant
shadowing from a 1 mm mask where 4 = 600 nm.

In Fig. 13(a) negligible shadowing was observed and the
measured radius of the illuminated DR disc in the vertical
direction (perpendicular to the target edge) was 0.96 mm.
The effective field radius for an electron r, ~ y1/2x given
y =4110 and A = 600 nm was 0.4 mm. A factor of two dif-
ference was obtained between the calculated and measured
radii of illumination of the DR disc in the vertical direction.

Fig. 13(b) shows significant shadowing. The vertical
width of the illuminated region has reduced from 2 x 0.96 =
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1.92 mm to 1 mm defined by the mask aperture. Here the
reader should note the significance in this observation of
clear evidence of the shadowing effect on the target surface.
The mask is separated from the target and the optical sys-
tem only images the target surface. Therefore although it
is expected that SR cannot extend into the shaded regions
of the target due to being blocked by the mask positioned
upstream, DR emitted by the target should not have this
boundary unless as a result of shadowing.

CONCLUSION

In this paper vertical beam size measurements from the
Diffraction Radiation monitor installed at CesrTA are pre-
sented. Using a 0.5 mm target and 600 nm wavelength,
interference effects in the angular distribution between the
mask and target have been investigated. Further study of
these interference effects have been explored via direct imag-
ing of the target surface. These observations show evidence
for the presence of shadowing.
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