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Optical transition radiation based transverse beam
diagnostics for nonrelativistic ion beams
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The usage of optical transition radiation (OTR) for profile monitoring of relativistic electron beams is
well known. This paper presents the case for beam diagnostic application of OTR for nonrelativistic ion
beams. In addition to expected linearly polarized transition radiation in the plane of observation, a
significant component of observed radiation is unpolarized. The unpolarized contribution increases as the
target is tilted toward the grazing angles with its intensity, an order of magnitude higher than the polarized
radiation. This unpolarized radiation is shown to have the characteristics of OTR and is qualitatively
explained as the OTR generated on a rough target surface. This increase in observed radiation can be used
advantageously for transverse profile measurements. Further systematic effects such as the dependence of
light yield on beam current, comparison of the measured transverse profiles with secondary electron
emission based grid, target heating, and prompt nature of observed radiation are reported.
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I. INTRODUCTION

Transition radiation (TR) is generated over a wide
frequency range when a charged particle traverses two
different media. The existence of TR was first predicted by
Ginzburg and Frank [1] where the expressions for the
radiation intensity of the far field angular distribution were
derived. The radiation intensity is typically evaluated
between two homogeneous media with different permittiv-
ities such as the vacuum-metal boundary which is often the
case for most practical realizations.

A common picture for visualizing transition radiation in
the case of a planar vacuum-metal interface is the follow-
ing: As the charged particle approaches the interface from
the vacuum side, the Coulomb fields associated with the
charge are terminated on the metal such that the boundary
conditions are satisfied by the induced polarization.
However, when the charge hits the metal vacuum-metal
interface, the boundary conditions can only be satisfied
with the addition of radiating electromagnetic fields which
are referred to as transition radiation [2]. A similar process
occurs upon the emergence of the charged particle on the
other side of the metal-vacuum interface. The emitted
radiation is often separated as backward transition radiation
(BTR) when the emission is in the first medium and
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forward transition radiation (FTR) when it is observed in
the second medium. For nonrelativistic ion beams, the
beam is typically deposited within the first few micrometers
from the target surface and there is no forward transition
radiation expected unless very thin foils are used. One has
to note that although simple descriptions for transition
radiation are given for the vacuum-metal interface, tran-
sition radiation occurs at every material interface or while
traversing an inhomogeneous medium. With respect to the
temporal extent of particle bunches, another distinction
commonly used in the jargon of transition radiation is
coherent vs incoherent transition radiation. The radiation
is referred to as coherent if the observed wavelength is
comparable to the size of the source’s charge distribution.
Coherent transition radiation for optical frequencies
would only occur for bunches with temporal lengths in
the order of a few femtoseconds (fs). In the next section, the
expression for OTR from a smooth target surface on ion
beam irradiation is presented. Then a qualitative model of
the rough target surface and expected modifications in OTR
are discussed. In the following sections, experimental
setup, results, and applications are presented.

II. MODELING ASPECTS

Figure 1 shows the schematic of the particle trajectory, a
target or radiator and the detector which is typically a
charge-coupled device (CCD) based camera, along with the
relevant symbols. The coordinate system is chosen in-line
with [3], i.e.,, the OTR target plane is defined as the
x-y plane and the target normal is toward the z axis.
The plane of incidence consists of target normal 7 and

beam incidence vector ﬁ and the angle between these planes
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is referred to as the irradiation angle (y). The plane of
incidence coincides with the x-z plane in the shown
schematic. The plane of radiation consists of 7 and

radiation wavevector kgtr While the plane of observation

contains beam incidence vector E and the detector position
fge. The beam incidence, target normal, and detector
position vectors are all in the same plane in our exper-
imental setup, i.e., the plane of incidence and plane of
observation coincide. Further, since only the radiation in
the plane of observation is detected due to a small

acceptance of the detector (i.e., V(k:—x' R 7lgey), the relevant

radiation vector also lies in the same plane as incidence and
observation, i.e., x-z plane.
|

dIH (n, w, 9, 45, l//)

Z%e*fcot*fle — 1)

A. Optical transition radiation from smooth target

Ideal surfaces where the structures on the surface are
much smaller than the wavelength of interest (« 4) are
loosely referred to as smooth surfaces. For smooth surfaces,
the direction of the target surface normal is not a function
of the exact location on the target surface. If an ion beam
with a charge state Z is traversing from the vacuum
(medium 1) with ¢; =1 into a smooth target (medium
2) with a relative permittivity e, = € at an irradiation angle
v, the angular distribution of the far field intensity with a
polarization parallel to plane of radiation (p polarized) as a
function of irradiation angle and emission angle 6 is given
as [3],

dQdw -

where,

A=

~ dadepc](1 - Py cos 6,)* — frcos?0)

(1 + B.Ve —sin?0 — p — B, cos 6, )sin> @ — B, . cos 0,V e — sin’0
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and, #, = B sin y, f, = f cos y and cos 6, = sin @ cos ¢.

There is also a component polarized perpendicular to the
plane of radiation (s-polarized) 7, however I, ~ I - /It
is thus expected to be negligible in comparison to parallel
components for kinetic energies relevant to our studies
where f# <0.3. The charge square dependence of OTR
signal intensity makes OTR a viable diagnostic mechanism
for heavy ion beams. For smooth targets oriented as shown
in Fig. 1, we expect the radiation detected by the camera to
be linearly polarized since the target normal (7) lies in the
plane of observation.

Vacuum Radiator

FIG. 1. Charged particle beam impinging on a metal target.

(2)

|

Figure 2(a) shows a polar diagram representing the
angular distribution given by Eq. (1) for a unit charge with
velocity f = 0.15 incident normally on a perfect electrical
conductor (PEC) and a realistic conductor, i.e., iron (Fe).
Here the relative permittivity of iron at 500 nm was used [4].
The peak of the radiation for an iron target is at 8 ~ 60°
irrespective of the angle of irradiation y while for PEC, it is
w = 90°. Figure 2(b) shows the angular distribution for
various irradiation angles. The cumulative spectral intensity
is highest for the case of normal incidence onto the target.

Optical transition radiation from low energy electron
beams has been already observed and utilized at several
facilities [5,6]. For low energy hadron beams, usage of
OTR for diagnostic purposes was proposed due to potential
signal increase due to ion charge state [7]. Following this,
some pilot measurements were done, which confirmed the
charge state dependency of light yield and prompt nature of
the signal [8]. Spectroscopic investigations showed broad-
band radiation indicating the presence of OTR and were
first reported in [9]. Polarization, angular dependence, and
light yield were not studied in that contribution. Since the
charge state dependency also exists for other competing
light producing mechanisms like beam induced fluores-
cence (BIF), the data did not conclusively confirm the
measured radiation as OTR in those pilot studies. Our
measurements fill some of those gaps.

B. Optical transition radiation from a rough target

The targets used in this study were not controlled for
surface roughness and had pre-irradiation surface rough-
ness factor R, in the range of 0.06-0.25 um. The surface
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FIG. 2.
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(b)

(a) Polar plot showing the angular distribution of transition radiation emission from an iron target in comparison to perfect

electric conductor (PEC) when irradiated by a singly charged particle with velocity f = 0.15 at w = 0°. (b) The angular distribution of

intensity for an iron target when irradiated at different angles.

roughness factor R, is defined as the arithmetic mean of
the departure of the profile from a mean line R, =
1 J& 1y (x)|dx, where y(x) is the surface height with respect
to mean line at the location x on a line of length L. The
energy deposition due to the ion bombardment degrades
the surface for the energy and intensity regime used in our
study after a short period of irradiation. The roughness is
at least increased by a factor of 5 after irradiation (see
Appendix D). In literature, rough surfaces are typically
characterized as “weak” or “strong” rough surfaces based
on the surface roughness factor and correlation length in
comparison to the relevant radiation wavelength [10]. An
important concept for transition radiation generation is the
“effective source size” rqy, which for a given radiation
wavelength A and beam velocity fc is given as fyl/2x
[11,12]. Further, it is also important to note that for § < 0.5,
it is not possible to control target roughness on the scale
of effective source size for optical wavelengths under heavy
ion irradiation. Thus, for the radiation emitted in the optical
regime, the effective source size is smaller than the surface
roughness factor, i.e., R,/res > 10. Therefore, all the
target surfaces utilized in our study can be considered
“strongly rough.” Each structure on the rough surface has
the possibility to act as an individual “microradiator” for
transition and diffraction radiation with its own target
normal which may not coincide with plane of observation.
This in turn means that the OTR characteristics can change
drastically since the target normal varies locally across the
whole target depending on the specific structure of the
target surface at that location and produces a distribution of

angles between plane of radiation and the plane of
observation. Another related concept in transition radiation
is the so-called formation zone [13,14] and is given by
NG
27(1-p/€g cos 6)°
One should note that in the context of rough surfaces, the
definition of formation zone is a bit modified from the
original derivation [15]. Since the formation zone is
comparable to the wavelength for low energy ion beams
as well as the roughness of the target, the angular
distribution of generated radiation can be modified [12],
unlike the typically considered cases of smooth targets and
higher energy beams (y > 1).

Figure 3 shows a schematic of a rough target surface
consisting of piecewise planar microsurfaces. The propor-
tion of the polarized light measured in the plane of
observation will be given by the relative distribution of
microscopic target normals 7., of individual radiators
with respect to the macroscopic target normal 7., Which
was earlier simply denoted as 7 as shown in Fig. 1. Here we
assume that the target normals for individual microradiators
are randomly distributed in the 2D angular space with
respect to 7,cro and have no preferred direction, i.e., Ayicro
is a random variable with respect to 6, ¢ with E[ii;co] =
Mmacro Where E[] is the expectation operator. However, only
the subset of microradiators normals (7yic00tR) Can
contribute to OTR generation, i.e., the ones which can
be directly irradiated by the beam. The red blob depicts the
charged particle along with the field extent representing the
effective source size for any given wavelength. A further
complexity for transition radiation produced by low beta

Lormation = where € is given as (¢, + €,)/2.
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FIG. 3.

Schematic representation of a target with a rough
surface hit by a charged particle under shallow incidence. Given
the depicted piecewise planar microsurfaces (with individual
normals 7i; yiero) are bigger than the effective transversal extent of
the incident electric field (rs = pyA in vacuum), they can be
thought as individual OTR sources.

beams arises from the fact that most radiation generated is
directed perpendicular to the target normal (as shown in
Fig. 2). This radiation can undergo scattering from the
rough target surface before reaching the detector. The
combined effect of randomly distributed radiator angles
and surface scattering especially with a strong surface
roughness has been used to interpret the polarization in the
plane of observation as well as the angular distribution in
the experimental section.

There has been early theoretical [13] and experimental
[16] work showing differences in optical transition radia-
tion photon yield and polarization for low energy electron
beams arising from rough surfaces. These studies per-
formed were mainly concerned with extremely shallow/
grazing irradiation angles y > 80°. Observations similar to
ours were made, i.e., an increase in light output at these
grazing angles was also observed and assigned to diffrac-
tion radiation. Some studies with OTR and rough surfaces
were performed to diffuse the radiation over a larger
emission angle with 95 MeV electron beams [17]. More
literature for low energy electron irradiation on metal
targets is available where an increase in radiation at grazing
angles irradiation is reported. However, these studies
attribute the increase in radiation to the excitation of
surface plasmons [18] or surface bremsstrahlung [19].
Surface bremsstrahlung is not relevant for ion irradiation
studies. It is also known from the literature that scattering
via surface plasmons or surface polaritons is not expected
to play any role for strongly rough metal targets and
nonmetallic targets [10]. Nevertheless, we have utilized a
nonmetallic OTR radiator to ascertain the potential con-
tribution of surface plasmons in the detected radiation.

III. EXPERIMENTAL ASPECTS AND RESULTS

The results presented in this paper were obtained in the
X2 beamline downstream of the universal linear accelerator
(UNILAC) at GSI. Most of the ion species are available
depending on the user request with kinetic energies up to
11.4 MeV/u and beam currents up to few mAs. The ions are
available in macropulses of up to 1 ms under 20 Hz opera-
tion. Further details can be found in [20]. Our experi-
ments were performed with any available ion species in a
parasitic user mode in parallel to the main user experi-
ments. The experimental setup is shown in Fig. 4. The
metal targets used were 35 mm wide and 100 mm high.
Three metals were used: aluminum, stainless steel, and
gold, where the former two were solid materials of 2 mm
thickness and the latter was in form of a 1 ym thick layer
sputtered on a 2-mm thick stainless steel holder. Another
target was a 5-mm thick disc (of diameter 110 mm) made of
glassy carbon. All of them were attached to a target ladder
with a stepper motor based translation stage. A rotational
stage was added to the ladder during the experiments,
and therefore the absolute angle of the rotational element
could not be precisely calibrated. On the acquisition side, a
10-mm objective with a 35-mm focal length was placed
roughly 36 + 3 cm above the target outside the vacuum
using a custom holder marked as “camera system” in
Fig. 4. Thus the optical system covers a solid angle
AQ ~ 6 x 107 Sr. A linear polarizer was mounted directly
in front of the objective. The objective is followed by an
image intensifier (Proxitronic, Image intensifier BV 2582
TX-V 100 N), which was fiber coupled to a BASLER CCD
camera. The residual gas pressure in the vacuum chamber
was measured to be about 5 x 10~ mbar.

A. Expected number of photons in the detector

An estimate of the total number of photons expected
from the backward transition radiation process in the

f'=25 mm

IR Filter

Polarizer
oarize UV Viewport

UV Filter
working

distance
~235 mm

OTR
Targets (45°)

FIG. 4. The experimental setup showing the OTR target ladder
mounted with several OTR targets and the optical system [9].
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(a) Total number of photons generated in A4 = 300 nm with center at 500 nm in the half sphere as a function of y for

5 x 10° Ca!%* jons. (b) Expected number of photons in 6 x 10~ sr from various target materials as a function of beam incidence with

respect to normal () at the observation angle § = 90° — y

backward half-space is discussed first. For a particle with a
given charge state Z and velocity f, the total energy
radiated in the frequency range of interest Aw = w, — w;
and a half unit sphere on one side of the target can be
obtained by integrating the radiation intensity given in

Eq. (1).

[ e
Eq= —_—
0o Jo , dQdw

Assuming that the frequency dependence of permittivity
does not significantly alter the generated photon intensity
(validity of this assumption is discussed in Appendix B)
over the given frequency range and using the photon energy
Ey, = hw and the number of photons per particle is
approximated by

. Z:z 2r d21|| n, (0
n / / dQdw

Let us consider an example case of Ca!®* beam with
energy corresponding to # = 0.11 and an average current of
40 uA with 200 us macropulse length which in turn
corresponds to Nj,, = 5 x 10° ions per beam pulse. As
the spatial pulse length is much longer than the detected
wavelengths, we can scale Eq. (3) linearly with Ny,
(incoherent sum) to find the total number of OTR photons
generated by the described macropulse normally incident
on a steel target as ~4 x 10° photons. Due to the
unavailability of steel permittivity values, iron permittivity
is used for the calculation and it is assumed that the

sin 0dOdpdw. (3)

d Iy ( H n,w)
dﬂdw sin 0d0dpdw

sin0dfdgp.  (4)

wavelength range of acceptance of the optical system is
centered at 500 nm wavelength with AA = 300 nm.
Figure 5(a) shows the total photons generated as a function
of beam incidence. A rough estimate of the total number of
photons as a function of incident ion number N, energy,
and charge state impinging at an angle y with respect to
normal on a steel target can be given as

(5)

The number of photons which will make into the optical
system with a solid angle AQ = 0.0006 sr as a function of
beam incidence is shown in Fig. 5(b). Equation (4) and
Fig. 5 are only valid for smooth targets. The transition from
the well defined transition radiation generation process
with a given polarization and angular distribution for a
smooth surface to an apparently unpolarized source is
governed by the surface roughness property and its inter-
play with the angle of incidence y as discussed in the
previous section and depicted in Fig. 3. Generally, the
dependency of light yield from a rough surface will differ
from the qualitative picture discussed above for the smooth
surface and depend on the shape of individual radiators as
well as their distribution and separation. An accurate
analysis requires a careful surface characterization and
statistical analysis which we deem outside the scope of this
work. We will only evaluate the dependency empirically in
light of the above arguments later in this section.

Ny 27 % 107* - 22208 YN o,

B. Profile measurements from various targets

Figure 6 shows the two-dimensional beam images from
the transition radiation for three target materials, aluminum,
steel (V2A), and glassy carbon under the same beam and
acquisition conditions. About 5 x 10° Ca'%* ions were
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FIG. 6. Transverse profile for aluminum (a), steel (b), and glassy carbon (c) targets for same beam conditions corresponding to
w = 50° for 5 x 10° Ca'®* ions per macropulse. The plot is an average of 250 macropulses in stable low intensity machine conditions.

irradiated on the targets at an irradiation angle of y = 40°.
An average of over 250 images was performed to obtain the
two-dimensional images where the color bars are fixed to
same values for all of the three images. The photon count
scaling trend for different target materials is similar to
Fig. 5 and is also visible in the profile heights of the
horizontal projection plotted in Fig. 7. The discrepancy is
mainly for the steel target where we have used permittivity
values for iron. We also see, that there is a saturated region
on the aluminum target at the coordinates (20 mm, 20 mm;
Fig. 6) and could be related to macroscopic surface
structure on the target. Similar less pronounced spots are
seen at (10 mm, 22 mm) and (25 mm, 17 mm) on the steel
target. The measured profile width (FWHM) is 11.4, 11.2,
and 10.2 mm for aluminum, steel, and glassy carbon
targets, respectively. Although the glassy carbon has the
lowest signal, the profile is the cleanest and should
accurately represent the beam profile. Another observation
is that the background is proportional to the peak height,

x108
1.2 —— Aluminum
— Steel (V2A)

1.0 1 Glassy Carbon
£ 0.8
S
3
A 0.6+
S

0.4

0.2

0.0 =5 T T T

0 10 20 30

Position [mm]

FIG. 7. Beam profile in horizontal plane for aluminum,

steel, and glassy carbon targets for y =50 degrees for

5% 10° Ca'* jons.

which hints that the background might be primarily
composed of scattered OTR photons.

The CCD count itself is a strongly nonlinear function of
intensifier voltage and cannot be directly correlated with
the number of detected photons. However, for multiple
measurements under the same beam conditions, the CCD
count fluctuation can provide an estimate of the average
number of photons generated. This is discussed further in
Appendix A.

C. CCD counts vs beam current

A systematic study to observe the relation between
average beam current against the number of counts for
the same intensifier and CCD settings. This study was
performed with a gold target with a bismuth Bi’** beam.
Figure 8 shows a single image of a 200-4A beam current at
w =70 deg. The background counts are subtracted by

Vertical Positon [mm]
w
S

20
10
0
0 10 20 30 40 50 60 70
Horizontal Positon [mm]
FIG. 8. Individual image taken with an 80-us gate for 200 uA

Bi*®* beam current. The rectangle marked on the top left is used
to subtract the background counts per pixel.

072801-6



OPTICAL TRANSITION RADIATION BASED ...

PHYS. REV. ACCEL. BEAMS 25, 072801 (2022)

—a— Current Transformer
600 i --

Scaled Counts

Average Current [1A] and counts [arb. units]

Macropulse/Image Number
()

FIG. 9.

x10?

A el
S -
'; o Data L
50 RS e
m L %
= w0,
n e
§ >
g 057 x
ke oa
3 =
= ’
¢ | s
S 0 o

T T T T T T T

0 100 200 300 400 500 600

Average pulse current [pA]
(b)

(a) Macropulse average current vs integrated count per image in the region of interest. A linear behavior from 40 A to 600 uA

(b) Current transformer reading vs integrated counts on consecutive images for the four current settings.

using the average pixel value from outside the beam
irradiation. This background region and region of interest
(ROI) are annotated. An average beam current to CCD
count dependence is shown in Fig. 9(a). Each data point
corresponds to a current transformer reading and the
corresponding image counts in the region of interest
(ROI) for the given macropulse. There is a clear linear
dependence between beam current and CCD counts.
Figure 9(b) shows the temporal correlation of the beam
transformer current and scaled CCD counts for ROI in the
image for the same data as in Fig. 9(a).

D. Polarization study

The dominant component of transition radiation for a
smooth target for low velocity beams is linearly polarized
in the plane of radiation. This is one of the signatures of
transition radiation in comparison to other photon inducing
charged particle interactions like beam induced fluores-
cence (BIF) or material luminescence. We measured
images for different polarizer settings with respect to the
plane of observation for a macropulse containing 5 x 10°
Ca!%* ion beam with velocity g = 0.11 irradiated on three
target materials (aluminum, steel, and glassy carbon). One
image was captured per macropulse. The multichannel
plate (MCP) gain was set to 1.726 V. Figures 10 and 11
show 2D transverse profiles for yy = 20° at six consecutive
polarizer angles from a steel and glassy carbon target,
respectively. These images were obtained by averaging 250
images. The polarizer angle = 120° is when the polarizer
axis is parallel to the plane of observation. The number of
CCD counts is generally factor ~2 higher for the steel target
in comparison to the glassy carbon target. There is a
component that is polarized in the plane of observation
for both steel and glassy carbon target. Observing linearly

polarized radiation from both metallic and dielectric targets
can be considered evidence of OTR being a dominant
radiation mechanism in vacuum for the given beam con-
ditions. It is also worth noticing that in the case when the
polarizer angle is perpendicular to the plane of observation
(30°), there is still a significant amount of radiation left and
the image corresponds well to the beam profiles with other
polarizer settings. This can be understood as a consequence
of the aforementioned surface roughness where the planes of
radiation of microradiators do generally not coincide with
one of the macroscopic targets. Therefore microradiators will
effectively contribute to the photon yield which is unpolar-
ized with respect to the plane of observation.

Figure 12(a) shows the average CCD counts for 250
images as a function of polarization for an irradiation angle
of y = 30° on an aluminum target. The polarizer angle was
incremented in 30° steps for each set of measurements and
covers the full 360°. For N image measurements under the
same beam conditions, the error bar on the mean value of
CCD counts is given by S.ounts = Geounts/ V' N. The polari-
zation angles 120° and 300° correspond to the plane of
observation. The counts are accumulated for three different
regions of interest (ROIs). ROI 1 corresponds to the full
image shown in Fig. 12(b). ROI 2 and 3 are marked in the
figure. They were chosen to avoid the “hotspots” on
the image. These hotspots occur at the same location on
the target irrespective of beam movement, and therefore we
suspect that they occur due to surface nonuniformity. The
size of these hotspots is ascertained to be below 300 ym.
However, the exact size of surface nonuniformities was not
investigated post-irradiation. Their formation might have to
do with larger local surface currents at these specific
locations, resulting in larger photon yield. The counts
from ROI 1 are scaled down by a factor of 10 for a
better visualization. There is a good agreement with the
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polarization curve for all ROIs; however, the best match is
for ROI 2 which is the smallest of the three and devoid of
any hotspots. However, there is seemingly no dependence
on the relative contributions of polarized to unpolarized
light to the choice of ROL It is also worth noticing that in
this specific case of aluminum for y = 30°, there is roughly
a factor of ~8 more unpolarized radiation compared to the
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polarized component. The CCD images from the aluminum
target for steep angles y < 30° were saturated since many
photons were registered in the few pixels of the CCD
exposed in the vertical plane. In addition, the hotspots, as
shown in Fig. 6 on the aluminum target, do not allow a
quantitative comparison for different irradiation angles. We
have therefore not considered the data from the aluminum
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Image with a glassy carbon target at 20° with respect to normal at the polarization angle of (a) 0°, (b) 30°, (¢) 60°, (d) 90°,
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(a) OTR light output from an aluminum target as a function of polarizer angle. 120° and 300° on the polarizer corresponds to

the plane of incidence. (b) The different regions of interest for calculated counts are shown in the image with hotspots due to the surface
nonuniformities. ROI 1 corresponds to the shown full image while ROI 2 and ROI 3 are smaller sections as marked.

target for target rotation and angular distribution studies
discussed in the following section. Further, we have
observed that under heavy ion irradiation, the polarized
components of radiation reduce over time while unpolar-
ized component is unaffected. Faster surface deformation
due to heavy ion irradiation might reduce the polarized
contributions arising from 7., part of the target.

E. Light yield and angular distribution

Figures 10 and 11 show the images recorded at various
polarizer angles for a fixed irradiation angle y = 20°. In the
next step, we measured the radiation from several target
angles in the range y = 10°-70° along with a systematic
variation in the polarizer settings covering 180° rotation in
six steps. One has to note that the observation angle 0 is
correlated with irradiation angle 8 =90 —y when the
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FIG. 13.

target is rotated. Figure 13 shows the CCD counts vs
polarization angle for several irradiation angles for steel
and glassy carbon targets. The CCD counts due to polarized
photons and unpolarized photons can be separated by
fitting the data with a typical polarization power curve.
The peak intensity for most irradiation angles is seen at the
polarizer angle of 120°, which is the angle when the
polarizer axis coincides with the plane of observation. A
peculiar observation is that at y > 60°, we see a shift in
polarization direction and an emergence of polarization
perpendicular to the plane of observation. The angle
corrected transverse profiles are found to be consistent
with each other.

In Fig. 14, we have summarized the linearly polarized
and unpolarized radiation with respect to the plane of
observation as a function of irradiation angles for steel and
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CCD counts as a function of incidence angle and polarization angle for steel target (left) and glassy carbon target (right).
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(a) Detected polarized photons from steel (V2A) and glassy carbon target as a function of polarizer and target angle.

(b) Unpolarized photons from steel (V2A) and glassy carbon target as a function of polarizer and target angle.

glassy carbon from the data shown in Fig. 13. The linearly
polarized light in the observation plane is compared with
the scaled theoretical estimate of photons shown in Fig. 5
as a function of w. The plots for the estimates are
normalized to match the measured sample for glassy carbon
aty = 10°. The polarized light is seen when the charges hit
the surfaces whose normal vectors 7i..o.orr coincide with
the “macronormal” of the target 7i,.,. There is a good
agreement for glassy carbon data. For the steel target,
the trend against y is similar, but the absolute estimate
value has a notable discrepancy. As mentioned earlier, the
permittivity values for iron were used to estimate the
theoretical light yield over irradiation angle to be compared
to the steel target. One should note that the iron permittivity
values available in the literature itself have a rather large
variation [4,21].

The unpolarized component of radiation shown in
Fig. 14(b) increases with y and could be fit satisfactorily
with the lowest order dependence of sin*y. Similar
observations were also made for gold and aluminum
targets. The increase in photon counts at shallower angles
(as w — 7/2) can be assigned to two categories of effects:

1. Geometrical factors

(i) One can expect that a certain proportion of generated
photons from the micro-radiators will be scattered away
from the detector by the structures on the target surface for
normal incidence or steeper angles  — 0. On the other
hand, the surface scattering can direct additional photons
(other than the ones in the line of sight toward the detector)
toward the detector for grazing angles y — /2.

(ii) Significant radiation at grazing angles is directed
toward the target surface which can be specularly reflected
or scattered toward the detector resulting in an increase in
light yield.

2. Modification of generation process

(1) The increase of the light yield toward grazing angles
has been explained by diffraction radiation [16]. One
should note that diffraction radiation drops exponentially
as a function of ion distance from the surface [22], and the
generation of any significant diffraction radiation can only
happen when particles spend a lot of time close to the
surface before hitting it.

(i1) There is also a possibility of the nonuniform surface
features enhancing the transition radiation which can scale
with the irradiated area. The basic mechanism would be
similar to the one causing hotspots and higher radiation
from edges.

It is difficult to distinguish the dominant com-
ponent that results in the increased unpolarized radiation
among all the effects discussed above. In another
experimental observation, we observed a large amount
of radiation when the edges of targets were irra-
diated. This could be explained by induction of large
currents on edges resulting in higher OTR similar to the
cause of hotspots due to local nonuniformity as discussed
earlier.

Altogether, the aforementioned observations largely
support our working hypothesis; i.e., a majority of the
detected radiation on the CCD is indeed the modified
optical transition or diffraction radiation due to the
target surface roughness. The hypothesis is further
strengthened by the measurements from the glassy carbon
which is a radiation-hard dielectric material. The material
properties of glassy carbon do not allow other generation
mechanisms like surface plasmons and metallic oxide
fluorescence. The yield for polarized, unpolarized, and
background light scales expectedly with the permittivities
of different target materials and hints strongly that all the
radiation (including background) is primarily transition or
diffraction radiation.

072801-10



OPTICAL TRANSITION RADIATION BASED ...

PHYS. REV. ACCEL. BEAMS 25, 072801 (2022)

1.2

—— OTR from Steel target
-o- SEM Grid

Normalized Counts

Position [mm]
(@)

FIG. 15.

x10°
ERER 44
< L .
L
E v ¢
z K ‘\
£ 17 J .
o { \
E // \
— / !
S K \
k= 0.5 1 ¢ ¥
1] ,I \
= , .
=) ' .
o /
) / \
0 - .
T T T T T T T
0 0.2 04 06 08 1.0 1.2
Time [ms]
(b)

(a) Comparison of a horizontal profile from a secondary electron emission grid (SEM-Grid) and OTR light for an Ar'3+ beam

with 95 uA and 100 us pulse length. (b) The mean count for Fe?>* beam with 20 pA average current in a 1 ms macropulse for 100 us
MCP gate width with a varying delay marked on the x-axis. The error bars are calculated from count fluctuations over 100 macropulses.

F. Comparison of OTR profile with SEM-Grid

A comparison between secondary electron emission
monitor grid (SEM-Grid) and OTR image, which are
longitudinally separated by 1 m, is shown in Fig. 15(a).
This measurement was performed with an 8.6 MeV/u 95 uA
Ar'8* beam irradiated on a steel target. The SEM-Grid wires
are 2.1 mm apart and interpolation between the wires is
performed by the SEM grid software. Generally, a good
agreement between OTR images and SEM-Grid profiles
is seen.

G. Counts as a function of MCP gate delay

As part of the initial studies to rule out fluorescence and
any other slow processes, the MCP gate was set to a fixed
width (100 us) and the measurement was triggered at
different delays with respect to beam macropulse arrival.
This measurement was performed with an 11.4 MeV/u
20 pA Fe®* beam with a macropulse length of 1 ms. The
coarsely sampled pulse shape was reconstructed with this
measurement in 13 delay steps as shown in Fig. 15(b).

H. Target heating and black body radiation

The number of OTR photons per image is in the order of
20-1000 for low intensity beams discussed in this report.
Therefore profile imaging using OTR is sensitive to any
black body radiation (BBR) visible regime resulting from
target heating. An estimate of BBR per unit frequency f
and solid angle € as a function of target temperature can be
obtained by Planck’s law,

dir(n.f) 2nf° 1
dQdf ~ ¢ MKT 1

(6)

Figure 16 shows the dependence of the number of
photons generated as a function of target temperature
for radiation centered in different parts of the spectra
within 200 nm spectral width. One can see a threshold-
like behavior, i.e., when the temperature of the target
crosses a certain threshold, BBR with the longest wave-
length allowed by the optical system will start to interfere
with the measured profile image. As can be seen that
already at 700 K temperature, photons centered at
500 nm photons can overwhelm the OTR based profile
image. This behavior was observed with a 400 yA cur-
rent Bi’®* beam on a steel target as shown in Fig 17(a).
There was no optical filter applied for this specific
measurement. Using a multichannel plate (MCP) gating
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FIG. 16. Black body radiation as a function of target surface
temperature.
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(a) Image with a 70 us gate (top) and 100 ps (bottom) from the beginning of the macropulse for 400 uA current for target

incidence y = 25°. (b) Image with a 70 us gate (top) and 100 us (bottom) from the beginning of the macropulse for 400 yA current for a

target incidence of y = 65°.

period of 70 us, the beam profile is not distorted while
with a gate of 100 us, the central part of the image is
dominated by BBR. This led us to the conclusion that the
center of the target crosses the temperature threshold at
about 70 us from the start the of macropulse. Target
heating can be counteracted by depositing the beam
energy of a larger surface area of the target as shown
in Fig. 17(b), where under exactly the same beam
conditions as Fig. 17(a), no BBR is observed. Since a
larger area of the target was under irradiation, the target
did not cross the temperature threshold to generate
enough BBR. BBR can be reduced by utilizing shorter
macropulses, shallower target angles, infrared filters, or
active target cooling. Deducing from Fig. 16, the appli-
cation of optical filters, which filter radiation longer than
300 nm, can allow the target temperature to increase up
to 1100-1200K without any significant disturbance from
BBR. For most practical measurements in our current
range of up to few mA, target heating should not be an
issue if macropulse length is controlled or an optical filter
is applied. However, target heating always needs to be
considered in OTR based diagnostics for low energy
hadron beams.

IV. SUMMARY AND APPLICATIONS

We have shown that the OTR for ion beams provides
enough photons for the measurement of a beam profile
covering the typical range of intensities in accelerator
operations. The light yield and polarization differ signifi-
cantly between an ideal smooth target and the rough target
as observed experimentally. A rough target has enhanced
radiation at grazing angles, which can lower the intensity
and energy thresholds for the usability of the OTR process
in beam diagnostics. It also opens up possibilities for
optimization of camera angles for beam imaging, nonde-
structive profile monitoring, and energy deposition on a
larger surface area to avoid target heating. There are a few
immediate applications, the first is the construction of a
SEM-Grid like profiler for transversely small high intensity
beams, since the construction of SEM-Grids is particularly
challenging in those cases. The second use case is the
modeling of nondestructive devices like ionization pro-
file monitors (IPM) and beam induced fluorescence (BIF)
monitors under high beam intensity. The IPM and BIF
monitors are known to be affected by direct beam fields
(space charge) and OTR can provide an in-situ nonspace
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charge affected profile for correction and modeling. Finally,
OTR with thin radiation hard materials like silicon carbide
(SiC), glassy carbon, carbon stripper foils (already used at
GSI [23]), zinc oxide (ZnO) in high energy beam transport
opens up a possibility for an almost nondestructive profile
monitoring, especially for fully stripped particles. The light
yield after the synchrotrons should be high enough to be
observed on a normal CCD directly.

Although the results presented in this paper are targeted
at practical transverse profile measurement, there is still
work to do toward theoretical modeling (in-line with [13])
at least for simpler surface structures [14] and experimental
verification of the results as a function of surface roughness
and irradiation angle on light yield. An evaluation of the
precision of the profiles measured with the unpolarized
component of the transition radiation in the context of
scattering from rough surfaces and a detailed study of
changes in the surface due to the effect of heavy ion
bombardment is also required. This is relevant for detailed
beam profile measurements for high intensity beams such
as halo measurements or measurements of very narrow
beams (<1 mm). There are other potential applications,
e.g., if rough surfaces and multiple radiators could produce
more than one photon per ion on an MCP for high energy
beams; nondestructive OTR based particle spill counters
during slow extraction can be foreseen similar to [24].
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APPENDIX A: CCD COUNT FLUCTUATIONS

An independent way of estimating the number of
photons reaching the CCD is to evaluate the fluctuations
in the number of counts for consecutive images under the
same beam and target conditions during a stable machine
operation.

There are three potential sources of CCD count fluctua-
tions: (1) The first is due to the statistical fluctuation of the
photon generation process. The fluctuations in discrete
event generation are modeled by a Poisson process. For a
Poisson process with an average of N events in a given time
interval, the 1o of the variation is expected to be \/N. This
is also referred to as “shot” noise in electronics literature.
The second source of fluctuation is the MCP amplification
process. It should be a constant for a given image intensifier
setting and only weakly dependent on the number of
amplified events. Another cause of CCD count fluctuations
is the charged particle count fluctuations in consecutive
macropulses.

Figure 18(a) shows the fluctuations in the CCD count for
irradiation of the aluminum target for several incidence
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(a) CCD counts from aluminum target for various irradiation angles when the polarizer angle is set to 0°. (b) The number of

average photons reaching the detector as a function of irradiation angle.
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angles for a fixed image intensifier setting. Beam current is
measured independently using a current transformer for
each macropulse and was 40 + 1 pA for the presented data.
The beam current fluctuations should contribute very
weakly to the count fluctuations since <GTI> <

Ocounts
(counts)”

There is a correlation in the average number of counts
and its fluctuations, which hints that the fluctuation might
be dominated by the photon generation process. Assuming
that the fluctuation in count rates is dominated by the
photon generation process, the average number of events or
generated photons can be estimated as
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The estimated photon counts from this procedure are shown
in Fig. 18(b).

We have to note that the role of background subtraction
is crucial for this process since this is an absolute photon
number estimate. For 5 x 10° Ca!®* beam with = 0.11,
we estimate the generation of 1000 photons for the
aluminum target at w = 30° (Fig. 5). The photocathode
has an average quantum efficiency of 15%, and the optical
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FIG. 19. Optical transition radiation spectra. (a) Shows the variation in absolute value of epsilon in visible range. (b—d) Calculated
radiated intensity for different irradiation angles and the observation angle is 6 = 90 — .

072801-14



OPTICAL TRANSITION RADIATION BASED ...

PHYS. REV. ACCEL. BEAMS 25, 072801 (2022)

system should register a maximum of =150 photons per
image from a smooth target. On the other hand, the photon
estimate from the measurements is from a rough aluminum
target, and the maximum intensity (140 photons) is
measured at y = 70°. One should note that the data shown
in Fig. 18 provides only a lower bound on the number of
photons reaching the CCD. It is not distinguishable if the
fluctuations are entirely driven by the TR generation
process or if the noise in image intensification process
also makes a contribution.

In comparison to photon yields above, the beam induced
fluorescence monitor provides roughly =50 times lower
number of photons when scaled for the same beam
conditions [25]. About 500 events or photons are sufficient
to provide a reliable 1D profile for an image intensified
system if ~10 bins are used in a histogram.

APPENDIX B: OTR SPECTRA

It is clear from Eq. (1) that the transition radiation
spectral intensity is a rather complex function of material
permittivity, angle of irradiation, and angle of observation.
For low betas, e.g., (f < 1), it reduces to a simpler form.

dly(n. .0, ¢.v) _ Z%e*fPcos?y
dQdw

sin@cos O(e—1) |?
€cos 0+ Ve—sin20|
(A2)

drdec

The radiation intensity becomes low at the two extremes
of observation angle € due to cosfsin@ dependence.
However, the effect of the material property on the spectra
is easier to highlight close to these extremes. For a given

irradiation angle s, as the angle of observation 6 — /2,

diy(n,
[}‘g(;;;) ~ |e — 1|. Toward the other extreme as

the intensity

dly(n,w) —1
0 -0, dHQd(u \/\E/e—' |2

of ¢ approaches 1, will result in flattened spectra. Thus

o~
~ |

, which for sufficiently large values

depending on the angle of observation, the optical tran-
sition spectra may have the signature of the frequency
dependence of the absolute value of permittivity. This is
highlighted in Fig. 19, where the spectral intensity of the
p-polarized component is shown for a particle with unit
charge and velocity f = 0.11 and incident on the target
materials aluminum, iron, gold, and glassy carbon. We
should note that the observation angle in Fig. 19 is a
function of irradiation angle 8 =90 —y in compliance
with the rest of the manuscript and our experimental setup.
The frequency dependence of permittivity values is
acquired from [4,26,27].

APPENDIX C: EXPECTED PHOTON NUMBER
FOR PEC AT NORMAL INCIDENCE

Setting € = 10'? (to emulate a perfect electric conductor)
and y = 0, we can compare photon number (4) derived
from spectral intensity (1) for an oblique case with the
result obtained using spectral energy ([2])

dE  22¢ (14 (1+p
d_w_4”2€00( 2 ln<1—ﬂ>_l)’ (A3)

which is valid for normal incidence and PEC. In the latter
case, the total photon number is given as

N; wy\ dE
N _ Nion (@02} dE
ph,PEC, L 7 n <w1 do

(A4)

For N,,, =5 x 10 ions with charge state Z = 10 tra-
veling with f=0.11 and in the wavelength range
A € [350,650] nm, one obtains 1.166 x 107 photons using
(A4). This gives a scaling of Ny, =2 X 1072Z2N; gy
in-line with Eq. (5).

FIG. 20. Photos of the irradiated target areas after 8 h of beam irradiation. The scale is marked on the lower left of each image.
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APPENDIX D: POST-IRRADIATION
TARGET SURFACES

The OTR targets were analyzed after irradiation in
terms of surface distortion and chemical composition and
compared between irradiated and nonirradiated areas of
the target. The characterization was performed using
scanning electron microscope with energy dispersive
x-ray spectroscopy analysis. The chemical composition
did not change due to irradiation. The steel and glassy
carbon targets were relatively uniform in nonirradiated
area while there were several nonuniformities of ~1.5 ym
were observed on aluminum targets (see Table I below).
The images of target center after 8 h of irradiation with
Ar'%* 50 uA beam are shown in Fig. 20. Each sample
was irradiated with a maximum of 25,000 macropulses of
1 ms each. The aluminum and steel surfaces have a
visible distortion while glassy carbon target seemed
unaffected visually. Figure 21 shows a higher resolution
comparison of the steel target between irradiated and
nonirradiated area under a “moderate” irradiation of 50
consecutive macropulse irradiation of 100 us each. The
surface roughness factor R, is measured using the surface
roughness line profiler Taylor-Hobson Surtronic 34-. The
length of profile over which R, is measured is 0.8 mm
and five readings are taken close to irradiation center
as well as outside the irradiation center for each case.

TABLE 1. The surface roughness inside and outside the
irradiation area.

Target Outside Inside
Aluminum 0.28 £0.1 25403
Long irradiated steel 0.16 £ 0.06 13.4+£0.2
Moderate irradiated steel 0.16 +0.06 0.9 £0.1
Glassy carbon 0.06 = 0.02 0.24 +£0.06

o e

F— 200 pm —

Probe 2 Edelstahl bestrahlt a Mag=150x HV=15kV

Left: nonirradiated part of steel target. Right: irradiated part of steel target.

The results are shown in Table I. The measurements
exactly at the center of the steel target were prohibited
due to significant damage and the measurement range of
the line profiler.
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