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Abstract

The high charge per micropulse of up to 17 nC in the
booster to storage ring transport line for APS Upgrade will
necessitate changes in the imaging station used to evaluate
beam emittance in this key region. The original Chromox
screen has recently been replaced by a YAG:Ce single
crystal for immediate screen spatial resolution
improvement down to <10 um. However, the optical
system also needs an upgrade with lenses and a digital
camera to take full advantage of this. In addition, at the
high areal charge densities expected, the YAG:Ce
scintillator mechanism will saturate, or quench, leading to
images larger than the actual beam size. To circumvent this
effect, optical transition radiation (OTR) screens will be
implemented. A proposed longer-range goal of a non-
intercepting beam-size monitor using optical diffraction
radiation techniques during top-up injection will also be
addressed.

INTRODUCTION

One of the challenges of the injector for the Advanced
Photon Source Upgrade (APS-U) [1] is the measurement
and monitoring of the required high charge beam at 6 GeV
between the booster synchrotron and the storage ring in the
transport line (BTS). In APS-U, charges of up to 17 nC per
micropulse are specified with a beam geometric emittance
of 80 nm rad. One issue is the possibility of transverse
emittance blow up at these high charges, and evaluations
of this at station BTS:FS3 using a quadrupole field scan
with downstream beam size measurements has been
initiated. The anticipated lattice will result in vertical beam
sizes at the imaging station BTS:FS3 of ~80 um (sigma) so
system resolutions of <30 pm are warranted. To address
this need, a phased approach to enhance the imaging
station performance has been initiated.

Recently, a 20-year-old Chromox screen oriented at 45
degrees to the beam was replaced by a 100-um thick
YAG:Ce screen with the surface orientation normal to the
beam followed by a 45-degree backing mirror which
resulted in an estimated screen resolution of <10 pm (o).
The optical magnification of the system still needs to be
increased to take full advantage of this screen resolution,
however. In addition, the high areal charge densities of
APS-U are expected to exceed the scintillator mechanism’s
saturation threshold so an optical transition radiation
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(OTR) screen will be added to the station for high-charge
studies. A final implementation phase under consideration
is the use of an optical diffraction radiation (ODR) screen
configuration as a non-intercepting beam-size monitor
during top-up injections. Evaluations of the different
imaging techniques will be presented.

EXPERIMENTAL ASPECTS
The APS Linac and Injector Rings

The APS linac is based on an S-band thermionic cathode
(TC) rf gun which injects beam into an S-band linear
accelerator with acceleration capability currently up to 450
MeV. This is an S-band pulse train with about 10 ns
macropulse duration and 28 micropulses, presently
delivering 1 to 1.5 nC per macropulse. Beam diagnostics
in the linac include imaging screens, rf BPMs, loss
monitors, and coherent transition radiation (CTR)
autocorrelators [2].

The linac beam is injected into the particle accumulator
ring (PAR) at 375 to 425 MeV at up to 30 Hz, and the
macropulse is damped to about 300 ps pulse length at 3 nC
normally. For APS-U however, up to 20 nC are stacked in
the PAR, which in turn results in bunch lengthening, and
some instabilities occur [3]. The beam is extracted and
injected into the booster synchrotron which ramps the
beam energy from the injection energy to 7 GeV currently,
but 6-GeV for APS-U and machine injector studies. The
beam is extracted from the booster and then enters the
booster to storage ring transport line (BTS) as
schematically shown in Fig. 1. The beam is then injected
into the storage ring at full energy. One wishes to
characterize the beam transverse emittance in normal
conditions and at the high charges of APS-U in this
transport line. Our injector studies are on the path to
measure these beams with sufficient spatial resolution even
at high charge. This objective has motivated the upgrade of
the imaging station BTS:FS3 from the Chromox screen
oriented at 45° to the beam direction to a YAG:Ce single
crystal oriented with its surface normal to the beam and
with a 45° mirror behind it (to redirect the light to the
optical system). This crystal is a good solution for spatial
resolution at low charge, but we address the potential
saturation [4], or quenching [5], of the scintillator
mechanism which occurs at charge areal densities of ~10
fC/um?. Note one reaches this regime with a 1 nC charge
focussed in a 100 um by 100 pum sigma-x,y beam size. We
will show that APS-U parameters will exceed this value in
the BTS line.
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2 Radiation Converter Screens for Beam Imaging

tt

The basic task of imaging a relativistic electron beam has
2 been accomplished for many years in accelerator
£ laboratories. The imaging system includes a converter
2 screen, optical transport, a CCD camera, and digital image
& processing. The first task is to have the optical system
Z spatial resolution preferably 3x smaller than the beam size
E to be measured. For 1-mm size beams in older machines,
; 300-pm resolution would be more than adequate. It is
£ relatively straight forward to proceed down to ~10 pm with
é present day technology, but care is needed. The converter
% screen has been a key performance factor in this change.
E Historically, powder screens or polycrystalline forms had
+ been used. Due to light scattering off the grains, the
& delivered spatial resolution was much larger than the grain
'é size. The “rule of thumb” in the x-ray imaging world was
% that the full width at half-maximum intensity (FWHM)
& spatial resolution was about the same as the screen
thickness [6]. For relativistic electrons, this resolution rule
is measurably worse than this guideline. This is graphically
illustrated by the plot in Fig. 2 showing a compilation of
different thickness powder screens and their deduced
= resolutions based on comparisons to OTR, single crystals,
= or wire scanners [7,8]. For example, the 250-um thick
' Chromox screen at 45 deg to the beam direction has about
5 200 um (sigma) or 470 um (FWHM) resolution, which is
% 34 % larger than the thickness. The plot here also shows
= where a grain size of 5 um would fit, but the light scattering
< prevents the attainment of that resolution. The other point
> is that the single crystal samples have superior spatial
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Figure 2: Comparison of powder screen and single crystal
scintillator spatial resolutions vs. thickness. The different
accelerator facilities where data were obtained are
indicated [7, 8].

Content from this work may be used under the terms of the CC B

y TUPLE11
584

(Omom)

Booster Ring

Figure 1: Schematic of an arc of the APS Booster synchrotron and the BTS line with the imaging screen BTS:FS3

resolution by a factor >5 compared to a powder version of
the same thickness. This is why one has moved to such
crystals at many laboratories in recent years. A comparison
of screen properties is given in Table 1. Note the clear
advantages of the YAG:Ce over Chromox and OTR over
both at high areal charge densities. It is also noted that the
beams are extracted from the booster synchrotron ring so
they are Gaussian shaped and would have no
microbunching instability effects for the OTR or ODR
imaging [9]. They would still have the linear polarization
effects on OTR image size reduction of ~15 % to address
[10].

Table 1: Comparison of radiation converter screen
parameters for Chromox (A1203:Cr), YAG:Ce, and OTR
assuming screen thicknesses of 250 um, 100 um, and 10
um, respectively.

Parameter ALO;:Cr YAG:Ce OTR

Spatial resolution 200 <10 <10

o (um)

Response Time 300 ms 80 ns 10 fs

Polarization effect No No Yes

Saturation effect Yes Yes No
EXPERIMENTAL RESULTS

Previous Scintillator Saturation Results

We have made the case for improved spatial resolution
at low charge areal densities, but there is a caveat at high
charge. Scintillator mechanism saturation [4], or
quenching [5], can occur at high charge areal densities.
Using a linac beam at 600 MeV previously [4], we
identified beam image size blurring in the YAG:Ce 0.5-mm
thick crystal compared to the OTR images taken under the
same charge conditions from the TC rf gun as shown in the
updated plots of Fig. 3. The beam x,y sigma sizes were 40
pm x 400 pm with the total charges varied from 1-7 nC by
lengthening the S-band macropulse generated by the TC rf
gun. The response time of the crystal is 80 ns so the
macropulse appeared as a single bunch to the scintillator. It
is noted that the light yield per electron may reduce at the
higher charge densities as well as the image broadening
observed. In the European XFEL case with LYSO crystals,
smoke-ring-like images were observed at 14 GeV, but less
so at the ~200-MeV point for ~1-nC micropulse charge [5].
This was modelled as a quenching effect on the excitation
carriers. They also reported the YAG:Ce crystal has a better
performance than LY SO in this aspect. At 6-7 GeV in the
BTS and 10-17 nC per micropulse, we will look for the two
effects in the YAG:Ce crystal images.
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Figure 3: (a) Measured beam image sizes with OTR (blue)
and YAG:Ce (green) as a function of charge. (b) Measured
beam image sizes with OTR (blue) and YAG:Ce (green) as
a function of charge areal density. At 25 fC/um?, the
YAG:Ce image is twice as large as the reference OTR
image due to presumed saturation effects. APS-U exceeds
this density value with 17 nC and the expected beam sizes.

Recent YAG:Ce Scintillator Results

Examples of the beam images with Chromox and
YAG:Ce screens are shown in Fig. 4 on two different
machine runs with different lattices (’s). The YAG:Ce
image is the more recent and also includes optics revisions.
In addition, an example of the measurement of vertical
emittance with the latter screen using a quadrupole field
scan technique is shown in Fig. 5. A vertical emittance of
~1.5 nm rad was obtained indicating a low vertical
coupling of around 1.5%.
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Figure 4: Chromox (a) and YAG:Ce (b) beam images taken
at BTS:FS3 with different lattices and optical imaging.
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Figure 5: Example of vertical emittance measurement data
using the YAG:Ce crystal.

Previous OTR and ODR Imaging Results:7 GeV

Both OTR and ODR imaging were demonstrated at APS
at 7 GeV in the booster extraction/beam dump line (BTX)
[11]. In this case, a polished Al metal mirror on a stepper
actuator could be inserted into the beam for OTR imaging
or positioned with its edge above the beam line axis for
ODR imaging. This is shown schematically in the inset in
Fig. 6. In Fig. 7a we show an example of the OTR image
from this station with Q = 0.4 nC and an ~1200-um x size.
The ODR image was then taken with Q = 3.3 nC and the
metal edge 1.25 mm above the beam axis as shown in Fig.
7b. This provided a non-intercepting monitor of this image
size at the <20 % level, or better using corrections.

7-GeV Beam from
Booster Synchrotron
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Figure 6: Schematic of the OTR/ODR station in the nearby
BTX line [11].
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Figure 7: (a) Example of an OTR image at 7 GeV taken in
the BTX line at APS. (b) Example of the ODR image taken
with a screen edge offset of 1.25 mm from beam axis [11].

SUMMARY

In summary, the BTS:FS3 imaging station upgrade paths
have been described with supporting demonstrations of
imaging techniques. These indicate the beam imaging can
meet the desired performance goals for APS-U and even
provide a non-intercepting beam-size monitor online
during the top-up injections of 17 nC at 1 Hz.

TUPLE11
585

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



North American Particle Acc. Conf.
& ISBN: 978-3-95450-223-3

NAPAC2019, Lansing, MI, USA
ISSN: 2673-7000

JACoW Publishing
doi:10.18429/JACoW-NAPAC2019-TUPLE11

@

E ACKNOWLEDGMENTS Conf. (IBIC'18), Shanghai, China, Sep. 2018, pp. 366-370.

5 doi:10.18429/JACoW-IBIC2018-WEOCO3

@ The ﬁrs.t author acknowledges the support of C. Drennan [6] 1. Naday et al., “Characterization of CCD-based imaging

% and M. Lindgren at Fermilab and all authors acknowledge X-ray detectors for diffraction experiments,” Nucl. Instrum.

& the support of J. Byrd of APS/ANL. Methods Phys. Res., Sect. A, vol. 347, p. 534, 1994.

doi: 10.1016/0168-9002(94)91943-7

REFERENCES [71 A.H. Lumpkin et al., “Upgrades of beam diagnostics with

[1] T. E. Fornek, “Advanced Photon Source Upgrade Project application to emittance-exchange experiments,” Phys. Rev.
Preliminary Design Report,” Argonne National Laboratory, ST Accel. Beams, vol. 14, p. 060704, 2011.
Lemont, IL, USA, Rep. APSU-2.01-RPT-002, Sep 2017. doi: 10.1103/PhysRevSTAB.14.060704

doi:16.2172/1423830 [8] A.H. Lumpkin, A.B. Garson, and M.A. Anastasio, “First

[2]1 Y. Sun et al, “APS LINAC Interleaving Operation,” in point-spread function and x-ray phase-contrast imaging

Proc. 10th Int. Particle Accelerator Conf. (IPAC'1Y),

Melbourne, Australia, May 2019, pp. 1161-1163.
doi:10.18429/JACoW-IPAC2019-MOPTS119

K. C. Harkay et al, “High-Charge Injector for on-Axis
Injection Into A High-Performance Storage Ring Light
Source,” in Proc. 10th Int. Particle Accelerator Conf.
(IPAC'19), Melbourne, Australia, May 2019, pp. 3423-

results with an 88-mm diameter single crystal,” Rev. Sci.

Instrum., vol. 89, p- 073704, 2018.
doi: 10.1063/1.5027499

A.H. Lumpkin et al., “Characterization and mitigation of
coherent-optical-transition-radiation ~ signals from a
compressed electron beam,” Phys. Rev. ST Accel. Beams,
vol. 12, p. 080703, 2009.

3426. [10] A.H. Lumpkin et al., “Evidence for anomalous optical
doi:10.18429/JACOW-IPAC2019-THYYPLM3 transition radiation linear polarization effects in beam-

[4] A.H. Lumpkin et al., “Optical techniques for electron-beam profile monitors,” Phys. Rev. ST Accel. Beams, vol. 16, p.
characterizations on the APS SASE FEL project,” Nucl. 102801, 2013.

Instrum. Methods Phys. Res. Sect. A, vol. 429, p. 336, 1999. [11] A.H. Lumpkin, W. J. Berg, N. S. Sereno, D. W. Rule, and

doi: 10.1016/50168-9002(99)00075-3 C.-Y. Yao, “Near-field imaging of optical diffraction
[5] G. Kube, S. Liu, A. I. Novokshonov, and M. Scholz, “A radiation generated by a 7-GeV electron beam,” Phys. Rev.

Simple Model to Describe Smoke Ring Shaped Beam ST Accel. Beams, vol. 10, p. 022802, 2007.

Profile Measurements With Scintillating Screens at the doi: 10.1103/PhysRevSTAB.10.022802

European XFEL,” in Proc. 7th Int. Beam Instrumentation

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work.

} TUPLE11

=

586 06: Beam Instrumentation, Controls, Feedback and Operational Aspects



