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Abstract

We present initial results from the booster-to-storage ring
beam-loss montior (BTS BLM) employing time-of-flight
analysis to localize and minimize losses along the BTS line.
The BTS BLM utilizes a pair of high-purity, fused-silica
fiber optic cables running in parallel along the 65-m BTS
transport line. Photomultipliers located at both upstream
and downstream ends of each fiber monitor Cerenkov radia-
tion generated by lost electrons. The downstream detectors
receive temporally compressed, higher-intensity, spatially in-
verted signals, while the upstream waveforms are temporally
expanded with lower intensity allowing finer time resolution;
both upstream and downstream effects owing to the refrac-
tive index in the fiber glass. Each radiation-hardened optical
fiber is composed of 600, 660, and 710-micron-diameter
core, cladding, and buffer, and is similar to those used in the
newly commissioned LCLS-II superconducting linac BLM
system. Real-time waveforms are recorded on a fast oscil-
loscope and available for diagnostic observation through
EPICS waveform records. Remote controlled high-voltage
power supplies provide gain adjustment. Data from booster
and storage ring commissioning are presented.

INTRODUCTION

The Advanced Photon Source Upgrade (APS-U) booster-
to-storage ring (BTS) transfer line transports full-energy,
6-GeV electrons for injection into the newly installed, fourth-
generation storage ring (4GSR). The new BTS line differs
from the former due to the addition of emittance-exchange
optics transversely rotating beam properties from horizontal
to vertical and vice versa. Beam loss is a concern due to
multiple variations in aperture along the line. The BTS line
also includes an emittance exchange section to improve in-
jection efficiency. Employing high-purity, fused-silica (rad
hard) optical fibers, high-energy electron beam loss is de-
tected via Cerenkov radiation. These beam loss monitors
(BLMs) use time-of-flight (TOF) analysis to identify loss
positions along the BTS line. The BTS BLM TOF (BBT)
system is purely a diagnostic one unlike the Beam Contain-
ment System installed at SLAC, which provides machine
protection [1].

ANALYSIS

Photomultiplier tubes (PMTs) are placed at both the up-
stream (US) and downstream (DS) ends of each fiber. Signal
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Figure 1: BTS BLM TOF (BBT) diagnostic schematic.

intensity from distributed losses along a given fiber will dif-
fer between US and DS locations. Spatially distributed loss
in a given fiber will appear with different temporal profiles
at each end. The BBT diagnostic is presented schematically
in Fig. 1. We can compare the expected spatial resolution
for the US and DS positions. Referring to Fig. 1, the time
for a signal generated at loss positions 1 and 2 to reach the
oscilloscope from the US location may be written as,

= AL L M
Vf Ve

L @)
vy ¢ Ve

where vy = c¢/ny with ny the index of refraction. and v,
is the propagation velocity in the coax cable. The time
difference
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For the DS location, the times for loss signals from positions
1 and 2 become
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and the time difference
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Eqation (6) shows the distributed loss signals observed on
the DS detectors are time-reversed. The spatial resolution for

Aty =trg—tg=-

THPG: Thursday Poster Session: THPG
MC6.T718 Radiation Monitoring and Safety




15th International Particle Accelerator Conference,Nashville, TN

JACoW Publishing

ISBN: 978-3-95450-247-9

ISSN: 2673-5490

doi: 10.18429/JACoW-IPAC2024-THPG40

3348

MC6.T18 Radiation Monitoring and Safety

THPG40

THPG: Thursday Poster Session: THPG

Content from this work may be used under the terms of the CC BY 4.0 licence (© 2024). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.


15th International Particle Accelerator Conference,Nashville, TN

ISBN: 978-3-95450-247-9

US and DS detectors may be calculated assuming a minimum
time response for the system, Az,.. Redefining (l,—1;) — As,
we can write

cAt,

As, = —— 7

§ nf+1 ()
At

Asq = =2 (8)
nf—l

The ratio of Egs. (7) and (8) yields

As, ng—1

Asq  np+1 0.2, ©)
for ny = 1.5. Thus the spatial resolution for the US detector
is a factor of 5 better than for the DS. For equal numbers of
photons with identical spectra traveling US and DS along
the fiber, Egs. (7) and (8) imply the DS signal will be 5 times
greater than the US. This simple model ignores the dispersive
effects in the coaxial cables where higher frequencies will
suffer greater attenuation [2]. We can let As — ds and At —
dt and write

dsg = ———dty (10)
I’lf—l

dsy = ——d1 (11)

" el

Cerenkov radiation and the PMTs chosen (Hamamatsu
R7400U-04) favor the blue end of the visible spectrum;
therefore, the index of refraction at 400 nm is employed
for calculations; here ny = 1.47 [3].

EXPERIMENTAL DESCRIPTION

The BBT consists of two optical fibers running roughly at
beam elevation on opposite sides of the transport line shown
in Fig. 2. The fibers run from the AQ1 quadrupole in the
booster tunnel to the DQ2 quadrupole in the SR. The fiber
cross sections are 600, 660, 710, and 2000 um for core, clad,
polyimide, and outer jacket diameters, respectively.
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Figure 2: Booster-to-storage ring (BTS) line. The fiber optic
cable runs from the AQ1 magnet on the booster side to the
DQ2 magnet in the storage ring (SR). The cables run through
the shielded penetration between the tunnels as well as the
emittance exchange section (EEX) in the SR. The booster-
to-dump (BTX) line leads to the booster dump.

The fibers thread through and around various elements in
the BTS line, including quadrupoles, as seen in Fig. 3. In ad-
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Figure 3: Left: BLM FO cables running through a BTS
quadrupole. Right: 3-D-printed mounts hold the FO cables
close to open sections of the BTS beamline.

dition, leveled 3-D-printed mounts held the fiber optic (FO)
cable to open sections of the beamline. The minimum bend-
ing radius specified for the FO cable is 20 cm. Waveforms
from the PMTs were recorded using a networked Teledyne
Lecroy 9254M Waverunner oscilloscope.

MEASUREMENTS
Without Beam

For the TOF measurements, the electrical lengths of both
coax and fiber cables are required. Coax cable delays were
measured using an Agilent Infinium DCA-J 85100C Digital
Communications Analyzer and are listed in Table 1. With
cable propagation speed given as v, = 0.83c, lengths are
calculated as I, = t4v./2. Coax cable lengths differed con-
siderably between US and DS runs.

Table 1: RF Coaxial Cable Lengths

Channel Location Delay:?; l.
No. (ns) (m)
1 US,in 370.81 46.134
2 US, out 37725  46.935
3 DS, in 541.13  67.324
4 DS, out 540.82  67.286

The FO cables were measured from the DS detector lo-
cation (SR) splitting a 20-ns rectangular pulse between one
of the DS signal cables and a short piece of coax cable
(Ics = 1.98 m) terminated with an LED. The LED was then
directly coupled to one of the two PMTs. Delays measured
on the oscilloscope, t45, of 222.7 ns and 225.4 ns were
observed on the inboard and outboard cables, respectively.
Employing the data from Table 1,

l
taq +tas = ﬁ +1f+1tay. (12)
Rearranging withty = [¢/vy =nysls/c, we find for [ 7,
Cc [tda les tdu
lr=——+1t45 — - — 13
T\ 2 T T 0.83c 2) (13)

For the inboard and outboard fibers, Eq. (13) yields 61.16
m and 61.02 m, respectively. These lengths are consistent
with installed values.
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With Beam

Initial APS-U commissioning BBT measurements were
made with beam extracted to the booster dump along the
stub BTX line (see Fig. 2). Prior to fine tuning the transport
line, the signals on the four channels versus time are shown
in Fig. 4. The US and DS signals are evident along with
weaker reflected features. The sample interval in this case
was 400 ps (rate: 2.5 GS/s). The scope was set to trigger
347.5 us after a pre-trigger extraction/injection timing fidu-
cial. Whereas the US channels show loss signals with vary-
ing features, the DS pulses show little variation. This result
was anticipated based on the reduced resolution (increased
compression) of the DS signals as expressed by Egs. (8)
and (9). Converting time to distance along the beamline by
integrating Eq. (11) and overlaying the magnets’ positions,
we plot the US signals presented in Fig. 4 along the BTS
line in Fig. 5. Dispersion is largest at quadrupoles AQ2 and
AQ4, the second and fourth quads shown (quads are the taller
blocks, dipoles the shorter ones).
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Figure 4: Initial BBT signals with beam extracted to the BTX
beam dump. Waveforms are vertically offset for clarity.
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Figure 5: US BBT signals versus position along the BTS
beamline with booster beam extracted to the BTX beam
dump and magnet positions overlaid. The taller rectangles
are quadrupoles and the shorter rectangles are dipoles. Wave-
forms are vertically offset for clarity.
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We obtained permission to send beam to the SR on 10
April 2024 [4]. In addition to the aperture step sizes, the
insertion of scintillator flags in the line provided another
method to localize loss positions. Figure 6 presents the loss
waveforms plotted versus position while the flag at FS4 was
inserted into the beam. This takes place near s=45 m. Peaks
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Figure 6: Loss patterns over the BTS line based on time
signals from the FO cable. A flag is inserted near s=45 m.
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Figure 7: Loss patterns after tuning the BTS line and remov-
ing all flags. The PMT gain was increased by a factor of 17
over the case shown in Fig. 6.

further upstream are likely due to early misalignment and
beam halo. After removal of the flag and tuning of the line,
losses dropped significantly; Fig. 7 shows the resulting loss
pattern. Here the PMT high voltage bias was raised on all
four channels relative to the case in Fig. 6 from -400 V to
-600 V, resulting in a 17-fold increase in gain. The gain of
the PMTs may be expressed in terms of PMT charge [5]
as Q(V)/Qref = (V/Vier)"d~!, where Q. is the output
charge at V = V., and ny is the number of dynodes; in
the present case, ny = 8. The observed output voltage,
Vo, = R(dQ/dt) begins to flatten above 1 V; however, the
pulse width becomes broader so the output charge continues
to increase. Here R = 50 Q.

DISCUSSION AND SUMMARY

Fiber optic cable can provide loss locations along the BTS
line, and the best resolution is obtained from the US detec-
tor location.Increased loss signal levels observed at the DS
detectors are caused by compression of the loss distribution
seen by the fibers as well as forward-directed electromag-
netic shower from scattered high-energy electrons.
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