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Abstract. The electron energy dependence of a scintillating screangk Fast) was studied with sub-nanosecond electron
beams ranging from 106 MeV to 1522 MeV at the Lawrence Beykilational Laboratory Advanced Light Source (ALS)
synchrotron booster accelerator. The sensitivity of theexaFast decreased by 1% per 100 MeV increase of the energy.
The linear response of the screen against the charge wdtedariith charge density and intensity up to 160 pCAnm
and 0.4 pC/ps/m#j respectively. For electron beams from the laser plasmelerator, a comprehensive study of charge
diagnostics has been performed using a Lanex screen, gnatitg) current transformer, and an activation based neamnt.

The charge measured by each diagnostic was found to be wittiro.
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INTRODUCTION

Laser plasma accelerators (LPAs) [1] have shown remarkablgress over the past decade along with the advances
in laser technology. In 2006, the production of GeV electsteams was demonstrated in just a few centimeter [2, 3],
by using a discharge capillary based guiding structureSéjeral injection schemes have been proposed to improve
stability and quality of e-beams [5, 6, 7], and initial exipgents have showed promising results [8, 9, 10]. This
progress is making LPAs attractive as a driver for a lightesewanging from THz [11] to x-ray [12, 13].

A precise measurement of electron beam (e-beam) chargesésited for any kind of accelerator. Numerous
technologies have been studied for LPA produced e-beangeliwtection, such as Faraday cups, integrating current
transformers (ICTs) [14], activation based measuremelf jmaging plates (IPs), and scintillating screens with
cameras. Since an LPA can provide e-beams with a wide rangleeoénergy spread and divergence, a charge
diagnostic with imaging capability is desired, leading ®talled studies of the IPs [16, 17, 18] and scintillating
screens [19, 20, 21].

Among many kinds of scintillating screens from various nfaotures, ones with Terbium doped Gadox
(GhO,S : Th) as an active layer have been commonly used in the LPAoiity. The light yield from the screens
has been experimentally calibrated against the ICT by usibgams from rf-accelerator (RFA) with 3 — 8 MeV
electron energy [19] and 40 MeV electron energy [21]. By gsinoadband electron beams from an LPA, sensitivity
for 1 to 80 MeV electrons was experimentally calibrated aglathe IP [20]. Although simulations suggested that
the scintillating screens was energy insensitive abovevavieV [19], an detailed experimental study with electrons
above 80 MeV has not been reported yet. Since recent pragrdss LPA research has pushed attainable energy to a
GeV level, it is important to experimentally explore the bggible energy range of the screens above a GeV.

A Faraday cup and ICT have been used as reliable charge digggim the RFA community. Since the Faraday
cup has to physically capture electrons, the size can besae f®r high energy e-beams. In contrast, the ICT is a
non-destructive, energy independent and compact diaign@stspite of all favorable features of the ICT for LPA,
its use for LPA produced e-beams has been questioned intrsiteties. It was reported in Ref. [19] that the ICT
overestimated the e-beam charge by more than a order of tndgrmiompared to the measurement based on the RFA-
calibrated scintillating screen, and the source of disanep was attributed to the electromagnetic pulse (EMP) from
the laser-plasma interaction. Another cross-calibratiging LPA produced e-beams was reported in Ref. [22], where
ICT overestimated a factor of about 3 — 4 compared to the IBcakarge measurements. Both studies indicated that
further cross-calibration measurements and detailedstigagions were necessary regarding the use of the ICT in a
harsh laser-plasma environment.

In this paper, we have experimentally studied the sensitiof the scintillating screen (Lanex Fast, Kodak,
Rochester, NY, United States) using e-beams provided bgythehrotron booster ring (SBR) accelerator in the Ad-



vanced Light Source (ALS), Lawrence Berkeley National Lraibary (LBNL). The energy of the electron beam was
varied from 106 MeV to 1522 MeV covering the unexplored egaenge. The linearity of the response against the
charge density and charge intensity has been extensiveljest as well. The study provides essential information
for the Lanex to be a charge diagnostic of LPA produced Ge\amis. Also described in this paper is the cross-
calibration measurements among the ICT, Lanex, and aictivased measurement with LPA produced e-beams. The
results show that the ICT can be an accurate diagnostic foPAn

LANEX CALIBRATION WITH RF-ACCELERATOR

experimental setup

The light yield of the Lanex against relativistic mono-ayegic electron beams was studied at the booster-to-storage
ring (BTS) beamline of the ALS, LBNL. The ALS linear accelena(Linac) provided 50 MeV e-beams with a micro
bunch duration of+30 ps in full-width half-maximum (FWHM), and one or two midoonches with 8 ns separation.
The total charge was controlled by changing the bias voltddke thermionic electron gun (gun bias voltage). The
e-beam from the Linac was injected into the SBR acceleratdrfarther accelerated up to 1522 MeV. The e-beam
was then extracted from the SBR by the kicker magnet systgrartaof which is illustrated in Fig. 1 (a). In normal
operation, the kicker system extracted the e-beam at theftthye SBR magnets’ current ramp, providing the highest
e-beam energy, 1522 MeV. By changing the trigger timing aeld fstrength of the kicker system, an e-beam with
lower energy was extracted from the SBR and sent to BTS beamli

In this paper, two types of Lanex Fast were studied: Lanek Famt (thinner) and Lanex Fast Back (thicker). An
ICT (ICT-122-070-05:1, Bergoz Instrumentation, Saint GePouilly, France) was used as the reference. Shown in
Fig. 1 (b) is the setup for the ICT — Lanex calibration expenirn Electron beams passed through the ICT and Lanex
in a vacuum tube. Signals from the ICT were measured by alasoidpe (TDS 3054B, Tektronix Inc., Beaverton,
OR, United States), and the waveform was recorded. Thediglitted by the Lanex was measured by a 12-bit charge
coupled device (CCD) camera (FLEA-HIBW, Point Grey, RiclmdpBC, Canada) with a video lens of focal length
6.4 mm and f-number 1.4. The upstream surface of the Lanexagred by a~ 40um thick aluminum foil. Note
that the Lanex, CCD camera, video lens, and aluminum foitidesd here, were employed to realize an identical
setup for LPA experiments at LBNL[2, 3].

The longitudinal bunch duration, momentum spread, andstense emittance of the e-beam evolved during the
acceleration at SBR. Although they were not measured duhiagexperiment described in this paper, they were
modeled theoreticaly [23]. The longitudinal bunch dunatieas estimated to be200 ps FWHM for 1522 MeV e-
beams. In order to give a conservative estimate to the clunmgsity and charge intensity at the Lanex, bunch duration
of 200 ps FWHM was assumed for all the electron energiesediidithis paper. The relative root-mean-square (rms)
momentum spread of the e-beam was estimated to H& 10 3 to ~ 6.3 x 104, and e-beams were considered to be
mono-energetic.
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FIGURE 1. (a) Schematic of a part of the booster synchrotron ring acatdr and a part of the booster to storage beamline. (b)
Setup for the ICT — Lanex calibration experiment.



Results

The light yield of the Lanex and e-beam charge from the ICTewaeasured simultaneously for the calibration.
For the image processing, there were a couple of effects timte account: 1) darkening in the edges of acquired
images due to the finite collection solid angle, 2) darkeftirightening due to the 45 degree orientation of the Lanex.
In order to evaluate those effects, the transverse andtlatigal light location dependences were measured by using a
green LED. The measured light location dependences wareisésl for the relative calibration between this setup and
others with different distances [25]. Typical processeddes for 1289 MeV and 106 MeV electron energy are shown
in Fig. 2 (a) and (b). For a charge measurement by the ICT, #weform was recorded for each shot, an example of
which is shown in Fig. 2 (c). For each shot, the backgrounellesas evaluated by averaging signal between 0 ns and
the first vertical dotted line, and was indicated by the dddime. To obtain charge, the signal between the second and
third vertical dotted lines was integrated.

Measurements of e-beam charge and light yield from the L&askBack were conducted for 15 different electron
energies with 1 and 2 micro bunch modes. For each experimemtppropriate ND filter and CCD camera gain were
chosen, and more than 100 shots were acquired scanning mhieiggivoltage to explore a wide range of the total
charge. Shown in Fig. 2 (d) is the CCD camera total count asatifun of the measured charge by the ICT for
889 MeV electron energy. The measurements of 1-bunchésreind 2-bunch (squares) modes are placed on top of
each other. The linear fitting was done for the combined datasid the slope (conversion factor) is shown in the
inset. To evaluate the quality of the fit, the fit eréois shown at the lower right box and is defined by the mean of the
normalized standard deviation, .
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whereg is the number of samples, C¢Bnd ICT; are the measured CCD total count and measured charge byThe IC
of thei-th sample, and (ICT;) is the total CCD count predicted by the fitting result for dterge measured by the
ICT.

The electron energy dependence of the conversion factdraarsin Fig. 2 (e). Shown by the circles are the
conversion factors, and by the errorbars #gedescribed by Eg. (1), ranging from 1 % to 8 %. The solid lineveho
the linear fit result to the energy dependence. Note thaidtheszsion factors were normalized to the one for 1000 MeV
from the linear fit. The equation for the fitted line is shownwadl, indicating that the Lanex Fast Back was 1.2 %
less sensitive for every 100 MeV increase of the electromggn&hown by the square is the conversion factor of the
Lanex Fast Front for 1522 MeV electron energy. The Lanex Bask yielded 1.9 times more light than the Lanex
Fast Front.

The electron energy dependence of the Lanex light yield wéasloserved in previous works [19, 20, 21]. Since the
previously explored energy range was small enough for tifierdince to be within the measurement error, the observed
energy dependence is not contradictory to them. Althoughrthterial used was different, it is noteworthy that the IP
showed similar energy dependence as well [16, 17]. Thera e possible scenarios that may explain the observed
energy dependence. Relativistic electrons ionize materiaiting a certain level followed by the radiative reltira.
They also produce Bremsstrahlupgays, that can create knock-on electrons which also iothieenaterial. Since
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FIGURE 2. (a,b): Typical processed images for (a) 1289 MeV and (b) 1@6/Mlectron energy. (c): Typical measured ICT
signal (solid line). (d): The total CCD count as a functiorited charge measured by the ICT for 889 MeV electron enerpiHe
normalized conversion factor as a function of electron gne®ee manuscript for descriptions.



higher energy photons get absorbed less in the materialtfg6¢ontribution from Bremsstrahluygrays may become
less for higher energy electrons. Another possible scetmathat the electron scattering angle is less for higherggne
electron, resulting in less interaction with the material.

For all the scans described above, linear relationships weserved between the Lanex light yield and the ICT
measured charge. The charge density was explored up to 1/8pGn ~ 8 ns for 1391 MeV electron beam with
2 micro bunch mode. With 1 bunch mode, the charge intensisyaxplored up to 0.4 pC/ps/nfaiThe linear response
of the Lanex Fast Back was verified up to those parameters.

CHARGE DIAGNOSTICSCROSS-CALIBRATIONSWITH LASER PLASMA
ACCELERATOR

Experimental setup

Cross-calibrations between the Lanex and ICT, and betweerh.anex and activation based method [15] were
conducted by using LPA produced e-beams at the LOASISigdiBBNL [24]. The ICT — Lanex cross-calibration was
carried out in the same manner as the calibration with RRAeggted e-beams, which was described in the previous
sections. For the Lanex — activation cross-calibratioargdt material was irradiated by e-beams for a certain amoun
of time (typically from 1 to 3 hours), during which the changas also measured by the Lanex. Based on the total
charge measured by the Lanex and the separately measurgg spectrum, a Monte-Carlo simulation was carried
out to estimate the activation, which was compared to thesared activation.

The laser that was utilized was the short pulse, high pealepawd high repetition rate (10 Hz) Ti:#D3 laser
system. The laser beam was focused by an off-axis parabwtiemproviding a typical focal spot sizg ~ 22 um with
Strehl ratio of 0.7. Here, a Gaussian transverse profilezeioexp(—Zrz/rg) is assumed. Full energy and optimum
compression giveR = 31 TW (Tin =~ 40 fs FWHM), calculated peak intensity= 2P/mr3 ~ 2.8 x 10'® W/cm?, and

a normalized vector potentiah ~ 8.6 x 10~ 1A [um]I Y2 /cn?] ~ 1.2.

For the ICT — Lanex calibration, laser pulses were focused thre downstream edge of a gas jet comprised of 99%
helium and 1% nitrogen. The gas jet backing pressure wasd/émichange charge yield from the LPA. The plasma
density was measured by transverse interferometry. Theglaama density was measured from 3 toxdP08/cm?,
and the longitudinal plasma length was about 0.8 mm. For #resk — activation measurement, the laser pulse was
focused onto the upstream edge of 100 % helium jet. The peshra density was 8 x 10*¥/cm?, and plasma
longitudinal length was- 0.4 mm.

The schematic drawing of the setup is shown in Fig. 3. For thesscalibrations, the magnet for electron spectrom-
eter was turned off to send e-beams to charge diagnostiedaser pulse was reflected by the aluminum coated mylar
foils toward the laser beam dump. The Lanex Fast Front waeglaehind the vacuum window. The upstream surface
of the Lanex was covered by-a40um thick aluminum foil. The light from Lanex was observed byidentical CCD
camera described in the previous section through the rigliteof an aluminum coated Bm thick pellicle foil. For
the activation measurement, the target was placed behithe gfellicle foil. The target consists of 6 mm thick lead as
a y-ray generator, followed by the 25 mm thick copper as an atitia material.
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FIGURE 3. Schematic drawing of laser plasma accelerator experinatap s



Results

Simultaneous measurements of e-beam charge via the ICTgdmglikeld from the Lanex were carried out with LPA
produced e-beams. The e-beam energy spectra were meaguesingle shot magnetic electron spectrometer [25]
before sending the e-beam to charge diagnostics, and kanddisbeams up to 90 MeV of electron energy were
observed. Shown in Fig. 4 are (a) a typical measured e-beameomanex , (b) a typical measured ICT signal, and
(c) the charge measured by the Lanex versus the charge raddsuthe ICT. The result showed that the slope for
CCD counts — ICT measured charge agreed with the RFA basidatein within~ 8 % of error. A negative offset,
observed from Lanex measured charge, is probably due tetisitisity of the CCD camera. Note that 0.1 mV offset
on the ICT signal gives-1 pC of error, possibly contributing to the error as well.

The Lanex — activation cross-calibration was conductedrsggly from the ICT — Lanex cross-calibration. Right
before the activation, 50 shots of e-beam energy spectra ta&en, and reproducible broadband e-beams up to
250 MeV were observed. A total of 2700 shots was irradiated tre target in 1 hour, angray spectroscopy was
conducted by using a p-type HPGe detector. The 1345 keV phdtom®4Cu decay (half life time 12.7 hour) was
used to determine the yield of the isotope. The average ptimtirate was measured to be 9790° atoms/minutes.
During the activation, the e-beam charge was also measyrdtel_anex, giving the average charge of 37 pC/shot.
A Monte-Carlo simulation was carried out to estimate isetppoduction based on the total charge measured by the
Lanex and the averaged e-beam energy spectrum. A three slonahactivation distribution in the copper target was
calculated, and gave an average production rate of $@® atoms/minutes, agreeing with the experimental results
within ~ 7% of error.

As shown above, Lanex, ICT and activation based charge dsiigs agreed with each other withirl0 % of error
for LPA produced e-beams. In other words, the ICT measured®A-produced e-beam charge withiri 0 % of error,
while previous works showed that the ICT overestimated Hegge up to two order of magnitude. It can be explained
by the efforts made in our work to minimize the following tarpossible noise sources of the ICT measurement: (1)
EMP from the laser plasma interaction, (2) direct partieléiation hit on the ICT, and (3) low energy electrons.

There were two kinds of EMP noises observed, one was direnttiie scope, and the other was on the cable and/or
the ICT. The noise on the scope was separated from the sigita itime domain by extending the cable length. To
minimize the noise on the cable, well-shielded cables @ehiSJ1-50A, CommScope, Hickory, NC, United States)
were employed, and the route of cables was carefully arcittgeeduce the noise. Since the higher frequency part of
the EMP noise was visible from the waveform, it was used fandicator while optimizing the route. As can be seen
from Fig. 4 (b), the obtained ICT signals did not contain higiguency spikes.

The direct hit of the laser pulse or e-beam on the ICT can pialgncreate secondary electrons and/or ionize the
material, possibly contributing to the noise. The lasespwlias separated from e-beams to prevent from hitting the
ICT. An aperture was utilized for e-beam transverse sizeetgrhaller than the acceptances of the ICT and Lanex,
assuring that the e-beams did not hit the ICT or vacuum tube.ITT was installed outside of the vacuum tube over
a ceramic gap so that e-beams propagate in vacuum with minidisturbance.

The low energy electrons could cause a large discrepaneyekatthe ICT and Lanex measurements because of
following reasons. (1) Non-linear beam size evolution duthe space charge effect can lead to the acceptance mis-
match between the two diagnostics. (2) Lanex may not betsent < keV electrons. In this experiment, the ICT
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FIGURE 4. (a) Typical measured e-beam profile with Lanex. (b) Typicabsured ICT signal (solid line). (c) Lanex measured
charge as versus ICT measured charge.



was installed 4.2 m away from the interaction point to asthakthe low energy electrons expand enough to minimize
their contribution. Furthermore, the small residual maignigeld (~ 0.4 mT) of the magnetic spectrometer, and the
foils used for the laser beam separation may have contdliateliminate low energy electrons. The distance between
ICT and Lanex was kept at a minimum to avoid acceptance mistma

Although no quantitative evaluation was performed for eaaise source, it was considered to be critical to provide
a quiet environment for the charge measurement. Note teadthburacy of the measurement can be improved by a
more sensitive CCD camera for Lanex measurement, and a mioséige electronics for ICT measurement.

CONCLUSIONS

The electron energy dependence of the Lanex Fast light yiatdstudied from 106 MeV to 1522 MeV e-beams. The
Lanex was observed to be 1% less sensitive for every 100 Mekéase in the energy. A comprehensive study of
the charge of LPA produced e-beams was conducted, showahgn ICT can provide accurate charge measurement
for LPA produced e-beams provided it is used properly. Thedine for the use of the ICT under the harsh LPA
environment was discussed.
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