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Abstract. We presenl an ot view of diagnosise echonmees for massunng key paranelers of declon bunches Freun Laser
Pleama Accelerators (LP4a) The thagnoshos presenied hers were chosen because they inghlight the vorgue sdvantages {¢ g
daverse Foina of clouiromagnetr erictonh wmd dificolies {e g dhl 19 shil wirab by} assocnked with LPAL Nom deplon-
rvencss amd fagh reseluton (in apsce and sme and ensigy) are key stinbates b casble the Formeion of & comprehenave
e of umliarecos dizgnosict which are secemary fo0 the full charscienzaion of the wirashon, dul bughly-vanable dec
ron bunches from T.PAs
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INTRODUCTION

Larer Plasma Accrelerators (LEAs) ate becoming increasingly miporiam ar compact sounces of high-enegy elee-
InDs As this ochnology Degins t matme, & wide varrcly of apphcauoos, from gh-cneey colliders to free-glectmon
lasers [1], are emerging that would benefit gready from u, sporring mterest The primary hmtatins of these aceel-
erators impedirg therr apglication in general include their lack of shol-to-ghot stability and te lack of ne-lming of
b b parameters A cruceal skp that precechs the abibicy to fine-wome and slabthize e eeclron heam paremetens,
howswer, 15 the ability to measore them As 2 result, 2 significant loces of LPA reecarch has been dedreated to the
development of dusghostic lechnigques |2] Whilz the field of eleciron beam diagnosis in conventional acoelerabors 15
wid y trianurg, LEAS have several unsgue feawtes that requare evaluacon of the sweabibty of tho comveniigaa! techinkgues
to trs new acorlerstor formar, a3 woll as develspment of new o One oF the most etable and promising Fealurcs
of LPAS 15 then atvlity to produce electron hunches of extremely shomt duratons, which are expecied 1o be in the few
fertosecom mgme While such shon duations ars very desirable for many applicaucns, they can be grcsptonsally
dofficull W measure, requinng development of pew msthods woilh wleahggh winporal resolubion The susceptbility of
LFA= i shod co-shot fucivatinz i the beam parmmeters s ther other salient featne Becavss of this high vanabilcy,
1015 penerally m practical v reasore (e varius Beam paramelers i $Enes on separate shots 1S thes crnca] 1o the
advanrcement of LPA sources (o develop a full susile of dusgnoaties whach can be oun somoliameoaly in 2 single-shel
This regoirement umphies the necessty OF mon destruchivenicss n these duagmasties Here we presenl an overview of
severd| cliapmsisgs which can be used in paralle? 1o measure charge, enargy, enerpy apread, omotlance, and Longitdnal
and wransvisti structure of the clectmi beams from LBAS  buch advaneags 15 laken of slaciomagnct: eiissin from
the scctlsialed electrons produced throuph vanous mechomsms, s of which are byproducts of the acceleraon
process

CHARGE DIAGNOSTICS

Inizgrating Corent Tramsforrnars (ICTs) bave become standard mstruments for the measurement of charge i
convenlonal soeekeranins because of ther ease of use, precision and noo mvasweness More recently, ICTs have been
enbcal tools for the TPA communny a5 well Because of the importance of sceorale abeolute changs msasument
for & large number of labs (Includmg medical nanwiens), many iosts hses béen done 0 wenfy the acowmcy of
15T For clectron benches with duranons typsal for convenbonal accelesators Mo bunch-length dependence has yei
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FIGURE 1. Companison of [CT-bassd and Lanex -based charge mensurements. Courlesy of Nekamurs e ol. [5],

been repovted in the range from microseconds down 1o picosseonds [3], bul the regime of fs bunches has remained
unconfirmed, Two recent sidies [4, 5] reported discrepancies belween charge megsurements done with ICTs and
scintillating screens, questioning the suitahility of 1CTs for use in LPAS, In the first experiment [4], discrepancies
of greater than an order of magnitude, were observed. These discrepancies were attributed to the following potential
problems: (1) that the ICT was not designed o measure sub- [00 fs bunches, (2) the effect of electrons passing outside
the core was nod known, (3) that the electronic system was susceptible to eleciromagnetic noise generated in the
interaction, and (4} that the ICT is sengitive to the Targe amount of low energy charge emitted at wide angles. In the
second experiment [5], the ICT was found fo overestimate the scintillating screen-hased measurement by a factor of
3—4. The importance of ICTs o the LPA community combined with the doubl cast an them by these studies provides
atrodg motivation for further detailed investigation into the apphicability of ICT4 o charge diagnosis in the hacsh LPA
enviromment,

A detailed series of experiments was recently done to eross-calibrate ICT-based charge measurement with two
alternate methods of charge measureiments based on scintillating soreens (Lanex) and nuclear activation of o copper
target (6], In these experiments, the light yield from the Lanex screen was first calibrated using the electron beams
provided by the synchrotron booster ring at the Advanced Light Scurce at Lawrence Berkeley National Lab (LBNL)
in an energy range from 0.1 — 1.5 GeV (Fig. 1a, [b), A slight dependence of the light yield on eleciron enerpy was
ohserved at the [ per 100 MeV level, Subsequently, an experiment was carried outon the LEA system at the LOASIS
fagility, LBNL using the three detection systems. Multiple stops were taken to ensure the accuracy of the comparison:
1} electronic noise was mitigated by using well-shizlded cables, and the length of the cables was chosen in order
i temporally saparate the signal from the noise generated by the interaction; 2) the ICT was installed outside the
vaewum tube, over a ceramie spacer o avold the effects of electroms and laser light impacting the ICT; 3) the ICT
was placed close to the Lanex screen, and an aperture was used to ensure 3 common angular acceptance faor both
detectors to avoid crrors induced by the effect of larnge divergences of lower energy electrons; 4) the ICT and Lanex
were placed sufficiently far from the interaction to ensure that a small residual magnetic feld of ~ 0.4 mT would be
sufficient to defiect keV electrons to which the Lanex sereen may be insensitive. Comparison of the Lanex and ICT
measurements shows agreement to within =+ 9% (Fig. 1c} for bunch charges ranging from 0 — 20 pC. Analysis of the
nuclear activalion expenment likewise resulted in agreement with the ICT to within ~ 7%, for charge integrated for
over an hour The good sgreement between these three measurements demonsirates that there is no intrinsic limitation
of ICTs preventing their usc in LPA systems, The previously reported discrepancies, however, indicate the impomance
of sccounting foreffects common to LPAs, such as the strong dependence of bunch divergence on electron energy, and
of tking the proper measures (o ensune reliable operation.

UNDULATOR EMISSION

Omne promising application of LPAs is the development of compact free electron lasers (FELs) as ultrashort spurces
of electromagnetic radiztion from THz to x-rays [7, §1. The high peak currents and wltrashort bunch durations of LPA
electron bunches are ideal for the generation of high-brightness, coherent, short-wavelength radiation desirable for a
wide mnge of studies, such s the reconstruction of the stiructure of complex biological melecules. The synchrotron



apecirum of FEL undulators, hewever, 1z extremiely aenenive 1o the energy, energy spread amd emmlance of the elechion
bunches mected, posing severs conditons on LPAS This diffcalty, on the other hard, becomes an advantape o the
ETrnsEIN Speciiim 15 used 85 @ diagnestic of the eleciron bunches (%, 10, 11] The conent siake of the an for measunng
the encrgy-spectm of the aees lerailed clectrons 14 te wse of an 1maging magnehc spectromctes In these devices, a
tunable magrenc feld imapes and speonally disperses the 2lectrons i on2 plane SoinGllatbing scréens {2 g Lanex)
ars then wsed to ameasure the distobutvon of chacge in the Founer plane of (e spectromerer, proveding aingle-shol
wfprmation of the energy distobuteon of the electrons emuiled by the soteleratar The approach 15 sdeal for LBAx
becanse 1t provides single-shot detection aver 2 larps mngs of enerpes, allowing diagnosis of both the low-cnampy
Maxwellian Bl of Lhe unch as well 35 the ligh energy “quasi-imoneenergels” component of the beam The diawbak
of thg wvethod s hat o srder o resolve the Tull vange of snenmes, frvm Meb 10 GeV, the energy wesolubion of the
device may be hmited. especially al hightr energies whers Lhe dispersion 15 smatiesl, resulung 11 eesolubong om the
ordet of a couple percent or more [12]

As progress i LPA develspment proceeds und researchers succeed m pushing down the energy spread of the hugh-
energy (GeV bevel ], mwmo-gnergets companent 1o the few parcent evel and bebow [13], the measured eres gy spreads
<an become resnluion hried  In addition o (g [imatetion, theas devices de nat providk: & measmement of e beam
enuttance, whech 15 crehical for many apphcations A powerful techmque based on the charactereaton of undul ator
radialtan, hiweever, can previde both fugh-resolution (<0 0 1% rme [14]) energy spread and emitlance mensurenent on
a sengle-shox bagis [9, 2, 10, 11] The cupot of gt umdulater 1g characwenzed by hannomics of o fundameola] Freguency
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where £y, 38 the wndulator periadeeety, K = eliply/2m0nc 10 the strength parameter, ¥ 15 the Lorente facto for the
oscallabng electrons, ardd B 15 the angle of the electron Lrajectory walh respect bo the 2as of the undulator Thuos, for a
v e of andlulator pargetars £, and K, the on 2305 conittr buten to the bandwadta of e i, hemoomie peak will ke
lireez Ly dependent on the encigy spresd gy, = (R Y2y In addiman, the angular dismbuicn of odd harmonies hes
amaxium at § = 0, while even harmonics have an comssion pattemn wnth a zere al @ = O Electrons propagaling along
Mhe: ko] o axas o md coniribale to the sven harmonics while elecirons propagaimg off-axisdo The rahio of even Lo
odd harmome intensitees thersfore grves wi & measre of te sagular spread of the slecran bunsh, which, coupled with
Inowledge of the bunch source size, provides 2 mezswe of the emitiance Simulationy deos uemg the codes SPECTR A
I16] for electton bunches with vanying ensrpy spread and emuttanee confirm the depend=nce of undelator spectral
Features on snegy and eruiwnde (Fig 2) Experments aes cunenlly undet way b 1est tos concept {14, 17]

BETATRON X-RAY EMISSION

Sytwcheptrmm =rssnn @ also emolted donng inlerachon of the electrons wiih the wakefield and can be wsed to
gan iformasion about the accolerauon process 1scll Blectons myeetsd ol amis inee the wakeficd cxpenence an
1en chatnel which provides radial forces cansing betalion oscllations The oseillabions ocour with ampliudes on the
gcale of faw (o hundeeds of mucrons, determimng the size of the elecion bunck, and Eaulung i emission of soft
X rays m the fow ke mange, koown as betatron tadiaton The amplinde and pereoducity of the betaron oscellations
depend sanaitively on the shape of wakeficld, the physses of the mpecion, and the presence of <trong E fields fmm the
drive laser, thug the beratron x-rays can provide valuable msight ine the natue of the imieraciion belveen e Jaser,
vt clectrons amel Gre plasma Do addivon, 24 the bewiron oscillation penod 19 much strorter than that which can b
achwreed ummg exlemal podulators, bedatmo a-cays oo LPAS hold pronise a5 a compacl sourss of rachatyon i the
ke¥ coerey range

The batatron radiaiot can be vharactericed by a strength parameler analogous to the “K7 of an undulator g =
P i o, where 2 15 the oscillation ampliede, 6% = w7 15 the betatran gacilletion Irquency, 9 15 the plasma
frequenicy and ¢ 15 the speed of 11ght Various groups have dennonsirated the derechon of betatron raduation from 1 PAs,
ad have shown cormelams of the spectra with paratogiers of the accclerator g [18, 1%, 28] An upponant resul
that has eome from these measurements s the delenminalion of the source size of the 4-rays, which wag sccomplished
by placing kmife-edges or wire meshes 10 the x-ray beame and ohaennng the sharpoess of the shadoer cast on an
g delecior Sotuce szes varying fou ~2 e te severdl hondred micions have been measured an different
esndinons As the woumes size i corelated to the ceellawon amplivde, ¢ g, which 18 correlated to the ransveree s1ze
of the electmon turch, s techiique provides vabudble infomation aboul te physcs of the ecocleranon and the
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FIGURE 2, (A) Radiation spectrum from THUNDER wdulator, K=1.85, Apiar = 218 em, encrgy spread = 0.25%, emit-
tance = 1 i mrad, Calevisted using SPECTRA. (B) Spectrum for 10-fold increase i snergy spread. (C) Specirum for [0-fold
increase in emittance, (D) Dependence of harmenic line-widih on energy spread. (E) Batios of 277t 1% and 277 10 3 harmonic
intensilies ae 6 funetion of the emittance. Courtesy of Bakeman ef al. [10]

quatity of the accelerator. These measurements also provide precise information aboul the shot-to-shot variation in the
emission point of the elécirons, which can be used to determine the stability of the accelerator. In addition, hecause
the spectrum of the x-tay cmission s dependent on bath the electron density of the plasma and the enengy of the
accelerated electrons, it can be used g a probe of the acceleration physics (e.g. [19, 217).
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FIGURE 3. Betatron radiation fiom the LOASIE LPA back lighting 2 pairs of crossed wires of dismeter 12.5 gy ond 50 g
Courtesy of Thorn e al. [18],

Spectral measurements have previously been done in & multi-shod configuration in which the variation in x-tay yiekd
was observed as a function of different filters placed in front of the detector. This approach is time-consuming, provides



low spectral reeclunon, and canmet be used o comrelae imdevidual z-rey spoetra with associated clecnon specira

In 2 rocont yeport [19] & techngque was implementad W recoid meatw ementz of sisple-shot, spaually tewnlved
spectra of betatron x-yaye with hagh spectral cesoduteon, by the use of an kray CCD Images andlyzed by performing
a histogram of yingle-pisel aboorpuen cvemis (3PAE) [21] produced x-ray specirs with an unpreccdented 1esoluticn
of 215 eV, FWHM, and a range of over 10 keV A soures enutting iwom k shell x-ray hines wag used o provide 2
calibraticn of the energy per pusel count Prelimmary dala show two impoclant fealeres not preyiously resdved The
Firgt of 3om and chopmpm flisorscence hines sssocialed with the imteracnon of electrons and -rays with the sinbess
steel of the vacoum chamber, and the szeond 15 the berahan comiunuum The rato of the ampinude of the Gumescene:
Iimes o that of 1he bemwron continuwn w33 found o vary sigmficantly with changes in the accoicrabor paramedears,
calling inba quesion the. validity of previons spectral analyses, based on filter packs, which cannet distmgush betwaeen
these W CoMponents

ELECTRO-OPTIC IMAGNOSTICS

Electra-opuc (EO) sampling has become a widely-used tochimgue for the measuernent of clectron-tunch durations
and lemporal steaclure I this technwque, esther the relatvshe Coulomb fields of the electron bunch or cohetent
transnen cadudin (ETR) w the THY frequency band enulied by the election bunch waversing a deleciog Biundaey
13 used Lo mdues birefningence i an eleurs-opucelly achve erystal, such az gallom phesphude (GaP) or zine tellunde
[@nTe) An optcal probe, tmed 1o overlap with Ihese strong elecine fialds, 15 vsed to sample the temporal profite of
the: Tehds, from whoch e duraten of 42 electron bunel can be deduced This techigue s very powerul becawss 11
£am be vard in confiyumtiona that ans mon- or weakly-iteractmg wrth the slactron bunch, allowng i to be used 10
conyunchen wilh other diagnosice I addilion, 1t provades the high lempoos] Reslutions required for measunng the
sih proosecond elecipon bubches produced i LPAS The EQ sampling process can be spht muwe two conceptual parts
penerabon of e imparally-varymg buefangenee, and samphng of the breelnngence Thees promunent owilbods for
cch will be digcvgsed

Generating the bivefringence. In the first method (Tarecl Coulomb Samphing), the EO erystal w9 placed near 1o
the: path of ihe accelerated elecirng, so that (he Coolomb fields penetrate if, resuling 1 & transient birefrmgence &n
opneal probe pulse, propagating paraliel o (he beam Ine overdaps e mduced fields in the crystal, and o mprntad
with the temporal prefile of 1hess ficlds Dos to1claivsus contracton, the Coulomb field prafites wallbe longiudimally
compressed by an amwant dependent on the electron energy The ficld emporal profile wll tus be 2 comvelutin of the
charge proftle with the longiudmal extant, § = pfey. of the electron Coolomb Gelds, whete v 15 the lransyverse dislance
from the beam aas Provided the elesirons are sulficwolly enorgoue {y logs) aml the crystal o sulficiently closs {7
small), the field profile will represent the bunch profile well In general, howewer, a potychromate electvon banch
wiall have a feld profile (3¢ the crysial) signihcantly different than es charge prohbe, with the lower encrgy checirons
having a longer Jongitudina| ficld-catenl than the gl enetzy compenenis Al a dulance of 1 mm, fin cuemple, the
corvolulion Fachor will be approxmatsly 17 ps for & 1 MeV compotienl whole o wall be about | 7§ for 2 1 GeV
component In addition, swnce 1he feld-sirenpth scales a5 ¥, the EC signal wilh be stongly based owands te kigh
energy componeol of the slectron bunch Tn scénanos wheve 1 15 the behavior of the hiph-energy somponent that
1z of mbcroel, such 28 i the FEL appbeation, thee buas can be advaibageons, whersas 1f 11 12 the aciual Jongantdimal
charee distnbuticn that 13 desired, dus approech may ot be sutable In BRF accelerons (¢ ¢ [22, 330 wham thus
techiwque has been demgnsteated, the electron bunches have sufficsenn encrgy and speciral pueiy that this wssee 15 oot
of great impartancs, however, for LPA2, where polychromaboily over & lnge energy range is often the tor (even in
“quas momocnergelc” elecirem beaTs, Wher 4 Koe-ehergy compoment has 4 lange relatie charge), the crmor m the
measurcitienl of e kngitudinal charge profile may be largs

In the s2cond methed (Fodl CTR Samplng), a fiod 15 placed m the path of the electeons resulting tn the generotion
af ransition padiation (TR cauped by rapsent corrents i the fal ndvced by 1he passage of the electrc-fisld profile
of the ¢loctron bunch The T 12 collested and fopwespd 1m1m ah TO coysial whepe 1 generates a trangsenl birefrmgencs
sainpled with an optical probe The specteum ef the TR 13 conelated o this ternpam] profile of the zlectron bunch [24)
dug I a strong cohepent snhancement for warclengiin: iongor than e dwraton of the eleciron bunch [he specinat
shape cam thes be weed o analyze the bunch longitndinel peofile In this case, the dependepee of the cpllesied CTR
energy 15 relatively weak on the ¥ of ihe electrons, so mogy-baazmg s sl A airong dependence of the angolar
distributeon of the CTR energy with wavelength, however, means that # comeet analys:s of the CTR specirum mwsi
Lakr i aceeund the spechally-dependen sollection effickeney of the optical sysiem In addmon, soce the ange of
relected Irequencizs can be very |arge, the vanaton m effectve F number and focns mze with wavelmgth can be very
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FIGURE 4. Selups for sampling (A) busch Coulomb fields (B) CTR from 4 fodl {C) CTRE from o plastea-vacumm interace,

significant, leading 1o & reshaping of the spectrum at Tocus compared to the collection point [25). Finally, abermations
in the optical system may induce distortions which can produce artifacts in the measurement [26].

In the third method (Plasma CTR Sampling), CTR is collected directly from the plasma-vacuum interface af the
exit of the acceleration region [27). This method is very similar 1o Foil CTR Sampling, except that there &5 ne foil o
inferact with the electons, so il s truly non-destruoctive; the collection is off-axis, avoiding the high-intensity of the
transmmilted laser; and the CTR is collected directly from the outpul of the accelesator, ensuring that there is no bunch
expansion bofore the measurement, Although the plasma-vacuum boundary is not as sharp a discontinuity as a foil,
it can be adequately modeled as a sharp boundary provided the region emitting the CTR is smaller than a distance
known as the “formation length™ [28].
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FIGURE 5. (A} Spectral Encoding {B) Secord Harmonie Cross-cormrelation (C) Temporal Ebectric-ficld Cross-comelation {TEX ).

Sampling the birefringence. Early methods for sampling the birefringence employed an aptieal pulse shorter than
the features to be measured, Le. the wavelenglhvduration of the E-field. The polarization rotation was comverted 10
an amplitude modulation by a polarizer, and the intensity variation was recarded using & photodiode. Due 1o the
haghly variable nature of LPAs, and hence of the fields to be profiled, a mullishot approach results in a washing out
of the higher-frequency features which contain information about the bunch duration. As a result, a high priority is
placed on the ability w0 perform single-shot acguisition of the ficld profiles. The first technigue created 1o do this
was known as “Spectral Encoding” [29]. In this technique, the optical probe was sent through # dispersive element



(£ 2 a compressorfsteeicher} resuling m wenoporal chirg, 1 ¢ & mapping Betwesn wavelength and vme The transicnt
refrngence was then crvoded ag A specteal amplitude modulatssn that sould be measured 1n 2 spechomeder This
echmgue 15 excephonslly easy bo set up, and allows For 2 winsbles decton window by adjustng the amouns of
chup Unforwnaiely, the wavelzogih-m nme mapping 15 aifecied by the amplusds modulation, resulung i distoricns
130, 31, 32] The seveurty of thess distiolions 13 dependent on the chatpress of the feature beng measored, 50 this
technrue 18 moee suied 1O nreasurcmenis with low temporal resoluton (e 0 the ioosectnd regime}

The second methpd vz devrcloped 1o gvdiesr the hmikations of Spectral Encoding In (he (echingus, 4 secomeg
ehoat optical pulse s cambined with the chitped probe noa single-shaot cross-comelator geomety The [wo pulses are
combined al an sngle i a s=comd halmomc crystal, mapping ome [o space, resulong in a spatial mEnsily pausm
that w the s oonelatin of the fempors] envelopes of the chorped probe and short coference (33, 34] The spangl
niensily pattemn can then be messured uang a CCID camera, md the cormespandmy temporal pmfike ean be determined
unng the appropnate calibranon This method has been sueocsafully used 1 bath conventional acoclerakers [23] snd
w1 LPAs [33] to meassre electon bunch predles with igh winporal resolution {108 of fz) This techngue, however,
Tian the disadventagme bat il tequires hgh peobe miensiiies, and tes expenave amp Bed [8sers 1noorder i gt adequsie
signal In additwon, because the wmporel signal @ eocoded spanally and the probe Laser 19 fosaaed /1 the intcracton,
spatial mformaten sboul the THz pulses 1z lost As the Tllz polscs m many of theso appleatons 4 few-cycle,
wnth vhrabrosd Batwdwidtbe, Focused THr wavefonns (which are ofien Few cycle} can exhibl strong spatalempertal
couphing dus w1 Gaugsian beam propagangn ¢ffsces assoctaied wirh ol ta-knoad bandwpdus 135] Falug 10 meolve the
spatial variaens can therefore result i a loss of cnieal wfermasen

A rew Lechiique natied Tamporat Electtic figld Cross-conelation (TEX) has been developed which overcomes the
above hmtanens, alkowing measurement of TH waveloms w b hegh tempotal resclogoon (sub 50 Fs), simuliamsously
pioviding onc dimension of spanal nformation [25] TEX 1% bazed upon measutement of the hncar eross-comelation
of a churped probe with 8 cotnpressed reference pukse uxing apeciral mterferometry The full elecine-feld miformation
ol the gptrcat probe, wonndved woh thatl of twe shor reference, 13 reoneved nthe trs doman, alkovwing gghals to b
cneoded omo cither the phase or the amplasde: of e probe or both This dusl capetibty 18 not present in previgus
EQ mathods, and makes TEX appheable to fhe megurement of 4 wide range of phenomens: eyond BQ samplng
Because the delection s linear, TEX can be implemented with low-cost, unamplfd laser systems, and hecass Lt
docs noL mequire facusmg of the apbesl probe, spatal informalion can be recorded and retrieved Tn addibon, e
temporal derssnom window 12 =asily whable i the asveral ps range. with @5 lermemal msolubon sat by the ducaton of
the: short reference pulse

In TEX, a chorped “probe™ pulse sampleg the birefringence and 15 then combmed colinearly with a secomd shert
"reader” pulse i anoimaging speciometer A mporat separation of severdl preoseconds belwean the wo pulses
fwhich have dentical speciral conient preceding the mbsction} cawscs an inderlerence peitenn m (b speciral domam
(Fig 6A) whith 15 descnbod by S{in,2) = |Epla, )| + B, tw, ) + Eplon B (.7} + ¢ ¢ where Ep{, 3} and
E.{0,¥) arc the spoctral elecine feldg of the paobe and render pule2s, v 16 the oplical frequency and y represents
the vertrcal, tndispersed coandmaie on the U0 The probe ampliiude sad phass siniciune 12 recovasd by performmg
a le-by hoe, Founee-trnsform (FT} of the interfercgram amd 1claimg e side peak whech, by the convolution
thetstreit 0f FT, i3 the soonplex cotweolution of (e probe and  eader electric fields i the tme doman For o suctably
short 1 eder pulss. the side peak of the FT appooximates the ghirped probe pulse in both ampliedes and phass

FTIEAw M @yl = | Eyfe B {n - obdr e Bylny) @

Figiirs 6E shows g sample TH? spaioetnpoial waveform image acquired vaing, TEX 1o samplc plase CTE i the
amplibde-¢ncodong confighraton The meayurdd wavefoon iz ey sivgls cycle, and duiplays shavp iemporal Rt
of o der 100 s, illusirating the need for high l=mporal resolonon The waveform also exhibits stoong spatitemporal
couphing, mihe shape of an X, a5 was dezcribed by Liang oL al [35], which can e underalond 10 tems of a vanatien
of the Gouy phase shifl and focused wiist s7e with wavelenglh To diagrose the soracwie of the electron busch, the
spectrum of the THe wavelomm was cakoulated (Fig 66 and vomparsd with theory (Fig 6H) The spanal ard temporal
fentures of the speoiral 1mage wers madeled by usmg CTR emussion theery [24) wath the inglwnen of collechcn and
propagation effects To accuralely model buth (he low- and high frequency pats of the speciial image, twe bunches
of different dursbon and charge (90% of the charge 1 3 140 pee res bench and 10% om0 a 30 jim bunch) wers
required (Fig 913, with the shorter bunch contnbuung promanky vn 3z The cleplran engrgy specum, measured
simulianecusly, &lse shows a kwo component destnbolion wibh a large thermal and 2 smaller *quas mono-energebc™
compoaent The mmipertance of recevenng e spabal vaoawons i the THz wavefoms = illestrated by e siong



with THz

[FFT] [recatm]
=]

FIGURE 6. {A) Simulated TEX inledferogram in the absence of THz for probe and ieader pulses separated in time by 3.5 ps.
(B} Simolated TEX interferogram with THz present. {C) Modulus of the Fourier tronsfoan of the ineidferogram in (A) showing
1 broad side pesk at 2.5 ps which repregents the amplitede of the cross-correlatien between tha prsle and rerder elecirie-fields
(0} Modubus of the complex Fourier transform of the interferogram in (0. showing a THz-nduced modulation in the side peak
amplitede. (E) THz spatiotemporal wavefonmn {data) extracted from the raw inlerferogeam, (F) lineout of waveform ot y = 0 man,
{G5) Power spectrum of THz wavetorm. (H) Spectral image caleulated using 2 2-bunch model end {1} lincowts of spectral images for
data (back-dotted ling}, 1-bunch model (bue-dashed ling) end 2-bunch mode] (red-solid ling), Comparison shows that a 2-bunch
mandel yiekls o significantly better fit than a §-bunch model. Couriesy of Maills et al. [25].

variation with position of spectral content in the focused THz pulse. A spatially-integrated technigue would under-
represent the high-frequency content of the THz spectrum assoctated with the shorter electron bunch component, thus
distorting the analysis, In addition, because the spatial exient of & given spectral component is strongly dependent on
both the wavelongth and the wavelength-dopendent f-number of the THz emission, the comrespondence between the
data and the model provides an important confirmation that the collected THz follows the emission patterns predicted
by CTR theory, verilying its origin.

CONCLUSION

We have presented a suite of diapnostics, designed to handie the advantages and disadvantages inherent in LPAs
compared (o conventional RF accelerators. The diagnostics have been chosen becawse they provide non-destructive
measurement of the key attributes of the sccelerated electron bunches in @ single-shot format. These diagnostics
include 1CTs for charge measurement; undulators for cnergy, energy spread and emittance measurement; betatron
xerays for soutce size measurement; and electro-optic sampling using TEX to sample CTR [om the plasma-vacuwm
interface for eléctron hunch temporal profile measurement, Formation of a comprehensive suite of diagnostics to
miasure the atiributes of the electron bunches in a single-shot is & eritical step for enabling the studies of the complex
interdependence of beam propertics which will help drive the field of laser plasma acceleration to maturity,
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