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Abstract 

\iVe demonstrate the measmement in the time domain and 'vith pirnsernnd resolution of 
the high frequency eler.tromagndic fields generated by a bunched beam of 16 l\foV eler.trons. 
,-\ birefringent crystal placed 2 cm from the beam is sampled in time by a p11lsed laser 
synchroni7.ed with the eler.tron hunch. The electric field '\Vavdorm has been recorded with 
si1hstantial strudme <JS late as 2 . .5 ns after the passage of the hunch. 

10/11/99 



The development of electron accelerators with ever higher particle density is essential 

for applications to high energy physics: photon and x-ray somccs and free electron lasers. 
The electrons arc prod11ccd in short p11lscs with low emittance that must be preserved dm
ing acceleration. Because of unavoidable discontim1itics in the beam pipe and accelerating 
structure: the electrons radiate, exciting vvakc-ficlds in the structure. The calculation and 
measurement of these fields is important bccairnc they can lead to energy spread and emit
tance growth of ihe beam. Also field mea~mremenis can be med io infer the bunch length 
and particle demi iy of the beam. 

Electro-optic (eo) sampling of ihe wake-fields it> quile attractive becarnJe ii is a non
invasive technique and oITern picosecond, or even femiot>econd lime resolution as long at> ihe 
probe beam remaim synchronized wiih ihe electron bunchet>. In principle ii is possible io 
identify the separate components of the field and to make absolute measurements of the field 
strength. Applications of co sampling to high energy particle beams arc disrnsscd in refa. 
["1--1]. 

Electro-optic sampling is based on the Pockels effect and \Vas introd11ccd by J\1rnton [.S] in 
the "1970:s. \Vhcn an electric field is applied to a certain class of crystals the refractive index 
ellipsoid is modified: and as a rcs11lt a retardation (phase shift) is introduced bchvccn two 

orthogonally polarized components of a p11lse of light traversing the crystal. This retardation 
can be detected by observing the change in the polarization of the transmitted light. By 
using short laser pulses and varying the delay between the "probe" pulse and the pulse that 
produced the electron bunch, the '"pump'' pulse, one can sample the time dependence of the 
electric field. 

The Fermilab high-brightness phoioinjector [G] comisis of a normal conducting r-f gun fol
lowed by a 9-cell Kb superconducting cavity, delivering electrons of final energy of 
lG-18 MeV. The r-f frequency it> L1 GHz. A high quantum efficiency (r; '"'"' l - 2o/c) Cs2Te 
pholo-calhode is imLalled in ihe r-f gun. The phoiocaihode is driven by UV lat>er pulses 
thai can be shaped boih in space and time. Pulse trains of l to 200 bunches (8 nC charge) 
spnced -, flS apart C<-lTI he ac:celernled al Cl repetitim1 rale or-, Th. Del nils or tl1e gm1 and 
heamline desig11 Cnn he rrnrnd in [G]. The design or lhe p11lse trai11 Nd:glnss lnser is de
scribed in [7]. l'oc:11ssi11g nrnl sl eering elements ns well ns emil l n11ce nnd e11ergy diagnosl ics 
nre provided in the benm line. The lnmd1 le11gtl1 was rnens1JTed to he 17 ps FvVTTlVf wit 11 n 

Tlnmnnrntsu C.3680-218 slrenk c:amern looking al oplic:nl trnnsition rndialim1. fo lhe rut1JTe 

a magnetic compressor (a chicane of 4 dipoles) will be used to further reduce the bunch 
length to 3 . .S ps. Using a slit mask, the measured (invariant) emittance is estimated to be 
f '."'. 07T mm-mr. A schematic of the photoinjector is shmvn in Fig. 1. 

The arrangement used in our experiment is shovm schematically in Fig. 2. The laser 
produces a 1 l\'1Hz train of up to 800 pulses in the IR (>. = 10.54 nm). These pulses of energy 
r--- 100 1d are compressed in a set of gratings to a width of 2-3 ps and then quadrupled 
to Lhe l~V. A streak camera measurement of ihe UV pulse lenglh gives CJt = 1.8 pt>. The 
l~V pulse is now lenglhened in a pulse stacker [8] io a Datiop of 10 ps I'\VIUvI and seni 
to ihe cathode. Pari of Lhe unconverted ITI. is used as the "probe" pulse and it> routed io 
the eleclro-optic crystal via a variable optical delay i;lage. The stage can be moved wiih 
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si1b-pirnsernnd resoh1tion: and with ci hollow rnrner c11be retroref1ector: mciintains pointing 

stability over its entire range of 3 ns. 
The co crystal is placed in the varnum in a diagnostic cross in the electron beam pipe; 

the laser probe p11lsc propagates normally to the electron beam direction passing thro11gh 
entrance and exit windmvs. The rnordinak convention 1rncd is indicated in Fig. 2. The 
beam propagates along :;:, y is the upgoing vertical and x-y-z form a right-handed system. 

The cryt>tal is a 1.5 mm thid:. piece of LiTa0:-1 of area 7 x 8 mm2
• IL is placed at a 

distance of 2 on from the center of Lhe beam pipe with itt> exlraordinary axis (3-axis) in the 
y-z plane, and rotated 45° relative to Lhe horizonlal. The thin dimemion of the crystal. its 
2-axit>, coincidet> with the x-axit> (horizonlal): the probe beam k-vedor is along the x-axis 
and Lhe polarization vector along the y-axit>. The two polarizatiom of Lhe trammit ted beam 
arc analyzed by a rnbc beam splitter and recorded by two scpcirak fast diodes . .:\ >.f1 plcite 
allows 1rn to balcincc the two diodes in the absence of a field. This is especially importcint 
since in om configuration the crystci l exhibits ci very large ncit11ral birdringcncc. For more 
details on co sampling sec rd. [9]. 

In this configurcition we arc mciinly sensitive to the azim11thal and longit11dincil compo
nents of the clcctricfidd, (R11 and R,, , which arc tcingenticil to the crystal surface) and m11rh 

less to the radial component (Px, normal to the crystal surface). The phase-shifts ind11ced 
by the three field components are 

for E along y 

for E along z 
for E along x 

r = '.hr(l/,\H(n~r::1::1 - n~r::11)(Ey/V'i) 
r = 2rr(l/,\)t(n~r::1::1 - n~r::11)(E,, f\i'i) 
r = 2rr(l/,\Hn~r22Br 

Here l is the length of Lhe nystal. >. the wavelength and the eo coefficientt> are given by 

J 3 · -12 T -n r"') = 4 x 10 m/\. 2 a "--

IL is the smallnet>s of r22 as compared to T::1::> that deneases the semitivity to the transverse 
field. \"'ote also that in the cibscncc of cin ckdric field the cr~rstal exhibits naturnl static 
birefringence of many 'vcives. 

[ . . ~ ( ) 
r~ = 2ri>:(n~ - no) c:::: ( .• 5 2rr 

Since n 0 and n c are tern per at ure de pendent, small changes in tern per at ure introduce signifi
cant noise in the measurement of the Pockers effect. This noise source is absent in geometries 
with no t>Latic birefringence. 

\i\'e denote by I.,, h the inteusities trausmitted through the two sides of Lhe polarizing 
beamspliiier. \Ve then adjust the static relardation in the absen<:e of an eledric field using 



the >.ft plate so that/" fu: so that in the presence of the field 

], 
J".b = __(l_(-1 ±sin I') . 2 . 

where Io it> the in<:idenl intensity and [ Lhe field indu<:ed retardaLion. Thm 

. Ia - lb 
smf = = R 

!,, +Tu 

To rirsl order (he ratio His iT1C.lepende1d or lluchrnticrns in the laser i1d.ensity fmt it Glll be 

a fTected by pointing errors and changes i11 the 11ahH<J1 birerringeT1C:e. 

The i11te11sities /,,:I,, were measured with two photodiodes: aT1CI since the pulsed signals 

were broade1ied by a long cnble Tllll: data were take11 by recording the integral (aren) or the 1,1 
and h pulses on a Tektronix TDS-640 scope. A Lab VIE\V program running on a 1facintosh 
handles the data acquisition: recording meaSllrements from the scope and moving the delay 
stage: at a 1 Hz rate. To provide some signal averaging: l\r pairs of Ia: lb measurements are 
taken at each delay step. Offiine: R is computed for these N values: and then averaged. \'le 
found N = 4 to be a good compromise between noise Sllppression and impractically long 
scam (stability, drifts). The results for R = sin [ '.:::' r are shown in Fig. 3 as a fund ion of 
the delay bet ween the arrival of Lhe probe pulse and of the electron bunch al the uysial. 
The origin of the delay is arbitrarily chosen and was placed at Lhe best estimation of the 
electron bunch arrival lime from Lhe measured travel distances. The signal is observed lo 
begin al a delay of "" 100 ps: increasing ( posili ve) delay implies that the probe arrives after 
the PIPdron bunch. V01Jr lasPr p11 lsPs \VPre ;iveraged at a givPn dPlay and thPn the delay \Vas 
innPmPnted by -1 ps. The insPt in Fig. 3 shows the first 300 ps on an expanded scale and 
with I 0 l ;i sPr p11 l ses aver;iged. 

The data show cle;irly the presence of oscillating electric fields fol lmving (in the ·wake of) 
the electron bimch. This is to be Pxpeded since the beam pipP has several discontinuities. 
~'ig. 4 is tlw Fourier spedrnm of the (fata record of ~'ig. 3. We recogni7,e the strongest 

components at 
LI= 12.6 ± 0.5 GHz 

and 
LI= 2.7 ± 0.2 CHz 

It should be possible to identify these frequencies with resonant modes of the beam pipe 
structure. 

MAFIA calculaiiorn; [ 10] for the ret>onani frequencies in Lhe arms of a diagnostic cross: 
such at> the one in which the crystal was localed: predict a frequency 

1,; = :3.06 GHz 

for ;:in inner di;:imder d = 117 .. 5 mm. This v;:ilue is rcasom1hly close to the lower oft he observed 
freq11encies: v = 2.7 ± 0.2 GH7,. The ralrnl;:ition is c;:irried out 1mder the ;:issnrnption of 
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propPr PIPdric or magnetic bo11ndariPs where;rn in reality the arms of tllP cross Pnded in 

glass 'vindmvs. 
The predicted field amplih1dc for this mode can be estimated from the rakulated loss 

fad or 

kll = ~ 1•x dz E11(:L '.lf'. z: l)lt=s+z = 0.92 V /pC 
q - x 

Herc we <Jssumc that electric and magnetic contrib11tions to the loss factor arc cquaL and q 
is the bimch charge. For a bnnrh length of 20 ps (6 mm) F\VHTVT and q = 8 nC we find 

Not all of the external field penetrates into the crystal which has a large dieleciri<: con
stant. From the Fresnel formula al normal in<:idence the transmitted field is 

and using n,, = ,.,jt,...., 7~ Et/ E0 = 0.25. Thus ihe tangential field inside ihe cr_ysial is of order 
E = 1.5 x 103 V/m giving rise io a retardation sin [ = R = 0.15. This value is of ihe same 
order as observed and~ perhaps ac<:identally: in dose agreement with ihe measured values. 

\<VP cirP less rntain abo11t the origin of the highPr frpq11Pncy comp011Pnts. It is quite 
possible that tliPy rnrrespond to wciveguide modes propagating in the becim pipP. Hera11se 
the ci?:imuthcil syrnmetry is brokpn by tllP fo11r ports in tllP trcinsverse planP of tllP dicignostic 
crosses: \Ve Pxpect thcit tllP modPs will haven = 2(cos 2¢ )n dPpendPnce. For the becim 
dianiPter d = 47.5 mm the rn1TPsponding freq11enriPs for the thrpe lowest T~:2,,, modes are 

TE:u 
TE2.2 
TE2 .:i 

I/= 6.1 GHz 
I/ = 1:3.4 GHz 
I/= 20.0 GHz 

'J'lipse values are in the range of the observed freq11enriPs but forther rnmputcitioncil and 
experinlPntal work is nePded bpfore a unique identification ran bP made. 

The observed signals scale according to the charge of tllP bunches and for shorter bimrhes 

the ratio of high frequency to lmv frequency components incrc<Jscs drastically. The qirn lity 
of the signal was strongly dependent on beam fornsing bi1t almost insensitive to steering of 
the beam: tmvards or ffW<JY from the co crystal. Fiirthcrmore: as can be seen from Fig. 3 the 
Q-fador of these excited modes is lmv. 

These investigations arc rnntinuing and <Jn effort will m<Jdc to measure the transverse 
rnmponenl of ihe field by using a KD*P crystal. This rnuld provide a direct measurement 
in the time domain of the bunch length. \\Te note that in prin<:iple it is possible io sample 
the entire pulse train thus increasing signifirnnlly ihe signal lo noise ratio. The ledmique 
is applicable to any ac<:elerator as long as Lhe probe pulses are s_yndHonit'.ed with the beam 
bund1es. 
Acknowledgements 

.5 



\,Ve th;rnk om colleagues on the AOproject for their interest in this project and for 
their contributions to the effective openition of the photoinjector. \Ve thank the Fermilab 
Beams Division for continued support. Fermilab is operated hy the Universities Researr.h 
,-\ssor.iation under contract ·with the U.S. Department of Energy. This work >vas carried out 
in part 1mder DOE grant DE-FG02-91 ER40686. 

6 



References and Notes 
(a) Fcrmilah Rc:<Jms Division Grad1rnk follow. 
(b) University of California <Jt Los Angdrn: Los Angdrn: CJ\ 9009.5. 
(c)TT·- "'d'O ·F _, nrvc:rn1tc: _ rna:y, ranee:. 
(d) Prrnc:nt address: Los Alamos National Laboratory, Los Alamos, N~vf 87.34.5. 

1. P.J.Channell: "Use of Kerr Cells to ~vieasure RF Fields": Accelerator Theory Note AT-
6:AT~-82-1. Los Alamos National Laboratory (1982): Yu. S. Pavlov an<l N.G. Soloviev, 
"Formation and measurement of picosecoud beams of charged particles", Proc. VIII 
Particle Accel. Conf. ( 1982, Prot vino, l~SSR) V2, p. 63-67: rvI. Geitz, K. Hauke aud 
A.C. l\lelissiuos, "Bunch Length Measurements at TTFL using Optical Techniques''. 
Internal report TESLA collaboration, DESY ( 1997). 

2. Y.K. Semertzidis et al. "Electro-optical Deleclion of Charged Particle Ileams''. Pro
ceedings oflhe 1999 Particle Accelerator Conference, Kew \"ork, NY (1999) p. 490-491. 
l\LJ. Fitch et al. "Picm;econd Eledrou Ilunch Length Measurement by Eledro-Oplic 
Detedicrn of the Wakefield". Ibid. p 2181-2-183. 

3. G.M.H. Knippels, X. Yau, A.M. Macleod, \V.A. Gillespie, M. Yasumoto, D. Oept11, 
aud A.F.G. vau der Meer, "Generaliou aud Complete Eledri<:-Field Chara<:Lerizaliou 
or Intense T.:-Hrashort Tmmble T'ar-Tn rrared Laser P11lses". Ptiys. Rev. Lett. 8;_L -1578 
(1999). 

/1. D. Oc:pts, G.M.H. Knippds, X. )"an, J\.\T. \facLcod, \V.J\. Gillespie:, i\.F.G. van dc:r 
1Vfc:c:r, "Picosc:cond dc:dron-h1m1,h length mc:asurc:mc:nt using an c:lc:dro-opti1, sensor::. 
To appear in proceedings of FF.L :99 Conforc:ncc: held at DF.S"r' . 

. 5. D.H. Auston. Appl. Phys. Lett. 26: ·1o-i ("197.J). 

6. Eric R. Colby, "Design, ConstrudimL aud Testing of a Radiofrequen<:y Eledrou Pho
toinjedor for the Next Gener;ition Linear Collider". Ph. D. Thesis: UCLA, 1997. 
See ;ilso Sl.AC-PU-~-7946: 1998: .J.P. C;irneiro et ;il., "First ]{es11lts of the Ferrni
];ib High-Hrightness ]{F Photoinjedor". Proceedings of the ·1999 P;irtfrle Affelerator 
Conference, New York, l\ Y CJ 999) p. 2027-2029. 

7. A.I{. Fry, 1\/1..J. Fitd1, A.C. IV!elissinos: H.D. Taylor, :: L;iser system ror a high ch11.y qr1,le 
phot.oinjedor". 1\111,lear lns1.rnmen1.s ;ind .\1ethods A430: 180 (1999). 

8. Craig W. Siders: Jenni rer L.\V. Siders, Antoi11et te J. TJylm·: St-rng-Gy11 Pnrk, and A11-
drew 1\!f. \Veiner: "ErTic:ie11t high-e1iergy p11lse-trai11 ge1ieration 11si11g a 2"-p11lse T'vfichel
son i1derreromeler". Applied Optics :J7: ;)302 (1998). 

9. Sec: for instan1,c: A. Yariv , :'Optical Ekdroni1,s::. Holt Rinehart and \Vinston. Kew 
York -198.5: 1,hapkr 9. 

7 



10. Ch.X. ' l';rng; .J. Ng~ "\Vcikf~fields in the Hecirnlineof 'JTF Injector II". TESLA Collab

oration report 97-1 l; DESY (lVf ay J 997). 

R c 



PHOTO-CATHODE 
PREPARATION CHAMBER 

The cry8tal i8 mounted in the first cros8 downstream of the chicane. 

Figure 1: The A0µholoinjeclor beam line. The location of the crystal with resµed lo r-f 
gun is indicated. 9 
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