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Abstract ing from rf to optical frequency, the wavelength is shorten-
ing by 4 to 5 orders. With an electron bunch length shorter
The measurement of the ultra-short electron bun

. ; an half period of the laser, we can apply the similar rf de-
length on the femtosecond time scale constitutes a Vef¥cting or zero-phasing method for e-beam bunch length
challenging problem. In the x-ray free electron laser f

neasurements using a high-power laser. A short wiggler

E'“t'esf suchbats thfe Ll?ac Cohdererllt Lt|ght t?ource,.t%eggr 3 required to provide interaction between the electron and
lon of a sub-ten femtoseconds electron beam wi Pltse laser. For example, to measure the e-beam at the or-

c_harge is possible, but fj|rec_t measurements are very d er of 1 m rms length, a laser with its wavelength of 10
ficult due to the resolution limit of the present diagnos-

i Wi thod h based h m may be considered. For a typical few GeV e-beam, the
Ics. VVe propose a new method here based on the m ggler period has to be large to satisfy the resonance con-
surement of the electron beam energy modulation induc

. T ) ion. Also, if the e-beam is longer than one laser period,
from laser-electron interaction in a short wiggler. A typ+

. . . . e different modulation periods will overlap and we can-
ical optical streaking method requires a laser waveleng t distinguish them. So this method is so far limited by

much longer than the electron bunch length. In this pap e achievable long-wavelength laser power. To get an ef-

a laser with its wavelength shorter than the electron bunq ctive modulation on an e-beam of 4.3 GeV, the required
length has been adopted, while the slope on the laser intqgéer power is about a few tens GW. ' '

sity envelope is used to distinguish the different periods. In thi :
: . . . . this paper we propose to adopt a high-power
With this technique it is possible to reconstruct the bunCt‘Ili'Sapphirep Igser (WavF()aIe?\gth of 800 r?m) ang uze the
longitudinal profile from a single shot measurement. slope in the intensity envelope to distinguish the different
modulation periods. First an ultrashort electron beam inter-
INTRODUCTION acts with the Ti:Sapphire laser in a wiggler, where the elec-

ron energy is modulated at the same periods of the laser. If

Generat_lon of ultrgshort x-ray _pulses at femtose_co_nciﬁe laser pulse is long and the short electron bunch is over-
(fs) scale is of great interest within synchrotrgn radlatlor|1 pped (in time) with the middle part of the laser, such as
&nd freelelect:ﬁndla§ert (FEL) l{[setrhcolgrsznljufnlt}?t O?T e setup at LCLS laser heater, the different energy modula-

€ simple methods IS to operate the acility at 1o, periods on the electron beam will be overlapped on the

charge. At the Linac Coherent Light Source (LCLS), Weenergy profile. In this condition we typically have a double-

have demonstrated the capab|l|ty of generating ultrashog{)m distribution of the energy profile [4], and the electron-
electron-.beam (6-beam) with a duration of less than 10 nch length information cannot be retrieved. But if the
fwhm using 20 pC charge [1, 2]. The x-ray pulses hav?aser pulse (with a Gaussian temporal shape) is relatively
been delivered to _the x-ray users with a similar or EV€hhort, we can synchronize the e-beam with the laser at the
shorter pulse duration. However, The measu_rement of sug pe region of the intensity envelope, and the amplitude
short electron or x-ray pulse length at the fs time-scale CO% each energy modulation period will be different. Then

stitutes a challenging problem. these electrons pass through a dispersive section such as a

A standard method using an S-band radio-frequency (@Féectrometer, after that this periodically-modulated energy
transverse deflector has been established at LCLS, WhIB file can be observed in a transverse screen. By properly

works like a streak camera for electrons and is capable gf,osing the laser parameters, each modulation period will
resolving bunch lengths as short as 25 fs fwhm [1]. Withy,\; 554 separate streak on the screen. This modulation
this device, the electrons are transversely deflected by thgyiq in energy dimension correlates to the laser wave-
high-frequency time-variation of the deflecting fields. INygq4 in time dimension. Since the laser wavelength is a
creasing the deflecting voltage and rf frequency are tg,,n parameter, no additional calibration is needed. This

right direction to achieve a better resolution. For exampley.ides a single shot, self-calibrated method for ultrashort
by choosing an X-band transverse deflecting cavity, the €%lectron bunch length measurements.

pected resolution for LCLS beam with 4.3 GeV is about
1 fs rms [3]. Typically the rf breakdown threshold and the | ASER ELECTRON INTERACTION IN A
power source availability prevent going to even higher volt- WIGGLER
age and frequency.

With the highly-developed laser techniques, we can We first describe an analytical model on the laser elec-
choose to streak the beam at optical frequencies. By jumpen interaction in a short wiggler, similarly in the way de-
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veloped in [5]. Here we assume a Gaussian temporal en-By integrating Eq. (6) along the undulator distance, we
velope with an intensity rms pulse lengthaf. The laser get the energy change at the end of the wiggler:

electric field at fundamental Gaussian mode can be written 0.5

as Avyp(r,s) = / dzG. 7
Ba.) = 62— cos(lz — wt + 9(1,2)
2z, t) = €,——=—=rcos(kz —w oz L . . e
V1+22/23 The electron distribution is modified due to the laser-

=T/ w3(2) =52 /40? (1) e_Iectr_on interaction._Assuming initially G_aussian distri
’ tions in energy and in transverse coordinates, the electron
where distribution function, including the transverse and tenapo
dependence, becomes

(r, 2) tan 2+ = keto
r,zZ) = —arctan — 5 S 05
zr 2(2%2+ 212%) . Iy [Avo — Ayp(r, 5)]
fo(s, Ay, 1) = ———expq — 5
k=2m/\, ecV/2mony, 207,
2 2
TWg 9 1 T
R= = kw§ /2, X—Q’TFO'% exp (——203) ,
w?(2) = wa(1+ 22/2%), wo = 2070, (8)
2 2 2 . L.
=" +ys, (2) where o, is the initial uncorrelated energy spread, and

oz(= oy) is the rms electron beam size in the transverse

Note wy is in terms of laser intensity here, whichy& ) L .
) . lane. Integrating this distribution function over traesse
smaller than that for the laser field amplitude. For the elec- oo : . o
and longitudinal coordinates, we obtain the modified en-

trons W|gg_l|ng in the h_orl_zont_al plar_le of e} planar W|ggler,ergy distribution
we can write the velocity i dimension as:

o = e}ﬁcos(kuz). 3) V(Av) = QW/TdT/deo(S,A%,T)- 9)
v
So the energy exchange of the laser and the electrons inVe can simplify Eq. (6) and (7) with assuming a large
a wiggler is: laser rayleigh lengthy(= 0), then the energy change is :
mczdl =cE -, = cEoke = Avp(r,s) = A cos(ks)e_’:’_ge‘%?. (10)
dt Y 1+ 22/2%
% cos(kz — wt + B(r, z))cos(kuz)e*ﬁ/wQ(Z)e*52/4"f. This equation is similar with Eq. (8) in reference [4], but

) adding a longitudinal Gaussian distribution term here.

We can define the following parameters for convenience SY STEM LAYOUT AND PARAMETERS
as:
A schematic layout of the diagnostics system is shown

zZ = NL)\H’ t=z/c, in Fig. 1. The electron beam interacts with an optical laser
N in a short wiggler, and the modulated energy distribution is
q= ° measured downstream through an energy spectrometer. We
“R pick up the electron parameters of LCLS after the second
QNAA/’ Ay = —~,. (5) bunch compressor, where the electron energy is 4.3 GeV.
v We use a Ti:sapphire laser with = 0.8um, the wiggler

where, is the FEL resonance energy, wiffi = %(1 + per_iod)\u is 0.25 m and the period numbar = 10.' The.
K2/2). Notez/zi — gz, which is useful in the 'l{‘ollow- main electron and laser parameters are summarized in Ta-
ing analysis. Using a generation function for Bessel funct-’Ie L

tions and also by averaging over one wiggler period we can NUMERICAL SIMULATIONS
get the electrons energy lo&salong the undulatoz from

Eq. (4): Elegant [6] is used to simulate the laser electron interac-
tion and track the beam down to the spectrometer screen.
d A _ 2 =8l In the simulations, we choose an ideal electron bunch of

G = 7L(r;5) = 0 cospe wiE e (6)

dz /T+ (gz)2 3 fs rms with a typical linear energy chirp to demonstrate

(@2) this method. The uncorrelated energy spread of the initial

where Ay = /%%[34' ¢ = 27vz — arctan(qz) + beam is 1 MeV rms. The initia] Iorjgitudinal phase space

kr? (42)? o Two . and current profile are shown in Fig. 2(a) and 2(b). The

ks+ st gem + %o, andldd = Jo(§/2) — J1(§) with  |aser duration is 50fs fwhm in intensity, with a peak power
£E=K?/(2+ K?). of 1 TW.
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Figure 1: The schematic layout of the diagnostic system.
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Table 1: Main Parameters for the System tmar3fs

Parameter Symbol  Value Unit

Electron energy E 4.3 GeV

rms emittance e 0.5 ©m
rms duration o 3 fs e
rms energy spread oE 1 MeV t(fs)
Laser wavelength A 800 nm @) (b)

peak power Py 1 T™W

pulse duration (fwhm) At 50 fs

waist size wo 350 sm e
Wiggler period A 0.25 m 7
period number N 10 i
spectrometer dispersion 7 -0.89 m -

a.d

We synchronize the electron with the laser intensity peak (© (d)

by an offset of 45 fs. After the laser-electron interaction i

the wiggler, the longitudinal phase space and energy profifdgure 2: The initial electron longitudinal phase space (a)

are shown in Fig. 2(c) and 2(d). We can see that the energpd current profile (b) before the wiggler. After laser-

distribution is asymmetric, which is due to the initial en-€lectron interaction, the electron longitudinal phasecepa

ergy chirp in the bunch. This linear chirp enhances the ef¢) and energy profile (d).

ergy modulation amplitude on one side but suppresses on

the other side. The energy profile in Fig. 2(d) clearly shows

the spikes modulated from the different laser periods.  difference of the two adjacent peaks between the two sides
After passing through a horizontal dispersive sectiorfjives the initial beam time-energy chirp. For example, if

we observe the transverse beam distribution on the screé¢ measured period lengths from the two sides/zre

which is shown in Fig. 3(a). The horizontal dimensior@ndAzz, then the initial chirp is given

represents the energy, and we can see that its projec-

tion (Fig. 3(b)) gives the same profile shape as that from b Azy — Az (11)

Fig. 2(d). We remove the background by fitting the spikes nAt ’

and obtain the residual of the modulation (Fig. 3(c)). s thi

example the different modulation periods are clearly gisti WhereAt = A/c.

guished and the distance between two adjacent peaks is on€igure 4 shows an example to analyze the initial time-

laser period. Then we take the peaks from the residual plehergy chirp of the e-beam. This is the same e-beam in

and rescale the horizontal axis using laser wavelength, afily. 2(a), but we increased laser power to 4 TW. With this

fit the peaks to get the bunch length, as shown in Fig. 3(daser power, both sides of the periodic modulation on the

The fitting result is 2.9 fs rms (comparing with the originalenergy profile can be determined. As seen from the figures,

length of 3 fs rms) and the bunch temporal shape is alstfter plotting the horizontal peaks versus time we can see

determined. the different slope which can be used to analyze the chirp
As mentioned above, the asymmetric distribution of théased on Eq. (11). The analyzed chirp in this example is

horizontal profile (see Fig. 3(b)) is due to the initial time-0.0011/11fs, which is same as the initial beam (chirp is le-

energy chirp. Since we know the dispersignof the 4/fs). If one side of the energy profile is smeared together

spectrometer, the energy distribution can be obtained frodue to limited laser power, it is also possible to roughly

d = x/n. If the chirp is small compared with the slope ofestimate the initial beam chirp by comparing the full widths

the laser envelope, it is also possible to resolve the imagethe half maximum from the two sides of the the smoothed

streaks on both sides. under this condition, the horizontptofile.
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DISCUSSIONS

As shown from the simulation examples, if the differ-
ence of the energy modulation amplitude between two ad-
jacent periods is larger than the e-beam intrinsic slice en-
ergy spread, then it is possible to distinguish the differen
modulation periods, which can be further measured after an
energy spectrometer. Once the different streaks have been
resolved, we only have to count the number of the streaks
to know the electron bunch length. In addition, by fitting to
remove the background, the e-beam temporal profile shape
can also be determined. Since one step is one laser wave-
length, this determines the resolution limit.

Since we require the e-beam interacts with the laser at
the slope region, the timing between the laser system and
the e-beam is important. With the parameters listed in
Table 1, an offset of 10 fs is still acceptable for the pro-
file reconstruction. The present LCLS e-beam time arrival
jitter is about 50 fs rms [1]. Together with the optical
laser system, if we assume the jitter between the laser and

Figure 3: The transverse image on the screen (a) and {ife e-beam is 100fs rms [7], roughly there are about 10%
horizontal projection (b). After removing the backgroundyunches which have the chances to meet at the linear slope
by fitting a black curve in (b), the residual is shown in (¢)regime.

The peak points are replotted in (d) using laser wavelength There are some tricks to increase the slope of the laser
to calibrate the horizontal axis.
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Figure 4: The electron longitudinal phase space right after
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intensity envelope. For example, using the beating mode
with two frequencies to form a stronger slope of the in-
tensity envelope. The nonlinearity of the laser slope and
the initial e-beam time-energy chirp makes additional mea-
surement errors.

We also tested this method with the LCLS Start-to-end
simulated beam at 20 pC. At over-compression mode with
a Gaussian-like shape, after reconstruction we achieve a
pretty good agreement; at the under-compression mode
with a double-horn shape, since there are only a few points,
the double-horn shape can not be retrieved due to the res-
olution limit, but at least we get some upper limit of the
e-beam bunch length.
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the wiggler (a) and the transverse image at the screen aftei’] A. Brachmanretal., IPAC10; see also SLAC-PUB-14234.
the spectrometer (b). The horizontal profile in (c) shows the
difference between the left and right sides. The different
slope shown in (d) is used to analyze the initial e-beam

chirp.



