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Femtosecond synchronism of x rays to visible light in an x-ray
free-electron laser
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A way is proposed to obtain intense infrared/visible light from an electron bunch in an x-ray
free-electron laser in femtosecond synchronism with the x-rays themselves. It combines the recently
proposed technique of emittance slicing in a free-electron laser with transition undulator radiation
(TUR). The part of the electron bunch that is left unspoiled in the emittance slicing process is the
source of both coherent x rays and of coherent TUR at near-infrared wavelengths. An extension
of the concept also exploits the fact that the electrons that participate in the free-electron lasing
process lose a significant part of their ene@y. 2005 American Institute of
Physics.[DOI: 10.1063/1.1927109

I. INTRODUCTION the accelerator. One possible way for doing so is proposed
here. It is based on a recent proposal to shorten the duration
The most elementary processes of chemistry and solidsf FEL emission from an electron bunch by passively slicing
state dynamics take place on the femtosecond time scalgs emittance. This has the advantage of requiring only mini-
(corresponding to the electron-volt energies of chemicamal upgrades to an existing FEL facility and, in particular,
bonds and on the angstrom length scale, corresponding t@loes not need an additional drive laser. The current proposal
the interatomic distances. These time and length scales cadmbines this with the use of coherent transition undulator
be addressed in pump-probe experiments, where a femtoseemiation(CTUR), i.e., transition undulator radiatibTUR),
ond pulse of visible or infrared light triggers a process whosenhanced by the effect of coherent synchrotron radiation
dynamics are probed by a correspondingly short x-ray pulsgCSR. Transition undulator radiation is strongly peaked in
The x rays can provide both the spatial resolution correthe forward direction at an angle of 4,/ where y is the
sponding to the chemical bond lengths and, through neafelativistic electron energy in rest energy units. This makes
edge spectroscopy, element-specific chemical informationfUR depend very sensitively on the emission angle. Corre-
such as the oxidation state of a particular elemental speciespondingly, the CTUR emission will be determined by the
Whereas the production of few-femtosecond, intensesariations along the bunch of the electron density over the
pulses of laser light is routine these days, the possibility otransverse angular coordinates in phase space. For few-
obtaining intense x rays of similar duration is only now ap-femtosecond slices in the electron bunch, the CTUR appears
pearing on the horizon. Laser-plasma x-ray sources have i the near-infrared wavelength range.
low brilliance, and the duration of the x-ray pulses is of the Two concepts are proposed here. The first relies directly
order of 100 fs. The raw output from an x-ray free-electronon the transverse emittance characteristics of an emittance-
laser(XFEL) is much more brilliant but of similar duration. sliced bunch and the other works by transforming the energy
Several schemes have been proposed in the past few yearssiread of the sliced bunch into an angular spread in a bend-
obtain shorter x-ray pulses from a FEL. However, to obtain ang magnet. The latter concept can be extended to also make
few-femtosecond time resolution in a visible pump, Xx-rayyse of the energy loss of the electrons that participate in the
probe experiment, one also has to determine the relative tinfree-electron lasing process. The next section describes the
ing of the two types of radiation at a commensurate level okoncept in qualitative terms. The numbers given are based
precision. It is very difficult to synchronize a short-pulse ypon the simulatiorfsand parameters available from the

laser to the electron bunches in a linear-accelerator-drivefinac coherent light sourcé.CLS) parameter database.
XFEL to better than~1 ps. A way to circumvent the prob-

lem is to measure the relative timing of the laser versus the

electrons or the x rays on a shot-by-shot basis and to bin thé. EMITTANCE SLICING
data accordingly. This requires sophisticated crosscorrelation
techniques, none of which are proven yet. It would also bqn a
very desirable to replace the statistical coverage of the PUMRRe
probe time difference with controlled and scanable
femtosecond-precise timing. For this, pump and probe ligh
have to be derived from the same source, i.e., the electrons

In the emittance-slicing techniqﬁea thin foil is placed
bunch compressor at a point where an energy chirp in
bunches is transformed into a transverse spread. As the
electrons traverse the foil, they are scattered and their trans-
§/erse and longitudinal emittances are increased by roughly
he order of magnitude each. An aperture in the foil leaves a
small part of the bunch near its center largely unaffected
¥Electronic mail: adams@aps.anl.gov (apart from insignificant wakefield effe¢t€Only this central
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FIG. 1. (Color onling Schematic representation of the particle energy, meanFIG. 2. (Color onling Dependence of the TUR intensity from the LCLS

and spread, along an emittance-sliced bunch as it leaves the FEL undulatétidulator on the observation ang& at A=1 um. Lower curve: into a

The parts of the bunch that passed through the foil have a larger energgonstant solid anglEq.[1].(11)], upper curve: into a constant interval@n

spread than the central part that was left unaffected. In the center of thifitegrated over the azimuthal angle. For the lower curve, the units on the

unaffected part, the electrons have participated in the SASE emission ar@Pscissa represent the photon fluxatl um per second, mrécand 0.1%

have a lower mean energy than those in the rest of the bunch. bandwidth at a beam current of 5 kA. For the upper curve, the units are
arbitrary.

part has a low enough emittance to be able to support the
self-amplified spontaneous emissi¢BASE process that Cross section in the LCLS undulator, and, therefore, the
leads to the emission of highly intense x rays in the LcLsemission of TUR is insensitive to emittance-induced electron
and similar x-ray FELs. Due to slippage effettihe free- beam cross section variations. As a consequence of the large
electron-lasing part of the bunch is even shorter than th&ansverse source size, the electron beam must follow a
unspoiled part itself. The electrons that participate in thestraight path over a long distance of the order of a hundred
emission of the intense coherent laser radiation lose a signifeters(see Appendix € Thus, the place in the LCLS that
cant fraction of their energysee Sec. Iy, They also lose Suggests itself for the production of TUR is the main undu-
energy to incoherent emission of wiggler radiatiovith the  lator itself, which in the current design is 112 m long.
current LCLS parameters actually considerably more than to  CSR effects are caused by strong variations of the elec-
coherent emisisgn However, this loss is the same as in thetromagnetic field amplitudet the observation pointwhich
emittance-spoiled part of the bunch beca(i$spontaneous are due to variations in the phase-space density along the
emission is a single-electron effect and therefore the totdpunch. In the case of a bending magnet, it is usually suffi-
radiated power is independent of the bunch emittance, angient to consider only the overall charge-density variations
(ii), at least in the linear-gain section of the FEL, the Fourieralong the bunch, and a qualitative understanding of CSR can
components of the electron density are not coupled with eace found by concentrating on the bunch itself. With TUR,
other, so that gain in those that fulfill the undulator resonanc&owever, the location of the observation point becomes im-
condition does not affect the other ones. portant for two reasons. First, the high degree of collimation
After leaving the undulator, the bunch consists thus ofof TUR makes the amplitude at the observation point depend
several distinct regionsi) the center, which has participated On only that fraction of the bunch charge whose propagation
in the SASE procesghenceforth the SASE bunghsur- direction is within an angle of 1y of the direction towards
rounded by(ii) regions of unspoiled emittance, which have the observation pointsee Fig. 3 A formal definition of a
not lased, andiii) the head and tail regions, which have directional charge density is given in E@2). The second
large longitudinal and transverse emittances. Due to the adlifference to bend magnet CSR is that the observer is typi-
ditional energy loss to coherent radiation, the electrons in th&ally in the near field of the TUR sourdsee Appendix ¢
SASE bunch have a slightly lower mean energy than the In the LCLS desigri,the normalized slice emittancee
others. This is shown schematically in Fig. 1. With the ex-iS 1.2X107°m, and the averag@ function in the LCLS
ception of the central dip due to energy transfer into thelndulator is 23 m/rad, giving a root-mean-square transverse

coherent x rays, a plot of the transverse emittance of th@eam sizeVBe=36 um, and a divergence of 1.2&rad.
electrons looks qua|itative|y similar. With the parameters given in Ref. 2, the spoiled trans-

In the following Secs. Ill and 1V, two concepts for the Verse emittance is about>510°® m, or about four times
extraction of infrared CTUR from an emittance-sliced bunchhigher than the unspoiled emittance according to the LCLS
are described. The firsiSec. Il) seems rather simple to databaséand about six times the unspoiled value of Q.
imp|ement_ The other is more Comp|ex and requires Somgiven in Ref. 2. In either case, the reSUlting increase in the
more space in the XFEL facility, but could provide shorterelectron beam divergence te2.5 urad and 3urad, respec-
wavelength CTUR than the first. tively, is still much less than the TUR peaking angle. As Fig.
4 shows, this is not sufficient for a good contrast in the
directional electron density. The increased divergence can,
however, be amplified by placing one or more scattering foils

In the LCLS,y=26 693, and the emission of TUR peaks at the undulator entrance, and making use of the fact that,
at the small angle of 1y=37 urad (see Fig. 2 In contrast, along with an about twofold increase in divergence, there is
the source size=y\/2 that emits into one transverse mode also a twofold increase in the transverse size of the spoiled
of the infrared radiation with this high collimatioic  beam. Each of the foils has a hole that is just large enough to
~13 mm atA=1 um) is much larger than the electron beam let the unspoiled beam pass. The foils must be spread out

Ill. USE OF TRANSVERSE EMITTANCE

Downloaded 02 Jun 2005 to 164.54.146.3. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



063304-3 fs x-ray/light synchronism in an XFEL Rev. Sci. Instrum. 76, 063304 (2005)

dilute TUR ) )
FIG. 3. (Color online Schematic rep-

resentation of the variations in the di-
vergence along the bunch. The center
has a smaller electron divergence, and
thus a smaller TUR divergence, than
the head(light rays not drawi or the
tail (divergent light rays shown The
inset shows the amplitud& over the
time t at the location of the observer.

dilute TUR Short-wavelength CTUR is due to the
square of the peak over the slow ped-
t estal.

over a length given by th@ function to make sure that all ratio) parabolic mirror. Because of the radial polarization of
electrons in the spoiled parts interact with several foils, i.e.the TUR light [see remark after Eq(A9)], focusing the
those that happen to be close to the beam center at the firsthole emission cone onto the sample would lead to destruc-
foil must interact with another. Other than in the beam com-ive interference. Therefore, one can use only about 1/3 of
pressor, where the original emittance slicing foil is placedthe cone to get an optical single-cycle burst of infrared ra-
there is no dispersion at the undulator entrance, and therelation (one-half cycle of the vector potentiar two oppos-
fore, the limitations on the total foil thickness discussed ining sections of the cone with a/2 phase shifter for a
Ref. 2 do not apply. However, possible wakefield effects of3/2-cycle burstone full cycle of the vector potentijalThe x
the foils on the unspoiled beam need to be studied in beanrays go through two crystal reflections for the double pur-
dynamic simulations. To increase the divergence of theose of mononchromatization and delay relative to the infra-
spoiled beam to, say, 6@rad, the emittance will have to be red light (see Ref. 4 for details
increased by a factor of about 2000. Assuming uncorrelated Now to the intensity of CTUR light that one may expect
scattering in the foils, the emittance should scale linearlyat the important wavelength of=800 nm, for which the
with the total foil thickness. According to Ref. 2, m of = mature Ti:sapphire laser technology is available. This also is
carbon increases the emittance by a factor of 5, and thus, tae wavelength below which the Taylor expansion for the
total foil thickness of 4 mm will be requirethut see remark exponential(A5) becomes invalid for LCLS parametefik
at the end of this sectignGoing downstream, the foils can =3.5, y=26693, undulator length L=112)xThe number of
have increasing aperture size, as the distinction betweehUR photons from a single electron at an an@le1/y is
spoiled and unspoiled parts grows. This will help to mini- calculated with Eq(B3). Assuming the observer is several
mize adverse wakefield effects on the unspoiled part of théundred meters downstream of the undulator, the real undu-
bunch. Depending on the emittance acceptance of the LCL$ator lengthL is replaced with an effectivée’=100 m to
the foils will also scatter some electrons completely out ofaccount for near-field effectésee Appendix A With
the beam, so that not only the directional, but also the totak27c/A=2.355x 10° s and Aw=0.2-w (typical for
electron density of the spoiled parts is reduced by the scaffi:sapphirg, and with(? )=K?/412~4.3x 107, this gives
tering. This effect may actually be more important than thatdN/d =3.0x 10°. After integrating over a solid angle gf2
due to only the reduction in directional emittance. To avoid(0.5/y radially and 2y azimuthally, the flux is N=4.21
damage to the undulator, the scattered electrons should be10™* photons from one electron.
caught by a collimating beam stop. According to the simulation in Ref. 2, the beam current
Figure 5 shows a sketch of the proposed device, with thén the unspoiled part is 6 kA, and thus the charge transport
primary scattering foil sfin the bunch compressor and, sf within one-half optical oscillation period of 800 nm light is 8
representing the multiple emittance-enhancing foils. In arpC, or 4.9< 10’ electrons. Because CTUR scales as the
actual design, one would probably not use foils with an apsquare of the numbar of participating charges and because
erture, but rather several blades that can be moved into thie contrast betweeri? (see Fig. 4 and the inset in Fig) 3
beam from all sides. The TUR in Fig. 5 is focused onto thein the unspoiled versus the spoiled part is about 50%, the
sample by a longseveral meters, depending on the imagingCTUR pulse energy if*n?+AwC~125 nJ, and the power
within one optical cycle is about 50 MW. This is quite suf-
ficient for many pump-probe experiments. If necessary, stan-

concentrated

| EREEN
]
sty sf,

electron
dump

>
20 40 60 prad

FIG. 5. (Color onling Schematic of the in-line setup, with the scattering foil
FIG. 4. (Color online Main graph: Square of the directional electron den- sf;, as proposed in Ref. 2, and the additional foils at locatignTdfe x rays
sity p, Eq.(B2) for an observation angé=1/y=37 urad over the electron  go through a double-bounce monochromator, which has the secondary pur-
beam divergence. Inset: the same over and 0. pose of delaying them relative to the CTUR light.
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there is a somewhat longer bunch, corresponding to the total
duration of the unspoiled section, but with a “hole” in its

C\\\‘\\:\x center where the electrons go alomt} ‘in analogy to Babi-
t\e\\\‘\\:\\‘\\ net's principle in classical optics, this should also lead to
\\‘\\\\\‘\\\\\ Ty CTUR at the same wavelength as framBecause the parts
W NR O T of the bunch on ¢ before and after the hole are roughly
1 \\\ N e equal in length to the hole itself, one may expect%acycle
SR b pulse of the vector potential. Finally, there are the outer tra-
N jectories ‘a,” “b,” “e,” “f,” “g.” These contain rather long
N éd e bunches which emit CTUR at far-infrared wavelengths, al-
\g\ beit rather weakly because their currents are more dilute than

on ‘c’and ‘d'. Furthermore, for the same reason as discussed
FIG. 6. (Color onling Schematic representation of the time dependences ir€arlier, there is also a weak CTUR contribution at wave-
the dispersed bunch after the bend. The high-emittance parts of the bundengths corresponding to the length of the bunch @n *

spread out over a large fan, represented here by trajectyrige, f, andg. The CTUR must be produced in a straight section of
In all of these trajectories, the low-emittance central part of the bunch is . .
missing because that is concentrated on the trajectofieas not lasedand about 100 m in Iengtl(lsee Appendlx 03 but the total undu-

d (has laseyl The electrons that participate in the SASE process lose mordator length can be less. One might, for example, array rela-
of their initial energy than those that do not, and therefore take a tighter turtively short undulators along the long straight section. These

in the bend and end up in trajectorly instead ofc. undulators do not have to conform to the strict tolerances of
the SASE undulator in the LCLS. Becau&®, ) enters Eq.
dard laser technology can be used for further amplification: &B3) to the fourth power, a shorter magnetic length can easily
single pass through a laser crystal in in-line geometry introbe made up for by a larger K parameter of the undulétee
duces only a small optical delay, which can easily be comremark in Appendix A orK>1 and the TUR peaking angle
pensated for with an x-ray delay in the monochromator. Fiof 1/y).
nally, a laser amplifier could also be used to reduce the Now to an estimate of the CTUR power to be expected:
requirements on the contrast jnbetween the spoiled and According to the LCLS databadethe-energy spread of the
unspoiled parts of the bunch and thus use fewer secondaghspoiled part of the bunch before the emission of x rays is

scattering foils. 0.01%, and the quantum fluctuations of the spontaneous wig-
gler radiation induce an additional spread of 0.02%, bringing
IV. USE OF THE ENERGY SPREAD the total to 0.024%. In contrast, the emittance of the spoiled

Th q t mak f th i f thgarts of the bunch is about 0.075%he relative energy loss
€ second concept makes Use ot the varation of ue to the SASE process is about 0.014% with a coherent

energy spread along the bunch. Upon entering the deOIQ—ray power of 10 GW from a current of 5 kA of 13.64 GeV

magnet that separates the electrons from the x rays to selth ctrons. In the LCLS desigfhthe bend magnet leading to

th_em to the beam dump, the bunch fans out, and the regioNRe peam dump consists of three sections, each with a mag-
with a large energy spread do so much more than those th?i%tic length of 1.4 m and a deflection angle of 1.67°. The

were left unaffected by the emittance slicing. Furthermoret tal deflection from all three dipole magnets is thus 5°
the parts of the unaffected region that have/have not Iaseﬁ88 mrad, and the energy spreads of 0.024% and 0.075%
will follow different trajectories due to their slightly different fan out ov,er 21 and 6@rad, respectively According to F.ig
Mmean energies. This is shown schematically in Fig. 6. 4, this gives a contrast ip of about 30%(2.4 in arbitrary
.Th|s dispersed bunch th.en epters another und.UIato[)nits at 21urad to 1.55 at 66urad). With undulator param-

;Vhlg_z has :Ee purposte dOf e'mlttmgf.llnfrarr]ed CTLﬂffe Fég' i eters similar to those of the LCL®r, alternatively, shorter

)- There, the current density profile shown in Fig. 6 Will' 44101 section with highef), the CTUR pulse energy is
lead to the followw_lg pattern of CTUR_ emission at miCrome- . o, ot the order of 0.1J (see power estimates in Sec)lll
t?_r v;a;ilgrégths(gl\_/enthby th? duration O]; (';he terrtlr:ttanﬁe-t A stronger or longer bending magnet would improve the con-
Z,IA(\:SE b hgmlss?n ; main g(impor:en b u?h.o d.e Short yrast. one might also use secondary scattering foils, as dis-
. unch Is centered around trajec .Ody N IS AIreC-  ussed in Sec. 11l to increase the energy spread of the spoiled
tion, one should observe a single optical cycle of mfraredparts and thus increase the contraspin

light (a half-cycle of the vector potentjalOn trajectory €,” The energy loss of 0.014% due to the SASE process

leads to an angular deviation of Jizad, which is about 1/3

N “lnSP"ﬂed of the peaking angl®=1/y of the TUR. Even without any
,— electron bunch A . -
- ~ energy spread in the SASE bunch, this gives a very small
IRREEER contrast irp (see Fig. 4 With the 0.024% energy spread of
FEL undulator the SASE bunch, this contrast is decreased even further.
\ However, the coherent x-ray power of 10 GW is an average
CTUR undulator value. The SASE radiation exhibits very strong intensity

FIG. 7. (Color onling A sketch of the setup, showing the FEL undulator, the fluctuations, and, in some bunches, the power loss to coher-

bend magnet that disperses the bunch and the undulator for transition und§Nt X-ray emi_sEion is much Iarger_—a factor of 2 will i_mprove
lator emission. the contrast irp to about 10%. This also opens the interest-
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ing possibility of using the CTUR as a diagnostic tool to r2 (n-r)?

i ission i R=x-n-r-—— (1+r2/x?) (A2)
monitor the energy loss to coherent x-ray emission indepen- 2)x] 2lx|

dently from the x rays themselves.

by expanding the square root to first order. Keeping only the
terms|x|, n-r and the next-order corrections, realizirg)
<|r|, and using?-(n-r)2=r2sirf®, gives
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r2siré O
2|x|

R=|x|-n-r-n-s- , (A3)

script and spotting a numerical error.

APPENDIX A: NEAR-FIELD TUR
This Appendix revisits the derivations of the original
papeil on TUR for an undulator that is not negligibly short in

and, withx(t)=1-n-g and the approximations|~ ct and
sin® = 0, the exponential in EqA1) becomes

t Ct2®2
® 1) t)dt' —iw ,
¢(S)exr{l fo K(t") [ 2] ]

(A4)

comparison to the observation distance, i.e., near-field TUR.

The electromagnetic field of a relativistic electron tra-

versing an undulator of lengthin a timeT=L/c is observed

where ®=expliw|x|/c) and ¢(s)=exp—iws-n/c) are both
constant in time. The forme®, is of no further concern here

at a pointx relative to the origin placed into the center of the becausex is constant. The latter, is also constant in time

undulator. The momentary position of the electrorr (8,

and B(t) is its velocity in units of the speed of light. Because Appendix B in the context of cohere

later on, a bunch of electrons will be considerednust be
split into the positiorr of the bunch center and the position
s of the electron relative to,. Beam-dynamic effects will
not be considered, i.es is assumed constant andt)
=ry(t)+s. The coordinate origin is chosen in the center of th
undulator and ((0)=0.

The vector from the electron to the observelRi&)=x
-r(t), expressed in terms of the distanBé&)=|R(t)| and
direction n(t)=R(t)/R(t). The angle® of observation is
given by co®=n-r(t)/|r|. This geometry is shown in Fig.
8.

With Egs.(14.62 and(14.66 of Ref. 5, the vector po-
tential observed at positiox is

o

(A1)

1/2 T2
A(w) — ( e2 ) J eiw(t+R(t)/C)g|:
8772C -T/2 dt

nXx[nXx g]

1-B8-n

where integration limits £ of Eq. (14.62 of Ref. 5 are

e

and thus irrelevant here. However, it will be all-important in
nt synchrotron radiation.
With n-B=cos®|8| and |B|=V1-y2 we have «
~(y2+0?)/2, and withn X B=~sin®, the expression in the
square brackets in E¢Al) peaks at®=1/y. The observa-
tion pointx will have to be chosen accordingly, and sections
of the undulator for which® deviates strongly from 1y
contribute only weakly. A® =1/, the integral in the argu-
ment of the exponential in EGA4) is larger than the fraction
following it by a factor of 2x|/ct, and can be written as

t
exp{iwf
0

As long as the argument of that exponential is much smaller
than 7/2, the scaling factoo- may be considered a small
quantitative correction, not leading to qualitatively signifi-
cant changes in interference effects. Also, in that case, the
exponential in Eq(A5) may be written as a Taylor expansion
to first order. With® =1/y=37 urad and an undulator length
of 100 m, the limiting wavelength, below which the expo-

a(t’)x(t')dt’] , ot)=1- |; (A5)

ct
|.

replaced with #/2 under the assumption that the electrons,qnt exceeds unity, is about 800 nm.

go on straight paths before and after the undulator. This as-

After writing A(w)=(€?/2¢)?® ¢ A(w) to make the fol-

sumption and the minimum lengths of these paths are disgying derivations directly comparable to Ref. 1, and per-

cussed in Appendix C.

Becausey is very large in the LCLS, the observation
angle ® is small (see later and the length of the undulator
producing the TURsee Appendix Cis a sizeable fraction of
the overall dimensions of the XFEL facility. Therefone,

cannot be taken as a constant, and the common approxima-

tion (14.63 of Ref. 5R(t)=|x|—n-r(t) must be examined for

its validity. This makes it necessary to revisit the derivations

of Ref. 1.
With the law of cosinesx?=r2+R?+2|r|[RcosO(t), a

quadratic equation foR is obtained, which can be solved as

forming an integration by parts, we get an expression corre-
sponding to Eq(2) of Ref. 1:

.

R(1)

]
0 To

(1)

FIG. 8. Geometry of the determination Bft) andn(t).
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1 ! A —i—"’Jm tn X (n X <Bﬁ>dt (A9
Alw) == l1+iwfoa(t’)x(t’)dt’} ()= 50 ), on > (nxe) dt )

Due to the terrm X (n X ), the TUR light is radially polar-

‘ {n X [n X ﬁ(t)]} % ized. If the factoro(t)=1, and with a constant angé® [hid-
X||———— den in|nXx(nXxe/|=sin®], Eqg. (A9) could be integrated
(1) -3 trivially and Eq.(10) of Ref. 1 would be obtained. However,
for observation distancgg| not much larger than the undu-

T2 nx[nx BM)]. lator length, the factorr(t) drops off from 1 for timest

- f—wz K(t) lwo(Dx()dt . (AB) corresponding to the ends of the undulator &t) deviates

from the peaking value of 1/ for at least some parts of the
Under the assumption that the velocity loss and direcundulator(see Fig. 8 Both o and® thus have the effect of
tional change in the undulator is negligible, i.@(-T/2)  restricting the length of the undulator that actually contrib-

=B(T/2) = By and k(=T/2)=«(T/2) =: Ky, this is utes to an effective length® <L=Tc.
When observed at the angl®=1/y, the frequency
o (T2 rangew, < w< w, of the radiation is bounded below by the
Alw)=— f o(t) reciprocal relativistically compressed effective undulator tra-
21 J 12 versal time. The upper limib, is given by the condition that
N X (N X Bo)k(t) =n X [n X B(t)]KOdt. A7) the exponent in EqA5) must be small.
Ko

APPENDIX B: CTUR

Instead of a single electron, we shall now consider an
electron bunch with a phase-space densi; 3,x,x’,y,y’),
where the longitudinal coordinateand the transverse spatial
and angular coordinates y andx’, y’ are meant relative to
the bunch center. The densityis normalized to make the

With the explicit representatior(t)=1-n-B(t) and the vec-
tor formula ax (Bxc)=(a-9B-(a-B)c (applied to both
double cross products and, again, for asseinliy. (A6)
becomes

R, integral overX equal to the number of electrons in the bunch.
Alw) :I_wJ o(t) n X [nX(Bo—P)] The validity of this continuous-density model is discussed
27 ) o Ko later. In the context of a bunch, the phase factis)
=expliws-n/c) becomes relevant. It can be approximated by
L BB = BB 1 }dt (Ag)  exPliwz/c) becausen is almost parallel to the axis.
Ko With Eg. (14.60, of Ref. 5 the numbeN of photons

emitted into a frequency band@+Aw/2 and into a solid
The electron velocity consists of a rapid transverse oscillaangledQ is d®N/dwdQ=2|A(w)|*/hw, and thus
tion B, and a longitudinal oscillation about an average lon- dN  Aw 2
gitudinal velocity B, = e/(| 8| —(8%)/2), where, for the pur- 0" ,
poses of considering a single electron, the vecépr @
=Bo!|Bo| can be considered to be identical to the unit vectowherek=w/c, a=€?/#ic, andX is an abbreviation for the set
e, The transverse velocityB, is given by |B,|  of arguments tp.
=(K/y)cog2mct/\,), whereK is the undulator parameter The energy spread in the bunch is assumed to be so
(K=3.5 in the LCLS, and\, is the undulator period in the small thaty andg, can be taken as constants. However, the
lab frame. The transverse oscillation and, to a much lessdream divergence is important here, and the vegtaran no
extent, the longitudinal oscillation are the source of the regulonger be assumed to be parallelggo Taking the coordinate
lar undulator radiation at high frequencies. These rapid osdirection x to be in the plane oh and e, the expression
cillations average out in the integration in H&8) because [nX(nXey)| is now [@-x'|, where x' is the two-
that expression has been derived with a first-order Taylofimensional vector of the transverse angular coordinates
expansion for the exponential in EEA5). This expansion (X',y’) and @ is the observation angle, also as a two-
would clearly be invalid in a derivation of the regular undu- dimensional vector. Likewise, in the denominato22(1
lator radiation because the whole point of using an undulatorn-B) = (©?+y72) must now be replaced with(®-x")?
is to introduce a phase slippage of many times Zhis also  +v 2], and, with this, the ternin X (n X e,)]/(2xo) in Eq.
brings up another point: at first sight, it may seem contradic{A9) is now modified to read®-x')/[(®-x")?+y?]. Mul-
tory to predict a peaking of TUR & =1/ when the angular tiplying this with p(X), and performing the trivial integra-
variations of the electron trajectory exceed this angl&at tions over B,x,y (which do not appear in the integrand
>1. However, here too, one has to distinguish between thgives the definition
average longitudinal velocity and the high-frequency
wiggles, whose effect averages out in the integration. bp(zx'y') = y,—z_z f d(B,x,y)p(X), (B2)

Therefore, the second fraction in EGA8), whose nu- (@ -x)"+y

merator is[Bo(B,-n)— B, (By-n)]=-B,, does not contrib- which can be interpreted as the directional electron density,
ute, and off3;— B in the first fraction, onMﬁi)/Z remains. radiating towards the observer. The unit$afre number-of-

f dXp(X)e"A(w) (B1)

e -x/|
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electrons per real-space volume. With this, B8{) is

dN awA L%y B) : «JAVA4!:?
dQ 4c?7? . L=iy? i <o
1 Ay Aik(21-20) FIG. 9. (Color onling The minimum length of the straight section contain-
X {J dzldzzdxldxze ing the undulator is determined by the source siz#ue to diffration of the

infrared light of wavelengtx.
Xp p SEP . . .
p(Zl,Xl)p(Zg,Xz)} (B3) tron, the integral in Eq.(B3) can be replaced with

~2(3)2 2 ~2\2 i
The subscripts 1, 2 are used to differentiate between integra: O%/(6%+77)7, which makes Eq(B3) correspond to Eq.

tion variables instead of the customary prime to avoid 11) of Ref. 1.
confusion with the notation of angular variables. APPENDIX C: RADIATION LENGTH

With p being a number density per real-space volume, An important implicit assumption in the above treatment

]Ehe tl_nte%rafl n tth'(B::’) 'S ?mens:onk:sls. The un(ljt_s n the of TUR is that the electrons enter and leave the undulator on
raction betore Ih€ integral cancel out, leaving a dimensionzg, o e straight paths. Just how long these straight sections
less numbeN of photons per unit solid ang@. The integral

) . have to be can be determined through a consideration of the
can be interpreted as representing the number of charges el

related with each other on the scale of the wavelength oherence charateristics of the emitted T(§ee Fig. 9
=2x/k in z and within an(x,y) divergence of 142. If the corresponding to the small peaking angle=2/y of the

. ) . L L . azimuthally integrated emissiofsee Fig. 2, the transverse
directional charge density exhibits strong variations zin y g . 9. 2

-y - source size is given by=\/(2/y). The observer that sees
within the wavelength\, coherent synchrotron radiation ef- g y=N(21)

. . . . this transverse size at an angle ofyd¢ actually looking at a
fects appear, which are proportional # in the respective straight section of lengthL=c/(2/7)=~2\/4, which con-
volume, i.e., the square of the number of participating '

h tains the TUR-emitting undulator. At a wavelength »f
¢ a;g\;es. At | h densit hen th =800 nm(the wavelength of Ti:sapphire lasgend with the

. caveat. At very low charge densilies, when the mean o) g \qye of vy=26 693, the straight section must be at
distance inz between electrons within &,y) divergence of

1921 ; h ller thak. the electron densifs t leastL=145 m long, i.e., a bit more than the length of the
IS not much smatler tha, the electron density mus LCLS undulator(112 m! Any bends or other deviations
be made to reflect the quantized nature of the electric charg

f fectl ight el h within this | h will
This can be done through the introduction of statistical fluc- om a pertectly straight electron path within this length wi

tuati 2 ller thanh in lonaitudinal extent. Oth generate radiation that interferes with the TUR, which will

ua 'OTES Ian3 sma I?jr han mh opgllu lna}t ex etr;] ter- generally have the effect of increasing the solid angle into
wise, Eq.(B3) wou give unphysical results: in the extreme |\ o 4o (o diation is emitted.

case of one electron in a bunch many times the lengtk, of

a smoothly spread-out electron density would make thei ; xim, phys. Rev. Lett76, 1244(1996.

double integral be much less than?0?/(0%+y?)? (as it 2p. Emma, K. Bane, M. Cornacchia, Z. Huang, H. Schlarb, G. Stupakov,
should be for a point chargewith typical XFEL parameters, _and D. Walz, Phys. Rev. Let92, 074801(2004.

i.e.. I nCin abunch of 3um in Iength and at micron wave- 3LcLs parameter database, URL http://www-ssrl.slac.stanford.edu/Icls/
o . - arameters.html.

lengths, thl_s prob_lem does not occur. For the comparison oﬁg. Adams, Rev. Sci. Instrum75, 1982(2004).

the CTUR intensity to that due to TUR from a single elec- 3J. JacksonClassical Electrodynamic2nd ed.(Wiley, New York, 1975.
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