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Since many free-electron lasers use a segmented undulator, it is important to understand the requirements on
phase matching between the undulators. A simulation that self-consistently determines the phase slippage
between the light and the electrons is used to study these effects, The simulation is found to be in agreement
with an analytic formulation of the phase slippage. A seeded x-ray free-electron laser is studied which makes
use of a segmented undulator with quadrupoles in the gaps to provide strong focusing. Optimal performance is
found for gap lengths corresponding to a phase slippage within about 20% of a wavelength through a unit cell
consisting of an undulator and gap.
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Most current x-ray free-electron las@fEL) designs are beam, and c is the speed of lightvacua This formula can
based on self-amplified spontaneous emiss®ASE) where  be evaluated relatively easily in the gaps between the undu-
shot noise on the beam is amplified in a single pass throughators and in the uniform field regions of the undulators. In
a long undulator{1,2]. Because of the need for additional the undulator gaps where,/c=1-1/2y, where y,=1
beam focusing and diagnostics in long undulators, these de~E,/m.?, E, is the beam kinetic energy, adand m, are
signs use segmented undulators with quadrupole focusing ithe electronic charge and mass; hence, the phase slippage at
the gaps. As a result, care is needed in choosing the gahe resonance wavelengkh.d=\,(1+K?/2)/2£] is
lengths to match the phase slippage of the light relative to the

electrons between the undulators. In this papermibeUSA Poap _ _ _Lgépz_ (2)
simulation codg3,4] is used to study FEL performance as a 2m (1 +K9/2)

function of this gap length for parameters corresponding t
the Linac Coherent Light Sourc@ CLS) at the Stanford
Linear Accelerator Centgd].

The phase slippage at the resonant wavelength in a FEL
exactly one wavelength per undulator period; however, thi§d
phase slippage varies with wavelength across the gain ban
If the undulator lengths in a multiple-segment undulator line
are comparable to the exponentiation length but long enoug
that variation in the slippage is a substantial fraction of a Cw Ly N = Nres
wavelength across the gain band, then coherent amplification o EV B Nee /)
at any specific wavelength from undulator-to-undulator is
sensitive to the gap length between the undulators. This igt wavelengthy, whereL,, is the length of this region. When
precisely the case for the LCLS. In particular, the simulations\ =Aes the slippage is one wavelength per wiggler period.
show that the total phase slippage for each wavelength The phase slippage in the entry and exit transitions is
through the unit cell consisting of an undulator and gap mustnore difficult to estimate. The wiggler field in the entry re-
be close to an integer number of wavelengths for cohererflion is B,,(2) =B,&sin?(7z/ 2Niand)cogk,2), where z is
amplification to occur. This hitherto unsuspected effect im-measured from the start of the transition regfae., 0<z
plies that the detailed shape of the output spectrum will vary<Ngandw]- The exit transition has a symmetric decrease.
with the gap length. When Ny, 1 the velocity changes adiabatically, and the

In order to provide physical insight into the results of the wiggler-averaged orbit approximation can still be used so
numerical simulation, we derive an approximate analyticathat

Q/vhereK:eaN/mscsz is the peak undulator strength param-
eter (k,=2m/\,,). Note that the effects of focusing quadru-
oles are neglected in this idealized one-dimensional model,
ut are included in the&mebusa simulation. In the uniform
ndulator region the axial velocity after averaging over the
tndulator oscillations is,/c= 1—(1+K2/2)/2y§ and the
Rhase slippage is

3

formula for the phase slippage using a one-dimensional orbit vy(2) 1 K2 Tz
model. It should be emphasized, however, that this model is —=1-—|1+ ?sin“(g ) . (4)
for insight only, and thatveDpusA implicitly includes the ¢ 27% Nirand\w

phase slippage in the integration of the particle trajectories iThe sum of the phase slippages in the entrance and exit re-
a three-dimensional field model. The fundamental equation igjons at the resonant wavelength, therefore, is

__owb Ub Prrans _ 2wNyrandvy 20 f Neandw 7/ __ 2L o5
1 - ] (1) 277. c 0 Ub(Z,) )\W(l + K2/2) )

(5)

where w is the angular frequency, is the length of the
region under consideratiom,, is the axial velocity of the whereLgs=Nyandn(1+3K?/16).
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As a consequence, the total phase advance through an Lgap
undulator and gap is «
Pot _ _ Lgag+ 2L o5 B L—W(l B A - )\,es) ©) L ‘.V ; undulator 17 ‘ undulator
27 AJSL+KZ2) 2\, Nes | 7*‘
L Lol
d Ld Ld

The variation ing,,; with \ in the gaps and the transition
regions is small and may be neglected. However, this is not o _ _
necessarily so in the uniform undulator regions. The ampli- FIG. 1. Schematic illustration of the first two quadrupoles and
fication band in a typical FEL is small; hend®—\,d <\. undulators.

However wherL,, > \,,, the phase shift in the uniform undu- .

lator sections can vary by an appreciable fraction of a wavel0-6 KG/cm over a length of 0.05 m. The Twiasparam-

length across the FEL amplification band, and this is found i ters are assumed to be zero, so we 'configure the undulator
simulation. ine with a half-quadrupole before the first undulator to rotate

Once again, we note that E¢§) is derived under highly the phase space. This is illustrated schematically in Fig. 1 for

idealized assumptions and is meant only to provide physic%ﬁe ﬁr:StftVr‘:O und(ljjlatorls af‘d r(]quiadrupholefs.hH%I% Is the
insight into the variation in phase slippage with wavelength.erlgt 0 the quadrupold,q is the length of the drift region
In particular,Nyo,=1 in the case under study, and the esti-Separating the undulators and quadrupoles, and the total gap

; ; ; ; length isLga=Lo+2Lg.
mate of 5) based upon the adiabatic orbit approxima- —gap— —Q T <-d . ,
tion breglgnégvzm. Never{)heless it is found that (EBp;F.)is in The simulations correspond to a seeded amplifier at fixed

reasonable agreement WithEDUSA, which does not employ wavelengths. An _example of the rr—;sults is shown in Fig. 2
the wiggler-averaged orbit formulation and is not so limited.Where the power is plotted versus distance for a gap length of
MEDUSA [1,2] is a three-dimension&BD), polychromatic 0.27 m ?t ‘g wavelength of 1'500d'.& with ﬁn mmal drive
simulation code that models either planar or helical wiggler*:’?t\’verh0 a .OlIJt 500.W CO”.GSpOQ Ing to the noise power.
geometry and treats the electromagnetic field as a superpoé}‘- er the initial transient region, the power grows exponen-

tion of Gaussian modes. The field equations are integrategia"y until shortly before saturation at about 91 m W.ith a
simultaneously with the 3D Lorentz force equations for anPOWer of 21.5 GW. Note that the undulator/FODO line in the

ensemble of electrons. No wiggler-average orbit approximal-'CLS is. I.onger than required to reach saturation even using
tion is used, andEDUSA can propagate the electron beam € anticipated beam energy spread. The evolution of the
through a complex undulator/transport line including mul-transverse beam dimensions versus distance for this case is
tiple undulator sections, quadrupole and dipole correctoPnOWN 'Q Flt?. 3. Qbs:ﬁg(ej_that_the F(ngOflatt'Ce initially fo-
magnets, focusing/defocusin§ODO) lattices, and magnetic CUSes the beam in the direction and defocuses in the

chicanes. In particular, the phase slippage between the ligiirection:
g b hbeg 9 t The phase slippage in simulation differs from the analytic

and each electron is integrated self-consistently througho% . ; .
the simulation. _ormula becausg there is an axial velocity spread correspond-
A simplified configuration for the LCLS1] is used for Ing to _the emittance. Ngvertheless_, comparison between
§|mulat|on and the analytic formula is good. For example,

this paper. The electron beam is Gaussian with a 14.36 Ge , . o : .
energy and a 3272 A peak current. The beam is not symme{h‘? phase shppage in the transition regions s about\.91
ric, and the normalized emittances are 0.8869 and'SiNY EQ.(5). This compares well with the average phase

0.8198 mm mrad in the andy directions, respectively. The slippage_ of 0.9% for all of the_ electrons _in_simulation. The
beam is elliptical with rms beam dimensions of phase slippage across the unit cell consisting of the undulator

19.32(24.22 um in thex (y) direction and 24.22um. Since and gap is about 1Mfor a gap length of 0.27 m at the
many simulation runs are required to fully examine the phase

slippage, the beam model is simplified by assuming that the oF ' ' ' '
energy spread vanishes. This results in a shorter gain length ! = A=1.500A
and a larger gain bandwidth than is anticipated in the LCLS, = L =027m
but does not change any of the essential conclusions regard- — 108 **
ing the phase slippage while reducing the computational load E r
significantly. 5 oF
The undulator line consists of 33 undulators with quadru- & 10°F
poles located in the centers of the gaps. The undulators have ™ E
a peak on-axis fieldB,,) of 13.25 kG and a periot\,,) of 10°F
3.0 cm. An analytic field model of a flat-pole-face undulator 3
field is used with a uniform field section of 112 periods in e S T T

length and one-period entry and exit transitions. The field is 0 20 40 60 80 100 120
oriented so that the wiggle motion is in thedirection. A
transition region of one period in length is us@d, n=1).
The quadrupoles are configured as a FODO lattice. A hard- FIG. 2. Evolution of the power vs distance for a wavelength of
edged field model is used with a field gradient of1.50 A and a gap length of 0.27 m.

z (m)
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0.0035 - 0.0035 degrading performance. The sharp rise and fall in the power
0.0030F 30.0030 is due to the fact that there is no coherent amplification from
TR . undulator-to-undulator when the phase mismatch is outside
B 0.0025 10.0025 A of this range. Since this is smaller than the total variation in
< g0020F No.0020 ! phase_ slippage with wavelength across the amplification
/;u h ] o‘f/ band in the undulator&=+0.8\), the phase mismatch asso-
| 0.0015F 400015 = ciated with the segmented undulator will result in a narrow-
¥ 0.0010F <X-x> <Y-¥>  Jo.0010 8 ing of t_he spectrum. Note also that the phase slippage var_ies
e F by an integer number of wavelengths as the gap length in-
o000t L, =027m - 0.0005 creases by, (1+K2/2)~0.24 m for the LCLS.
00000 ——t ottt 00000 It should be remarked that if there were high gain in each
0 20 4 60 8 100 120 undulator, then the system would not be sensitive to the gap
z(m) length [5]. For undulators much longer than an e-folding

. . : length, the phases of the electrons self-adjust over a distance
FIG. 3. Evolution of the transverse dimensions of the beam as . . .

. . comparable to an e-folding length after which exponential
functions of distance.
growth resumes. However, the undulators for most SASE
x-ray FEL designs are comparable to the e-folding length.
For the LCLS case, the e-folding length is approximately
3.3 m [6], and is comparable to the undulator length of
3.42 m. As a result, the undulators are not long enough to
overcome the initial transient response due to a mismatch in

the phase slippage, and care is needed to ensure that the
112, long. the phase slippage in the undulator will vary by phase slippage is properly matched for coherent amplifica-

.7 ~Jtion in each undulator.
as much as~80% of a wavelength across the amplification "~ Ao 1\ jted above. the phase slippage in the uniform undu-
band. However, coherent amplification does not occur ove{ i

resonant wavelength of 1.4975 A. At the wavelength of
1.500 A used in Fig. 2, this phase slippage is 118.8fhe
full width of the amplification band found in simulation ex-
tends from about 1.490 to 1.506 A, but this bandwidth would
be smaller had an energy spread been used in simulatio
SinceAN/\ s~ £0.008 and the uniform undulator region is

th i lification band at thi h hoi ator region can vary by a substantial fraction of a wave-
Q:pelgr:g;t‘hampl Ication band at this, or any Other, ChoiCe Olangth over the amplification band. This implies that the

™ N ‘ ith | his sh ._proper phase match for coherent amplification over the
Fig 4e \\;vahr:eargog]én c?t?tég':n;?)rv]vceer V;Lt th%agngngft thIZ in%\’l\jugtmdulator/FODO line will occur at different wavelengths as
line (circles and phase slippagéas found in MEDUSA) he gap length changes. The change in gap length required to

. ' maintain a constant phase slippage as the wavelength
through a unit cell(squarep is plotted versus gap length. P ppag g

Note that no effort to retune the FODO lattice has been madghanges 'S

as the gap length changes. Since the undulator line is longer AN

than required to reach saturation, the points shown in the ALggp=~ L,y —(1 +K%2), (7)
figure correspond to a range of cases from where the power res

has saturated prior to the end of the undulator line to caseg, thatAL g, varies across the amplification band by about

where there is no saturation at all. The phase slippage ins ~
creases linearly with gap length, and it is clear that the FErI_b'27 m for the LCLS parameters. Becaudtga,>Ay(1

. . . +K?/2), a range of wavelengths in the amplification band
will reach saturation when the phase slippage through thean be found that reaches saturation for any desired gap

unit cell is close to an integer number of wavelengths, bu onath. This is summarized in Fig. 5 where the ranae of
this can vary by as much as about £0.@ithout seriously gth. 19.°9 9
wavelengths that reach saturation is plotted versus gap

114.0 length. The “error bars” in the figure represent the range of
JA L R B L R L L N . . SO
oF _ A ] vx{avelengths over which saturation is regched qnd the central
107 A =1.500 11138 circle corresponds to the wavelength with a slippage that is
— - ] an integer number of wavelengths. The vertical dashed lines
% 1056 J113.6 mark a change in gap length of 0.24 m.
§ _ S There are several characteristics shown in Fig. 5 that de-
2 106§ 1113475 serve mention. First, the range of wavelengths that reach
] 3 = saturation increases linearly with gap length in accord with
£ 3 11132 Eq. (7). Second, the expected periodicity at 0.24 m is found
O 10tf ] in simulation. Third, while the full amplification band ex-
3 71130 tends over 1.490-1.506 A, the requirement that the phase
»F | | T slippage must be close to an integer number of wavelengths
R 112.8 ; . . . .
0.05 0.10 0.15 0.20 0.25 0.30 through a unit cell results in a narrowing of this band and, in
L., some cases, two distinct amplification bands are found that
are subsets of the full amplification band.
FIG. 4. Variation in the output powecircles and phase slip- To summarize, the effects of phase slippage between the
page through a unit celsquareswith gap length. light and the electrons in a segmented-undulator FEL have
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L /Al +K*2) unit cell consisting of an undulator and gap must be within
g v about 20% of a wavelength for optimal performance for the
04 06 08 10 12 14 16 : . LA X
0 U e . L B L B L ELEL L LR S B parameters studied. Since the variation in phase slippage

i : I : ] through the undulators with wavelength across the amplifi-
- { { b cation band exceeds this value, there is a narrowing of the
I . amplification spectrum. This means tliaf saturation can be
| expected in the LCLS for any choice of gap length, é2jdt
: may be possible to tune a seeded FEL using both energy and
| gap length.
| These conclusions were obtained for a seeded FEL with
| parameters consistent with the LCLS design, and may differ

1.505 |

T
—
R

1.500

Wavelength (&)

1.495

LA B e e B L

N BN S

{ quantitatively for alternate choices of the parameters. Fur-
i I ] ther, this analysis was conducted for a seeded EEL amplifier,
(X0 SIS ST SN T D U B B and the implications for SASE FELs may be more complex.
005 010 015 020 025 030 035 040 In a SASE FEL, the noise power at each frequency is inde-
Lgap (m) pendently amplified in the exponential regime prior to satu-
ration. In this regime, the conclusions, such as the frequency
FIG. 5. Variation in the range of wavelengths that reach saturabands) that can be coherently amplified, will be similar to
tion vs gap length. those for a seeded amplifier. However, when a SASE FEL
) _ ) _ ) nears saturation, there is strong competition between the dif-
been studied using/EDUSA which self-consistently inte- ferent frequency components that results in a substantial
grates this phase slippage. The specific case studied corrgpectral narrowing. While the effects of this mode of com-
sponds to a seeded x-ray EEL with parameters correspondingtition are not included in the present analysis, it is possible
to the LCLS except that the beam energy spread has beqRat the gap lengths can be adjusted for detailed spectral
neglected to ease the computational load. This simplificatioontrol or to reduce spiking modes.
results in a larger growth rate and a wider amplification
band, but does not alter any of the conclusions concerning This work was supported by the JTO. The author would
the effects of the phase slippage. The phase slippage obike to acknowledge helpful discussions with G. Dattoli, B.
served iNMEDUSA is in agreement with an analytic model for Faatz, L. Gianessi, Z. Huang, S.V. Milton, H.-D. Nuhn, P.G.
this slippage. It is found that the phase slippage through &'Shea, and S. Reiche.
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