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Abstract

With the advent of X-ray Free Electron Lasers (FELs), newhoeé$s have been
developed to extend capabilities at short wavelengthsrzegelf-Amplified Spon-
taneous Emission (SASE). In particular, seeding of a FEiwadifor temporal con-
trol of the radiation pulse and increases the peak brigktbgsrders of magnitude.
Most recently, Gennady Stupakov and colleagues at SLACgsexb a new tech-
nique: Echo-Enabled Harmonic Generation (EEHG). Here er lagcrobunches
the beam in an undulator and the beam is sheared in a chicans.pibcess is
repeated with a second laser, undulator and chicane. Téwplay between these
allows a seeding of the X-ray laser up to the 100th harmontbefirst laser. Af-
ter introducing the physics of FELs and the EEHG seedingiecie, we describe
contributions to the experimental effort. We will preseatalled studies of the ex-
periment including the choice of parameters and their apétion, the emittance
effect, spontaneous emission in the undulators, the sdesed phase effect, and
measurements of the jitter between RF stations. Finallystideis and preliminary
results of the Echo-7 experiment will be outlined.
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1 Introduction

1.1 History of synchrotron radiation

In science and especially in physics, fundamental thecaasstill have new applications more
than one century after their discovery. A famous exampldteelassical laws of electromag-
netism, which were synthesized by J. C. Maxwell in 1873. ThHese enabled light source
facilities as we know now, thus revolutionizing many othetds of science such as medicine,
solid state physics, biology, over the past decades.

These developments started from the four Maxwell’'s equatatescribed by Egsl), (2), (3),
and @), with E the electric field,B the magnetic fieldp the charge density, andlthe vector
current density. Maxwell predicted that a change of chaggesiy and electric currents would
create radiation]]].
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Five years later in 1887, H. Hertz demonstrated the exist@fchis radiation by measuring
its wave properties?]. This was followed by the discovery of retarded potentialso known
as the Lenard-Wiechert potentials. In 1898, the French scientidgtiBnard was the first to
study the electric and magnetic fields produced by an etetiint charge moving on an arbi-
trary path B]. His work has been complemented by E. Wiechert in 1900, vitadiesd seismic
waves f].

Finally, these major breakthroughs led to the work of G. Ax@ton electromagnetic radiation,
describing, among other examples, the case of radiationngpfrom the energy losses of an
electron traveling in a circular orbis]. This process is now called synchrotron radiation.

Experimentalists, working together with theoreticiaesl, to the construction of a new machine:
the betatron. In 1940, D. Kerst completed the first one at thizddsity of lllinois. One year
later, the General Electric Research Laboratory interaattdus technology, hired him to build
a new one. He was assisted by W. F. Westendorp. This betaasalle to accelerate electrons
up to an energy a0 MeV.

Over the next five years, physicists and engineers managggtove the energy of betatrons by
a factor of five. In 1946, J. P. Blewett’s betatron reached amggnof100 MeV. Nevertheless,
due to an opaque vacuum chamber, physicists were not ableasure visible synchrotron
radiation.



The betatron, being technically limited in energy, was agged by the synchrotron, invented
by E. McMillan and V. Veksler in 1945. This new acceleratdoakd detection of synchrotron
light in the optical wavelength range. The first observati@s made with th&0 MeV General

Electric synchrotron in 1947 (Fidl). One can see synchrotron light coming out from the
chamber.

Figure 1: Synchrotron light at GE Research Laborat6ty [



1.2 Synchrotrons

During the last 50 years, the number of synchrotrons haglgre&reased to about 60 ring
sources on almost every continent. Another measure of ss@e the 60 000 facility users
coming from all different disciplines. The first generatiohlight sources we previously de-
scribed, was not only dedicated for synchrotron radiatiom also for other high energy physics
programs. New facilities have since been built with the polgose to produce synchrotron ra-
diation used by other experiments. This second generatisgnzhrotrons was not designed
for low emittance. Finally, third generation facilitiestopized for low emittance replaced the
previous ones. One representative of the third generasighe Swiss Light Source located
at the Paul Scherrer Institut inliich (Switzerland). It was commissioned in 2001 after ten
years of research and construction. An aerial photographesented in Fig2. One can see
the2.4 GeV storage ring at the bottom right of the picture.

Figure 2: The Swiss Light Source at the Paul Scherrer Irigitu

The effectiveness of a synchrotron is defined by its brighgnBrightness is proportional to the
ratio between the flux and the source area times the angukngénce. Since E. McMillan and
V. Veksler’'s synchrotron, it has been considerably incedasy twelve orders of magnitude.
A major consequence of this improvement is the increase etimber of photons which

can be focused on a small sample. As a result one can analy@ieswbjects down to the

submicrometer, a human cell being betwdaom and130 pm.



The light produced by synchrotrons has a multitude of adedrapplications for medicine,

solid state physics, biology and others. One of the best knomes is protein crystallogra-

phyY). It consists of illuminating a sample with X-rays in orderdeduce its structure from

its diffraction patterns. Synchrotron radiation is alsefusfor medical imaging. For exam-

ple, micro-tomography, which can be performed with syntiioroX-rays, is studying the brain

blood vessels in three dimensions in order to understandeitizer disease. Another applica-
tion is X-ray phase contrastimaging. This technique is tisetudy the skeletons of small dead
animals, such as spiders, dust mites, with a better resalgbmpared to conventional X-ray
radiography §]. The comparison between these two methods for a fish is miexsén Fig.3.

Figure 3: Comparison between the conventional X-ray trassiom image of a fish a), and the
differential phase-contrast image for the same fish b). iBedee presented in c) to h].

1) Protein crystallography has led to three Nobel Prizes since 1997. Tteofie obtained by
J. E. Walker for the structure of F1-ATPase. The second one hasdteibuted in 2003 to R. McK-
innon for his discovery of the structure of cellular ion channels. Finallyp R{<ronberg received the
third one four years ago for the structure of the RNA polymer8ge |
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1.3 Free Electron Lasers

The next step to third generation is providing light sounvéh extreme brightness. One of the
goals is to time resolve chemical reactions, like complerasgical changes of large groups
of atoms in disordered materials such as polymer diffusioystalline phase transitions. Stan-
ford University has a great tradition to time resolve phgbkpmrocesses. In 1878 E. Muybridge
tracked motion of an horse by recording a movie on the actmlpeis. A good century later,
a new light source has been commissioned here again to dtedgvblution of a molecule
during a Coulomb explosion. This new generation of light searhas to move from rings to
linear accelerators, thus a new machine has been develtipediree Electron Laser (FEL),
pioneered by J. Madey in 1976 at Stanford University. The RESL in operation in the hard
X-ray regimé) is the LCLS commissioned last year at SLAC.

The basic principle of a FEL is the interaction between a befralativistic electrons moving

through an undulator or wiggler, and the light they produeeundulator or wiggler consists of
a periodic sequence of dipole magnets with alternatingsp@e.4). The difference between
an undulator and a wiggler is the size of the undulations @etbto the opening angle of the
radiation, small for an undulator, large for a wiggler.

Beam of electrons

Light

Electron Gun

Undulator

Figure 4: Basic schema of a Free Electron Laser.

2) X-rays are electromagnetic radiation with a wavelength betweEnnm and10 nm. They are split
into two categories. Soft X-rays have a wavelength betvieenm and10 nm; hard X-rays between
0.01 nm and0.1 nm.



The light produced at the end of the undulator has a fixed esgomavelength we will derive
now. With s being the flight direction of an electron, amdandy its transverse displacements
respectively in the horizontal and vertical planes (B)gthe trajectory of an electron in an
undulator or a wiggler, is described by the Lorentz forcestaw

d*x e
T = -——= — B — 'BS > 5
. ds? 'ymoc( v~ UBs) (52)
d2
j = 2 =_"_(iB, - B,). (5b)

ds® Ymoc

The assumption of small angular deflections has been made, &« 1 andy < 1. The sym-
bol e corresponds to the elementary electrical changgis the rest mass of the electronthe
Lorentz factor,B,, B, and B, represent the three components of the magnetic field at tiae lo
tion of the electron. In general, a planar undulator onlyets$ the electrons in one plane. Let’s
assume in the horizontal plane, thereféte= B, = 0. Eqg. () is reduced to:

i = B (6a)

Ymoc
g = 0. (6b)

Electron

Y/ /0

N —

Figure 5: Trajectory of an electron in the undulator.

Forx = 0, the vertical magnetic field of the undulator can be considsinusoidal with:

B,(s) = —Bysin (2;S> , 7)

where )\, is the undulator period, an8, the magnetic peak field. The horizontal deflection



anglez is determined by integrating Ec5)(

. Boe . (27s
t(s) = _/’ymoc sin ( " ) ds
- 2 e (B2). ®)

ymoc 2 Au

The deflection parametéf, which is proportional to the maximum deflection angle of kte

tron is defined by:
_ Boe M

moc 21

K 9

Typically for an undulator X < 1, whereas for a wigglefl > 1. Finally, Eq. @) can be
rewritten as: " )
x(s) = > cos ( WS) : (20)

Using the approximation thaks = cAt for small displacements, one has

Ax_A:z:_ldas

As oAt cdi )
The relative transverse velocity, is given by:
dx /dt
ﬁx - /
C
= LS cos (27TS> : (12)
Y Ay

With 5% = 2 + 32, and approximating that the energy of the electron is constae relative
longitudinal velocity can be expressed as:

Bo= -8 (132)
2
= 5 - % cos’ (2)7\TS) (13b)
— 52—';(—22 (%4—%005 (4;\TS>) (13c)
K? /1 1 4
= p? [1—5272 <§+§cos()7;s))} : (13d)

The trigonometric identityos(2¢) = 2 cos?(¢) — 1 has been applied in EqL3¢). Performing
the Taylor expansion:
(1—2)*=~1-ax, (14)

Eg. 13d) can be approximated as:

K? K? 4
By ~ B3 (1 T 1 cos ()\Lj)) . (15)




Averaging the relative longitudinal velocity overesults in:

A K2
55 ~ B_ 4672
1 K?
T T 1y (o)

The magnetic field produced by the undulator forces the relestto follow a sinusoidal path.
They emit synchrotron radiation around their direction aftion, by transferring a part of their
energy to a co-propagating electromagnetic wave. In oaebtain some light at the end of
the undulator, constructive interference needs to occuvden all the wave-fronts emitted by
one electron (Fid®). The distancel between two wave-fronts emitted with an anglis:
)\u
d=— — A\, cosb. a7

s

An electron travels one full period of the undulatoriin= /\u/cBS. During this timeT’, the
first wavefront of the co-propagating electromagnetic waae traveled\, / 3,. One condition
required for constructive interference, is that the disgabetween the first wavefront and the
electron has to be equal to a whole number of wavelengthsomeeperiod:

nA = & — Ay cosf. (18)

S

Using Eqgs. {4) and (6), the condition for constructive interferences is now:

1 K?
nAx &~ A\, (1+2_’y2+4ﬁ’y2) — Ay cost (19a)
~ (1 —cosf)+ % + 22—[;2 (19b)
~ )‘“292 2)‘—;‘2 Z‘é—[j (19¢)
- ;7 (1 2y W) | (190)

where the trigonometric identity— cos() = 2sin?(p/2) was used in Eq.10¢). The assump-
tion of small angles was made, i€n(y) ~ ¢. Eventually, the resonant wavelengtlis given

by:

)\u K2 2.2
>\_2n72(1+7+07>. (20)
One major consequence of EQQJ is the possibility of continuously tuning the light prochat

by a FEL. The resonance wavelengttlepends on the deflection parametemwnhich is propor-

tional to the magnetic field, of the undulator. This field can be easily adjusted in undusat
by increasing or decreasing the gap between magnets. Mardbe wavelengthh changes to
the observation angk as shown below.

10



In a FEL, the combination of the field produced by the undulaital the co-propagating electro-
magnetic wave self-bunches the beam. This resulting wasa lfii@quencw and a wavenum-
berk + k,, with k = 27 /X andk, = 27 /\,. Its phase velocity is given hy/(k + k,), which

is less than the speed of light. The phasef this wave is given by10]:

= (k+k,)z— wt, (21)

wheret is the average arrival time of the electrons. The evolutidihe phase along the undu-
lator is found by taking the derivative of EQX) with respect to::

dvp w

— =(k+k,) — —, 22

= k) = (22)
with v, = dz/dt the average axial velocity of the electron. If one only cdess the on-axis
case and uses the rms undulator parameter /+/2 instead of the peak paramet&t, this
velocity is then:

_ 1+a3
vz—c(l— 57 ) (23)
Therefore Eq.Z2) is now:
dvy w 1+ a?
— = (k+k,)——|(1 4 24
dz (+>c(+272) (242)
1 2
~ ky — ke % (24b)
272
2
Nk — kL (24c)
Y

Using a Taylor expansion, EcR43 is derived from Eq.22), where(1 + a2)/(2+?) is assumed
to be small. The on-axis resonance condition described byZBpwith 6 = 0, is transformed
for wavenumber a¢ = 2k,~%/(1 + a?), whereyy is the resonant energy. This new con-
vention allows to rewrite Eq.24b) as Eqg. 249. The relative energy difference being small
such thatAy/~vr < 1, the second term of Eq24¢) can be rewritten using the approximation
that(v,/v)? ~ 1 — 2Av/vg, therefore:

i ~ 2k, (&) : (25)
dz TR

The phase of an electron inside the undulator depends onétgye Inversely, the energy loss
or gain of an electron is related to its phase. The energyamgrate in the bunch of electrons
can be expressed aH]:

0
By _ Bt gy (26)
dt Ymoc

with E? the transverse electric field at the entrance of the undul3toere are two different
configurations. First, electrons with a phase being betweeand 0 gain energyl~y/dt > 0,
they are accelerated and so move to the front of the buncler@ite, if the phase of electrons
is between 0 and, they lose energyly/dt < 0, so they are delayed in the bunch and shifted to
the back of the bunch. Electrons are always kept in phasetitradiation field. Therefore the

11



beam is divided into different buckets, each one separated the others by a distance equal
to the resonant wavelength. This process is called micrdtiog and is illustrated in Fig5.
The z — y configuration space is plotted, from the left to the righttheg undulator entrance,
at half-way saturation, and at full saturation. This motialaof the relativistic beam density
exponentially increases the intensity of the emitted ligi#aves radiated by the electrons are in
phase, hence this coherent emission yields a field intepsifyortional to the squared number
of electrons 11].

Figure 6: Microbunching of a beam inside of an undula8)r [

12



1.4 Linac Coherent Light Source

Around the world, many facilities are planned to be commissd in the next years, SCSS-
SPring8 in Japan, the European XFEL project in Germany, avidsGEL in Switzerland. In
the United States of America, the Linear Coherent Light Se(it€LS) was commissioned last
year at SLAC).

Figure 7: Photograph of the LCLS undulator hall. In the fooegnd, an undulator covered by a
protective shield can be seen on its two pedesid [

LCLS uses the last kilometer of tl3ekm SLAC linear accelerator complex to produce an elec-
tron beam at an energy d8.6 GeV. This beam is then guided through 33 undulators each
3.4 m long; the undulator hall i$70 m long (Fig.7). At the end of the undulators, light with a
wavelength ofl 5 nm is emitted in pulses of00 fs duration. This wavelength can be compared
to the size of a DNA helix, or carbon nanotubes. Three X-rayruments are located in the
Near Experimental Hall (NEH), and three others in the Farefixpental Hall (FEH).

For LCLS, X-ray pulses are obtained using the Self-Amplifipdi@aneous Emission (SASE)
technique. The name of this technique comes from the fattthigainitial shot-noise of the
beam emits incoherent spontaneous radi&tiéFhe random energy distribution of the electrons
generates radiation with jitter around the central wavgtien

3) Located in Menlo Park (California), the SLAC National Accelerator Lalbany is operated by Stan-
ford University for the U.S. Department of Energy (DOE).

1) Coherence of a wave measures its ability to produce interference eféaterence can be spatial
or temporal. A wave is incoherent when its phase amplitude or phase vaguiddy to produce
interference effects.

13



1.5 Seeding techniques for FELs

A major advantage of SASE is that radiation starts only frays@, no external stimulations
are required. However, even if it has an excellent spatiaéoence, the temporal coherence is
small. The radiation wavelength is much smaller than therbsiae, therefore many parts of
the bunch of electrons amplify the spontaneous radiatidependently from each other. SASE
is more adapted for bunches with a short length.

An improvement is to seed the FEL using a laser. This methadokan implemented in the
High-Gain Harmonic Generation (HGHG) scheme. The beandimemposed of two undula-
tors and one dispersion section, mathematical derivatigihbe presented in Se& Inside the
first undulator, a laser interacts with the electron beamddurtate its energy at the laser wave-
length. The dispersion section then converts this energyutation to a density modulation.
The last undulator enables the beam of electrons to radkdtehe electrons are modulated
in energy by the laser; therefore the benefit of this techmiguemporally coherence of the
generated light. Moreover, the FEL requires shorter uridtggo reach saturatiod g, so the
space needed to build the FEL is reduced, as well as its firstl ¢tarmonics ob ~ 10 can
be generated by the short bunchlets. To achieve higher mécs)geople consider cascade
HGHG.

Another mechanism was proposed in 2009 by Gennady Stupal&\ALC [14]: the Echo En-
abled Harmonic Generation (EEHG) concept. Here, like treeaded HGHG technique, the
beam is modulated two times in energy and compressed by anghid=irstly, the compres-
sion takes place before the second undulator with a largeedi®on, and then after the second
undulator with a smaller one. This leads to light with higharmonics than the HGHG tech-
nique, called the echo signal. The two modulatoasid the two chicanes (Fi§) are followed
by a third undulator, also called a radiator, where the haioatly bunched beam of electrons
bunched, emits light. This light is useful to demonstrat ¢ffficiency of the EEHG method
compared to the HGHG method.

S-band gun C-1 X-band2 CO U1
I I IHFI - I I/HI ||||| |HI
_ 111 II.
X-band 1 795 nm 1590 nm

Figure 8. Schema of the EEHG concepb].

This technique became a focus of interest and several pfefinciple experiment are cur-
rently being executed in different laboratories, for exéargs Shanghai Synchrotron in China
and at SLAC in the USA.

5) An undulator coupled with a laser is called a modulator.
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2 Theoretical basis of the EEHG concept

An introduction to the different mathematical conceptsted EEHG technique is presented
here. First, the modulation of the beam energy by a lasedénan undulator is explained in
details. This is followed by the theoretical working of acdme in order to understand how it
affects the beam phase space. Finally, the different psesesccurring during the conversion
of an energy modulation into a density modulation are explai

2.1 Energy modulation in the first undulator

At the entrance of the first undulator, the beam profile is@meslto follow a Gaussian distribu-
tion, with £, the mean energy ang its standard deviation. The energy deviation of a single

particle of energyF, is given byp = (E — Ey)/og. In the longitudinal direction, the initial
phase space distribution is given by:

f(p) = V2rNyexp (—%) , (27)

with N, the number of electrons per unit length of the beam. An exarapthis initial phase
space distribution is shown in Fi§. This plot has been produced by a 1D computer simulation
code. For the sake of clarity, a uniform distribution of theeryy is used. The longitudinal
direction is represented by and\ corresponds to the wavelength of the laser used in the first
modulator. The two different colors, red and black, are amdijcators.

= 4 = 4
= =
> >
xe) g
S S
o o
0 0
| |
'43 0 3 '43 0 3
zI\ () z/A ()

Figure 9: Initial phase space withthe laser Figure 10: Modulation of the beam energy in
wavelength, ang the energy deviation. the first undulator by the laser.

The next step is the modulation of the beam energy. Laseepuigh the duration on the order
of the bunch length are sent into the first undulator. An axtgon occurs between the elec-
tromagnetic field from the laser and the electrons of the buismilar to the microbunching

process, electrons gain or lose energy depending of tHativee phase given here Bz /.
The new energy deviation of the electrons is modeled by:

P =p+ Arsin(kiz), (28)
15



with A; = AF,/og, AE, being the amplitude of the modulation, ahd= w;/c. The other
coordinates are kept unchanged. The modulated phase sgadsution is shown in Fig10.
The transfer of energy between the laser field and an eledwang this interaction in the
undulator is described byL{]: ;

Y €
whereF, is the laser field polarized in the horizontal plane. The ma#tical derivations are
presented in AppendiA. Here the laser beam is assumed to have a Gaussian profile. The
undulator lengthl,, is considered small compared to the Rayleigh lengttof the laser, as
well as the horizontal and vertical beta functiofsand 3, of the electrons. The amplitude of
energy modulation for an electron located at the radialtfprsir < o, is [16]:

P, K, L, K? K? r?
A = . /=L ) u _
0=y [ () - ()| oo (i) o0

r

where P;, is the peak laser powef}, = I,mc?/e with I, the Alfvén current,J; and.J; are
the Bessel functions of the zeroth and first order, ands the rms laser spot size in the un-
dulator. Small changes in laser and electron beam sizesdltire interaction are neglected.
Defining( = k; z, the new distribution function after the interaction is:

N (p— Aysin()?
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2.2 Beam dispersion in a chicane section

After the undulator, the modulated beam has to be dispersedder to create energy strips
in phase space. This can be realized by a chicane. This elesnarbunch compressor, it
rearranges the electrons in the longitudinal direction.n&ane is typically composed of four
bending magnets, all having the same size and the sametstrdig bending angle of the first
and fourth magnet is-0; for the second and third one, the angle-& (Fig. 11).

) bunch tail 3 3 1
‘7 unch tal ' l ' .
W <« bunch head ‘ ‘ hd

——

l%w

electron
trajectory

— E,
— - TR

Figure 11: Magnet configuration of a chicane (courtesy oftidal Dunning).

In a chicane, the path length of an electron is dependentsoeniergy. Larger momentum
electrons have a shorter path length, whereas smaller ntameparticles have a longer path
length. If the bunch is chirped in a linac, the tail of a bunsltomposed of high momentum
particles, therefore they will move forward. As a resulg thunch is compressed. Using the
notationd = poy/ Ey, the longitudinal coordinate is transformed in a chicane as

dx dx
2 = z+ Rse0 + Rsix + R5Q£ + Ti660° + Tsp12° + T521$%
dz? d dy*
+T520— + Trazy” + T5439—y + T544—y + ... (32)
ds ds ds

The R5; and Rs5, terms stem from the field errors and misalignment of the epoln a perfect
chicane, only terms up to the second ordigg (~ —3R5s/2) term contribute:

Z/ =z + R565 -+ T56652- (33)

The energy deviation remains unchanged. In the linear appedionT5¢0 < Rs6, EQ. @3) can
be rewritten in a matrix formalism:

2\ (1 Rss)\ (%
()= )6 o
The momentum compaction factfs is determined by the following integral{]:
Rys = / gds, (35)

wheren is the dispersion angd is the instantaneous bending radius. For the symmetric four
dipoles chicane Eq36) becomes17]:

2
R56 — 262 (LM + §LB> 5 (36)

17



with 6 the absolute angle of the bending magnéistheir length, and.,, the distance between
two of them.

For the EEHG method, the first chicane has a Ia&%é@ which creates energy strips in the
phase space (Fid2).

I

p (arb. unit)

%

N

43 0 3
X0

Figure 12: Compression of the bunch by the first chicane.

The new distribution function after this first chicane is:

N (p — Assin(¢ — Bip))®
f(€7p) - \/ﬂeXp - 2 :| ) (37)

Wh€f€Bl = Rél(;)k’lo'E/Eo

By combining Egs.Z8) and 33), the longitudinal coordinate of an electron, in the firstiula-
tor and the first chicane, is given by:

Y =2+ RS+ R Aysin(ki2) + 2T 00 Ay sin(kyz) + Tiea A2 sin®(kyz)  (38)

in second order of.

18



2.3 Density modulation after the first modulation section

In order to convert the energy bands as seen in EXjinto a density modulation, another
undulator and a second chicane are used. This second wdumatiulates the energy of the
electrons as follows:

P =p+ Aysin(koz + ¢), (39)

where¢ is the relative phase of the second laser compared to theofiest The wavelength
of the second laser does not need to be the same as the firstTageresulting phase space
distribution is shown in Figl3. One notices that for a given positienparticles are originating
from different initial wavelength ranges, seen here inedéht colors.

= 4 = 4
= =
35 35
e e
© @©
o ‘ o
° A AV. y
- | _ |
43 0 3 43 0 3
zZI\ ()

zZI\ ()

Figure 13: Modulation of the energy by thd-igure 14: Conversion of the energy modula-

second undulator. tion into a density modulation by the second
chicane.

Eventually, these energy structures are rotated by thendeducane with a weaker dispersive
strength ofRé? compared to the first chicane. The resulting phase spacédigin is shown
in Fig. 14. The separated energy bands are now upright. The finalistin function is:

F5(6.0) = = exp| =50 — Ausin(C — K Bap-+0) = Aysin(C = (By+ Balp

+ Ay By sin(K¢ — KByp + ¢)))?], (40)

whereBy; = Ré?kzlaE /Ey, andK is the ratio between the two wave vectéssandk; .
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A projection of the phase space on th@xis gives the current distribution after the second
chicane, as shown in Fig5. The current has been clearly modulated from a flat disiobut

it results in a bunched beam in the longitudinal directiome@otices the presence of distinct
peaks in one wavelength of the second laser.
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Figure 15: Current distribution after the second chicane.

Finally, a third undulator, called a radiator, is used toegate coherent attosecond X-ray pulses.
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3 The Echo-7 experiment

Some design considerations of the Echo-7 proof-of-priecgxperiment are explained here.
Calculations of the configuration parameters for the two latdus, their lasers and the two
chicanes are performed. Errors coming from the bend angdl#gedwo chicanes are studied
and their angles are optimized in second order. Then thersmgesifect due to the emittance
of the beam is analyzed by computer simulation. During tisaiiation stage, calculations
to determine the spontaneous emission in the two undul&tre been performed and are
summarized here. Studies on the effect of the second laasephlative to the first are detailed.
Eventually, the jitter in the RF structures is measured.

3.1 Choice of the parameters

The Next Linear Collider Test AccelerafbrNLCTA) at SLAC has been modified to build
a proof-of-principle experiment for the EEHG effect: thehBe7 experiment. It is the most
suitable place at SLAC to build such an experiment. The Etbgperiment has been designed
and optimized to generate radiation tuned at the seventhdrac of the second laser. Lower
and higher harmonics are still achievable. Parametersliese calculated for operation at the
fourth, fifth, and fifteenth harmonics as well. A photograpkhe beamline is shown in Fid.6,
where two chicanes are visible (undulators were not iredall that time). Modifications in the
current beamline of the NLCTA are minor, only three chicdhaad three undulators had to be
installed. It will produce an energy modulation with a spacof 224 nm, from an electrons
beam of120 MeV.

Figure 16: Photograph of the Echo-7 experiment during gtaitation at the NLCTA.

Parameters for the two undulators and their lasgr (,), and for the two chicanes3(, Bs)
have to be chosen in order to generate the seventh harmofigurer transform of the current
distribution (Fig.15) can give the spectrum of the light radiated by the final uatiul However
an easier and more accurate way to look at the amplitude of'tHearmonic, is to compute
directly the bunching factdr,. This is the ratio between the average and the peak dengftg of
beam.

6) Physicists at the NLCTA are in charge of the accelerator R&D to developteewologies for the
International Linear Collider (ILC).

) The zeroth chicane is necessary to bend the beam in order to send U&= ipside of the first
undulator.
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For thek™™ harmonic, it is defined as follows:

b = Ni0|<e—““<N<c>>|, (41)

where N, is the number of electrons in the bunch. The beam den$ity) is computed by
integrating Eq. 40):

—+00

NQO= [  f(Cpdp (42)
Averaging over the coordinatgyields:
R
(fy = lm — f(Q)d¢. (43)

L—+o00 2L L

The bunching factor is nonzero if the following conditiorfufilled [ 18]:

k=n+ Km, (44)

with n,m € Z, andK = ko/k;. Multiplying Eq. (44) by k; gives the echo wavenumbky; of
the final modulation:
kg = nki + mks. (45)

Using the condition of Eq.4d), the bunching factor transforms to:

2
br, =|exp (— (nB1 + (K;n +1)B) ) X = (Km +n)AyBy|
X Ju[=Ai(nB1 + (Km +n)By)]|, (46)
where.J,, ,, are Bessel functions of the first kind defined by:
1 2(t—1), .1
Jn(z) = o fexp ( 57 t ) dt. 47

A necessary condition to maximize the bunching factor is +1. For our following studies,
n is arbitrarily fixed to—1. Eq. @6) now reads:

be =exp (—<_31 + (sz - 1)32)2) X Jn[=(Km —1)A>By]
X Ji[—Ai1(=B1 + (Km — 1)By)]|, (48)
where the following property of the Bessel functions wereduse
In(2) = (=1)"Jn(2). (49)
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One has to choose the four parametérs A,, B, and B, to maximize Eq.48). Both A; and

A, are related to the energy modulation in the two undulatot$h&NLCTA, the wavelength of
the first laser is fixed at = 795 nm. In order to avoid having two resonances for the bunching
factor too close to each other for different the ratio between the wavelengths of the two lasers
is chosen to bé = 1/2. Other properties of the lasers are listed in Thb.

A P Wo
Laserl 795nm 7.4MW 1.8 mm
Laser2 1590 nm 3.8 MW 1.8 mm

Table 1: Parameters of the two lasers for Echo-7.

Here\ is the wavelength of the lase?, represents the peak powey; its spot size at the waist.
For the two undulators, the material of choice is Nd-Fe-Birtharameters are listed in Tah.

N A\ K By Gap
Undulatorl 10 3.3cm 1.80 058 T 12.4mm
Undulator2 10 55cm 2.07 0.40T 25.0 mm

Table 2: Parameters of the two undulators for Echo-7.

The symbolV is the number of periods,, is the period K is the deflection parameter defined
by Eqg. @), and B, is the undulator peak field. With these parameters, energyurations can
be computed. In the first undulatdxF;, = 30 keV, and in the secondhE, = 40 keV. The
NLCTA electron beam has a charge betweemnpC and40 pC, an energyz, of 120 MeV, and

a slice energy spreat; of 10 keV. Therefore, we obtainl; = 3 andA; = 4.

To determine the configuration of the two chicanés,(B-), Eq. @4) has to be solved, with
K = 1/2. One findsm = 9 for the seventh harmonic, i.eky = 3.5 with respect to the
first laser. For a largen, the first part of EQ.48) is maximized when its argument is equal
tom + 0.81m'/3. The value of the Bessel functioh, is now0.67/m!/? [19]. The necessary
condition for the parametds, is the following:

(Km — 1)A3By = m + 0.81m!/3. (50)
For Echo-7, one obtainB, = 0.7632. The next step is to find the corresponding value for the
paramete3;. To maximize the second part of E48j, a new variabl€ = B; — (Km—1)By is

introduced. The produeikp(£?/2) x J;[A:¢] is differentiated with respect t§ and set to zero
to find the value of which maximizes it. The condition oB; is:

Ar(Jo[Ar€] — Jo[Asg]) — 26 1[A1€] = 0. (51)
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This equation has an infinite number of solutions. Four ofrttage plotted in Figl7 in the
range¢ € [—2,+2|. Solutions can be numerically found thanks to a script emiih Pyt hon.
For our studies, three roots have been selected. Final@ududre listed in Tal8.

Al A2 Bl B2

Solution1 3 4 0.76 1.06
Solution2 3 4 0.76 2.14
Solution3 3 4 0.76 3.20

Table 3: Parameters for the lasers and the chicanes.
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Figure 17: Four solutions of Eg5)) in the Figure 18: Comparison of the bunching fac-
range¢ € [—2, +2]. tor for different solutionsB; optimized for
the seventh harmonic.

A 1D simulation code has been developedPyrt hon to study these three different solutions.
A bunch of2 x 105> macro-particles is generated with a Gaussian distributidectrons inside

of the two modulators and the two chicanes are tracked useuwren coordinatesz, p). In

the longitudinal direction, electrons are kept in the raofje-3);, +3)\] to increase the speed
of simulations, with\; the wavelength of the first laser. The EEHG method uses tvardas
modulate the beam energy. These pulses overlap the beamistaracé more tha6A. At the
end of the entire process, particles from the rear and franirtmt of bunch will be present in
the initial range of—3\;, +3\;]. Therefore periodic boundary conditions have to be applied
here.
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Bunching factors for the three solutions for tBe parameter are shown in Figj8, for harmonic
numbers between 1 and 19. These results are also comparall #1td the analytical solutions
derived from Eq.48). The solution forB; = 1.06 does not give a resonance at the seventh har-
monic,b; = 1.1%, therefore this one can be eliminated from the set of passibhfigurations

for the first chicane. For the two other solutioris, = 2.14 and B; = 3.20, there is a peak at
the seventh harmonic ameg ~ 16%. These results are confirmed by theory. One can notice that
peaks at other harmonics are also present for the bunclotgy f&or the following studies, we
keepB;, = 2.14 and B; = 3.20 solutions for the first chicane. For the second chicdmeis
fixed at 0.7632.

1D simulation Theory

By =320 15.3% 15.4%
By =2.14 16.0% 15.4%
B; =106 1.1% 2.6%

Table 4: Comparison di; between 1D simulation and theory for differesy.
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3.2 Optimization of the parameters for the two chicanes

The configuration parameters for the two chicanes have tptwiazed with computer simula-
tions closer to reality. The 6D tracking codeegant ® (ELEctron Generation ANd Tracking)
has been chosen for this task. This code generates and pautkdes in the different elements
composing the beamline of an accelerator.

For our studies, the entire beamline of the Echo-7 expetirhas been modeled. More de-
tails about the magnets composing this beamline are listégppendixB. Parameters for the
simulations are listed in Tab. For the two undulators, the non-adaptive Runge-Kutta ntetho
over 100 steps has been chosen to improve accuracy of tiyeatioe.

Number of macro-particles 2 x 10°
Initial distribution Gaussian
Total bunch charge 25 pC
Central momentum By 234.8 MeV/c
Fractional momentum spread §  83.3 eV/c
Horizontal emittance €, 8 um-mrad
Vertical emittance €, 8 um-mrad
Bunch length os 4 um

Initial horizontal beta function 5, 6.8
Initial vertical beta function 3, 2.0

Table 5: Parameters used for computer simulations.

The two chicanes used for this experiment are composed of dending magnets with a
lengthLp = 11.2 cm, and a distance between themlof; = 30 cm. In el egant , the order
of the matrices and the edge matrices is fixed at 2. For théi@atufound in Sec3.1, Rss and
the corresponding bending anglesf these two chicanes are listed in Téb.

R 6, R 0
B; =320 4.80mm 80.1mrad 1.14mm 39.1 mrad
By =214 320mm 654 mrad 1.14mm 39.1 mrad

Table 6: Momentum compaction factor and angles for the tweectes.

For the chicanes, one source of possible errors is the madied variation of the different
magnets due to their misalignment. This can modifyBhgarameters and therefore reduce the
bunching factor at the end of the experiment. The magnettt ifiside of a chicane is related
to the bend anglé of the four bending magnets. This is changed for the four retgat the
same time by a fixed percentage between -5% and +5%. Thesésuthe bunching factor of
the seventh harmonié;, are shown in Figl9 for the two chicanes.

8) Binaries and documentation are available here:
http://www.aps.anl.gov/Accelerat@ystemsDivision/OperationsAnalysis/software.shtml#elegant

26


http://www.aps.anl.gov/Accelerator_Systems_Division/Operations_Analysis/software.shtml#elegant

The two red curves represent the dependence of the bunditgy 5, on magnet angle for
the first chicane. For both solution3; = 2.13 and B; = 3.20, the bunching factor is
maximized when the bend angdleis shifted by +1% from its initial value found by solving
Egs. 60) and 61). For the second chicane, plotted in blue, the optimizede/ébr the an-

gle @ is shifted by -1% from the analytical solution.
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Figure 19: Dependence of the bunching factor on the magmet &egle for the two chicanes.

The optimized angles at the first order, and their corresipgni;¢ are listed in Taby.

Ri 2! Rig 0>
B; =320 4.90mm 80.9mrad 1.12mm 38.7 mrad
B =214 326 mm 66.1mrad 1.12mm 38.7 mrad

Table 7. Optimized parameters in first order for the two ahésa

The bunching factor is also weaker wigh egant simulations, around 12%, than the 16%
estimated with the 1D code. This stems from the fact thaliegant , the laser is modeled
with a finite beam size. Particles on the outside of the bunehexeiving less energy than those
close to the center. This effect, as well as the emittanezifare not modeled here.
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The stability of the solutions presented in Télare studied. Newton’s method was used for this
task. This method is also useful to optimize these solutiosgcond order with few iterations.
This algorithm enables one to find the maximum of the bunciféiegpr as a function of the
bend angles of the two chican@ésandés.

The starting point is the vecttﬁ_is = (64,02). The gradien¥b;(0y, 6,) is calculated as follows:

0 0
Vb7(0y,02) = <801b (61,05), 8926 (01,62)) . (52)

Then the Hessian matri f (6, 62) defined by

Hf(6,6;) = 82 oz 0701, 02) 86 96 b7(91>92)
v 69 001 b7(917 02) 89% b7(617 92)

is computed. The bunching factor functid6;, 6>) being continuous on its domain of defini-
tion, gives the following condition:

92 92
— _b(6,.6
00,00, 7(01,0) = 00,00,

(53)

=7 g 0701, 02). (54)

Therefore, the Hessian matrix is symmetric. The pékml is computed recursively from the
previous ondy,, starting at, by using the following relation:

Or1 = Ok — Vbr(04)[H £(01)] (55)

where|. ..]|~! represents the inverse of the matrix, here far-a2 matrix:

a b\ 1 d —b
(C d) :ad—bc <—C a)' (56)

The new angles are then computed. This iterative schemapgesti when the gradient is smaller
than a threshold value. For more stability, change of théesrfgr each step is upper limited to
avoid large gaps. Derivatives are approximated by thevatig finite differences:

d b0y + R, 02) — by(6,62)
0_91b7(91’ 6y) = o : (57a)
(9 ~ b7((91, 02 + h) - b7<91, 02)
0_921’7(91’ 0y) =~ T , (57b)
0? b7(01 + h,03) — 2b7(01,02) + b7 (01 — h, 6)
aeQb (917 92) ~ 2% ) (57C)
0? b7(01, 02 + h) — 2b7(0y,65) + b7 (01,05 — h)
092[) (01a 02) ~ 2% ) (57d)
0? br(60.0y) ~ b7(01 + h,05 + h) — bz(01 + h,05 — h)
90,00, 72 4h2
—b7(0; — h, 60y + h) — by (0, — h, 0y — h)
+ e , (57e)
0? by(0r.0y) ~ b7(01 + h, 0y + h) — b;(01 + h, 0 — h)
90,00, 17 4h2
+_b7(01 - h/7 02 + hj:h_Q b7(61 - h7 02 - h) ) (571:)
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A script has been written iRyt hon to implement the Newton’s algorithm. It automatically
runsel egant simulations, and analyzes the results. The fagt@ equal t00.5 mrad. The
stopping condition ig|V f|| < 0.5, and the upper limit for the angle chang8isirad. To study
the convergence of this method, three different startingtpdiave been chosen. The first one
is & = (6,, 6,) coming from Eqgs.%0) and 61); the second one i = (4", 6,), whered" is
the maximized angle in first order for the first chicane coninogn Tab.7; eventually the last
pointisd = (6, #7®), with A7 is the maximized angle in first order for the second chicane.

For B, = 3.20, evolution of the iterative vectcﬁk is shown in Fig20 from the three different
starting points. The algorithm converges quickly, usuaiith six to eight iterations. At the end
of this process, the optimized angles in second ordefate 80.9 mrad andf, = 39.1 mrad.
For these, the bunching factor for the seventh harmoriig is 12%.
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Figure 20: Newton’s algorithm fo3; = Figure 21: Newton’s algorithm foB3; =

3.20, starting from three different points.  2.14, starting from three different points.

The same calculations were performed & = 2.14, see Fig21. The bunching factob; is
also equal to 12% fof; = 66 mrad andf, = 39 mrad. However this time, the algorithm does
not converge to a maximum when starting from the maximuré,peven if the angle shift is
limited, Newton’s method converges to a minimum of the bumglfactor.
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3.3 Smearing effect due to the emittance

One of the most significant advantages of the EEHG method amedgo HGHG is the possi-
bility to produce a light with higher harmonics. This is thesult of the density modulation of
the beam created by the two undulators and the two chicarfesmbst important step of this
process happens in the first chicane. There, the beam isougsressed due to the larggs,
and energy strips are produced. After the second chicareecan notice that these energy
bands are now upright in phase space (E#). The harmonic produced is directly related to
the spacing between two consecutive bands, and so detarthmeroperties of the light at the
end of the radiator. In the projection on thexis (Fig.15), the spacing between two different
peaks corresponds to the space between two different ebargis in phase space.

The challenge of the EEHG technique is to preserve this finetsire up to the radiator. A
decrease of the spacing between two bands, or even worstenamping of two of them, will
completely reduce the efficiency of the EEHG method to obkegm harmonics. There are
many other processes which can destroy this structure, @tol wash out the energy bands.
Some of them have already been studied, for example theigrigant of the dipoles or the
geometric aberration.

The role of the emittance has to be studied in order to analgzdfect on the bunching fac-
tor. Computer simulations have been performed usingthegant code. The beamline has
been set up for two different configurations of the chicarée first one is the solution with
B; = 2.14, the second one witk; = 3.20. These two solutions are optimized for the seventh
harmonic of the second laser. Other parameters are the sameeevious simulations. The
emittance varies betwe®nl mm - mrad and15 mm - mrad. Both horizontal and vertical emit-
tances are changed at the same time. This range correspmotidsreal values we can expect
from the beamline at the NLCTA, taking into account the ddfgrelements between the gun
and the beginning of the Echo-7 experiment. Results have freeessed by the SDDS toolkit
to extract thez coordinate of each electron. Then they have been analyzibdaiyt hon
script to compute directly the bunching factor for the sélvdrarmonic. The results are pre-
sented in Fig22.
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Figure 22: Effects of the emittance on the bunching factotvi@ different values of3;.

The relation between the emittance of the beam and the bumé&uitor is clearly not linear for
both chicane configurations. These two curves can be smitwo different parts, with a knee
ate,, = 4 mm - mrad. For emittances lower than this value, the bunching fagtoeaches the
limit at 14.4% forB; = 3.20, and 15.4% forB; = 2.14. In this range of values, the second
chicane configuration is more appropriate to obtain a higtcbung factor. For horizontal and
vertical emittances higher thahmm - mrad, the bunching factor linearly decreases with an
increase of the emittance. For bash solutions, the slope 8.6 %/(mm - mrad).
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For B; = 3.20, the phase space after the second chicane is extracted B8 toolkit from

el egant simulations. Results for, , = 6 mm - mrad are shown in Fig23, and in Fig.24

for e,, = 15 mm - mrad. Thexz-scale represents the time, which is inverted comparecbts pl
provided by the 1D code. These two plots illustrate the ppsoé washing out the fine structure
of the beam by an increase of the emittance. In E8yenergy strips are preserved after the two
modulations and the two dispersion of the beam. However wihem®mittance is increased to
15 mm - mrad, these energy strips are no longer separated, and ovedhp#eer (Fig24).
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Figure 23: Phase space after the second chigure 24: Phase space after the second chi-
cane fore,, = 6 mm-mrad, and B; = cane fore,, = 15 mm-mrad, and B, =
3.20. 3.20.

As a result of these studies, we calculated that the emdthas to be smaller th&mm - mrad
in order to derive a result measured bunching factor of atdii®%6.
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3.4 Spontaneous emission in the undulators

Installation of the Echo-7 experiment was started in Fal2@hen the chicanes were installed
in the beamline. In February 2010, the two first undulatorseweceived and installed. A
picture of the second one is shown (F&p). During commissioning, collinearity of electron
beam and laser light has to be established. This requiresactton between electrons and the
laser. This interaction occurs when the beam and the lassggpaverlap in time and space. By
placing an OTR screéhbefore and after the undulator, one can check if the elestamal the
laser are following the same trajectory inside the undulato

Figure 25: The second undulator after installation in béaenl

For the time overlap, one has to keep in mind that electronsspantaneously emit light in
an undulator, even if there is no coupling to a laser. The tinstulator is33 cm long, and
the second5 cm, both having ten periods. These characteristics enablmioching with

a high gain, as previously described in Se& Therefore for the time overlap, one measures
both laser and spontaneous undulator radiation. In ordé&etocompared with the electron
beam, they have to be converted into a time-resolved atattsignal. This is performed by
a fast photodiode. The two electrical signals are then seantoscilloscope in order to be
synchronized. A laser delay line is adjusted until the twgmals overlap in time. Photodiodes
require a minimum number of photons to produce an electsicalal. Therefore one has to
know how many photons are produced by the undulators to elthesappropriate photodiode.
The number of photons produced bt OTR cannot be estimatenlaety because the quantum
efficiency of the screen material is not known.

9) Optical transition radiation (OTR) is emitted when a beam of relativistic partickesses a material
with a different dielectric constant in this case a thin aluminum foil. The radiation is detected by a
CCD camera. This element is useful to determine the electron beam position.
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The number of photons produced by one electron inside of dnlator can be computed the-
oretically. The flux of photons spontaneously emitted isfic@a to a central cone in the
axis. This can be approximated by a Gaussian profile withredatal deviatiorv, = /\/L.
With N7 the number of photons produced per second, the flux per suijig & is given by:

exp (— 2902) : (58)

T

dN, dN,
9 dQ

0=0
The angle) corresponds to the angle between thaxis and the light received by the observer.
By integrating over all angles, one gets (mathematical pracé demonstrated i2()]):

N, =1.43 x 10N I,Q,.(K), (59)

for a bandwidthAw /w = 0.1%. Here N = 10 for the two undulator periodds” = 1.80 for the
first, and K = 2.07 for the second undulator. The currdpt= 1.6 x 10~ A for one electron
per second inside of the undulator. The functigi K) is the following for then™ harmonic:

14 5
Qn(K) = —=F,(k), (60)
whereF, (K) is defined by:
n?K?
Fo(K) = —— = (Jun2(Y) = Ju-12(Y))" (61)
(1+5)
WhereY = 4(11% The coherent spectral bandwidthAsv/w = 1/(nN). For the first

harmonic, one gets 10%. For the second undulator, due torisgeration, infrared radiation
is emitted, therefore one has to look at higher harmonicsTbe flux are listed in Tal8.

Undulator Harmonic N, for onee™ N, for 40 pC

1 1 0.019 4.8 x 10°
2 1 0.020 5.0 x 10°
2 3 0.010 2.5 x 10°

Table 8: Flux of spontaneous emission for the two undulators

Finally the chosen photodiode had:Hz bandwidth with a300 ps rise time. Used with
a2.5 GHz bandwidth oscilloscope, @ ps resolution can be achieved.
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At the exit of the undulators, photodiodes are used to aedight from the combination of
undulator spontaneous emission and laser pulses. Howeseran be contaminated by other
light sources as well, which deteriorates the electricapousignal of the diode. A solution
is to install a band-pass filter upstream of the OTR screencutoff frequencies have to be
chosen to keep only undulator spontaneous emission andoalses. The laser wavelength is
known by design, and can be easily measured. However th&speaf undulator spontaneous
emission has to be determined.

On thez-axis, the spectrum corresponds to a sinc function definediby(x) = sin(rz)/(7wx),
centered at the resonant wavelength. Here, the photodampsres a flux not only on the
axis, but also confined to a central cone. The resonant waytklelepends on the angldrom
Eg. 20. This fact has to be taken into account to compute the powestspn of undulator
spontaneous emission. Inside the cone, the angular powsitgles given by 20]:

d*P NAw 6?
—— x L | — | FL(K — . 2
dQdw Jw > ( w ) n() exp( 202> (62)

T

The functionF;,(K) is given by Eq61. When the flux is off-axis, th& parameter is expressed
as:

nk?

Y = — 63

4A ) ( )
with A = 1 + K2/ + 6%y2. Forf = 0 mrad, Y = 0.309, and forf = 100 mrad, Y = 0.303.
This justifies the approximation of small. The difference between the two Bessel functions
forn = 1in EqQ.61is then reduced to:

Yy Y?

In Eq. 62, the functionL(N Aw/w) is defined by:

I (NAw> B sin? (N”TA“) (65)

w ~ N2sin? (%)

The total spectrum is found by integrating E&R over the cone for different. This was
performed numerically using the softwaképl e. Maximum angles) are chosen between
1 mrad and 100 mrad. Results are presented in FRE for the first undulator. The absolute
value of the intensity is not important, so they are nornealifor the different cases in order to
compare them. Far-scale, the variable is used instead af. The bandwidth of band-pass
filters are expressed in wavelength units.
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For the on-axis case, i.6.= 1 mrad, one obtains a sinc function as predicted. When the flux
is confined to a cone, fat > 10 mrad, the power peak is shifted to the right. For the first
undulator, one has a resonance\at 821 nm, which is an offset of 3.3% from the on-axis
resonance wavelength= 795 nm. The shape of the spectrum is also different, it is not a sinc
function anymore. For wavelengths higher than the pealey#he tail is a polynomial function.
The spectrum bandwidth is no longer 10% like the on-axis.cise estimated by calculating
numerically the Full Width Half Maximum (FWHM) of the funciio One obtaing62 nm for

the first undulator. The new spectrum bandwidth we have te tato account for the choice
of the band-pass filter is 19.7%. Same calculations have t@®puted for the second undu-
lator (Fig.27). One findsA = 1642 nm and a FWHM 0f320 nm which gives a bandwidth

of 19.5%.
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Figure 26: Spontaneous emission spectruRigure 27: Spontaneous emission spectrum
for the first undulator, observed for differenfor the second undulator, observed for differ-
cone angles. ent cone angles.

Using these results, the more appropriated band-pass fiéere been selected.
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3.5 Second laser phase effect

For the EEHG effect, the beam energy is modulated sepatatéyo lasers. Physical processes
occurring in the undulators are modeled by Egfor the first one, and by E@9for the second
one. The properties of these two lasers are different, iei@they do not have the same power
and the same wavelength, resulting in a different modulataf the beam. Another parameter,
which influences the bunching factor, is the relative phaerdnce¢ between the two lasers.

After the first chicane, we have previously seen that hotedoenergy strips are created in
phase space (Fid.2). These are directly responsible for the harmonic germratihen the
energy modulation is converted into a density modulatiarorter to obtain higher harmonics,
more than the fifth, a large modulation amplitude coupledwitiarge dispersion is needed.
These conditions can be rewritten as a function of the meéidalaamplitudeA; and of the
momentum compaction factd$; normalized in energy, ad,B; > 2x. On the other hand,
when the beamline is designed for smaller harmonics, lessfttie fifth harmonicRs¢ of the
first chicane is reduced. This stems from solutions offqln this caseA; B; < 2.

For this case, after the first chicane, energy strips are exizdntal anymore. They are of the

same order as the first laser wavelength, and the sinusdidpésn phase space is still visible.

When the beam goes through the second undulator, thesaustsicin be canceled or at least
their amplitude is reduced by the second laser. This octthre two modulations are off phase,

such that the peaks of the second modulation corresponts i@tleys of the first one.

Due to technical reasons, this phenomena will be illustrdte the fourth harmonic of the
second laser. The same calculations in Sek;.have been performed to deduce parameters for
the two undulators, their lasers, and the two chicanes. riyza@meters are kept unchanged.
In order to findB; and By, Egs.50 and51 are solved. There are still an infinite number of
solutions for theB; parameter; two of them are listed in T&h. For the fourth harmonic, the
conditionA; By < 2 is fulfilled.

Al A2 Bl B2
Solution1l 3 4 1.34 0.93
Solution2 3 4 2.40 0.93

Table 9: Parameters for the fourth harmonic.

Generation of smaller harmonics increageg for the first chicane, but decreases it for the
second one. Solutions close to thecurrently used for the Echo-7 experiment, hBre= 2.14,
are privileged. These avoid large changes in the configuratf the beamline, especially for
the magnetic field of the chicanes.

Solution 2 is chosen for the following studies. In order tagtrate the second laser phase
effect on the fine structure of the beagh,egant simulations are run. Phase spaces before and
after the second modulator are presented in A§and29, for the relative phases = 0 and

o =m/2.
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Figure 28: Phase space before the secoRajure 29: Phase space after the second mod-
modulator forp = 0 and¢ = /2. ulator for¢ = 0 and¢ = /2.

Before the second modulator, the two phase spaces overl@nddices that wheAd, B; < 27,
the energy strips are no more horizontal, but have an anglg°okith the z-axis. The energy
modulation was not completely sheared by the first chicame. Structure has still a period of
the same order of the first laser wavelength.

After the second modulator, the energy of the beam has beellated in both cases. As
expected, whew = 0, the phase undergoes a shiftf /2 compared tap = 0. Thep-scale

Is in the same arbitrary units for the two curves, they cam the compared. The maximum
amplitude of the modulation fap = 7 /2 is 8, and for¢ = 0 is 10. The power of the second
laser is the same for these two simulations. The only vagiglarameter is the phase of the
second laser. Therefore the amplitude of each energy mimuldepends on this phase, they
can be either decreased or increased. The fine structures dfettim being modified, it will
affect the bunching factor for the optimized harmonic. Téffect is analyzed by doing a scan
of the phase.

This phase dependence highlighted by the study of the fdwatmonic is first analyzed in
details for the Echo-7 experiment. The same configuratiothefbeamline listed in Tat3

is used. Solutions 2 and 3 give respectivelyB; = 6.42 ~ 2r and A;B; = 9.60 > 2.
The first solution is close to the condition to have a phase@gnce of the bunching factor.
Solution 3 should be independent @f For these two configurations, 1D simulations are run
for different relative phases of the second laser witk [0, 2x]. The bunching factor for the
seventh harmonic is computed, and results are shown ir8Big.
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Figure 30: Bunching factor of the sevFigure 31: Bunching factor of the sev-
enth harmonic as a function of the phase @nth harmonic as a function of the phase of
the second laser for two configurations frorthe second laser from elegant simulations.
1D simulations.

For both cases, the bunching factor of the seventh harmenivolves periodically with the
phase of the second laser. It follows a quasi-sinusoidadeshiéorA, B; = 9.60, the amplitude

of the oscillations are relatively small, there is only deténce of 5.3% between the maximum
and the minimum ob,. However, whend; B; = 6.42, amplitude of the oscillations is larger,
up to 8% of the initial value. The bunching factor is maxintiZer ¢ = 0 and¢ = =; and
minimized wheny = 7 /2 and¢ = 37 /2. This periodicity is explained by the ratio between the
wavelength of the second and the first laser, which is two.

In order to confirm these results, 6D computer simulationsewen with el egant . For
A1 By = 6.42, relationship between the bunching factor and the phaskeo$é¢cond laser is
shown in Fig.31. The same phenomena is observeds maximized wherp = 0 and¢ = ;
and minimized whe = 7/2 and¢ = 37 /2. Our 1D simulations are benchmarked by the 6D
code. Theoretically, the bunching factor for # harmonich, is given by Eq48. Introducing
the second laser phagen this formula gives21]:

(—B1 + (Km — 1) By)?

by, = 5

exp (z’m¢ - ) X Jon|—(Km — 1) Ay By

X Ji[=Ai(=By + (Km — 1)By))|, (66)

Analytical bunching factors for the seventh harmonic amagoted for different phases. Results
are shown in Fig32. They are compared to the 1D simulation, where the bunclaotpf for
each phase point is the average over five runs, and its ertioe isns. These fluctuations are
also confirmed by the analytical solution.
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Figure 32: Comparison between the bunclirigure 33: Comparison of the phase depen-
ing factor calculated from the analytical sodence between Echo-4, Echo-7 and Echo-15.
lution, and from 1D simulations.

A consequence of this effect is the choice of the harmoniaowdesigning a proof-of-principle
experiment for the EEHG technique. A comparison of the pllapendence between Echo-4,
Echo-7 and Echo-15 is shown in Fig3. The vertical scale represents the relative difference
of the resonant bunching factaxd with respect tdh(¢ = 0). Configuration parameters of the
beamline for these three different cases are listed inTi@&b.

Harmonic A, A, B; Bs

4™ 3 4 134 093
7th 3 4 214 0.76
15t 3 4 424 0.64

Table 10: Parameters for the Echo-7 experiment, for diffielh@rmonics.

As expected, 1D simulations show that for low harmonicsillasions are much larger than for
higher ones. For Echo-4, the difference betwegeat ¢ = 0 and atp = 7 /2 is more than 40%.
It is only 6% forb; in Echo-7, and less than 4% b for Echo-15.

For the Echo-7 experiment at the NLCTA, this phase effect lshoat be a major factor in
achieving an adequate bunching factor. However, at lowenbaics,¢ has to be well defined
in order to achieve the highest possible bunching factor.
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3.6 Measurement of the jitter in the RF structures

At the NLCTA, the beam is produced by a RF photocathode gun. & lasats the cathode in
order to extract electrons. These are are then accelerpterlthe energy 060 MeV by a X-
band RF structufé®, called station 0. Different experiments at the NLCTA usés leam. For
Echo-7, the beam is boosted1t20 MeV by another X-band RF structure, here called station 2.

A difficult challenge for the Echo-7 experiment is the timeedapping between the beam and
the lasers in the two undulators. For this task, one needsdw laccurately the relative timing
jitter between station 0 and station 2. One has to look at ieise difference. A so called phase
mixer is used. It is composed of three different ports: tlieadrequency (RF) port, the local
oscillator port (LO), and the intermediate frequency (IBjtp The phase mixer multiplies the
RF signal by the LO signal. Considerifgr = A; cos(wit + ¢1), andVio = A cos(wat + ¢s),
the voltage at the IF port is:

A1 A

Vie=0G [cos(wy + wa)t + (P1 + ¢2)) + cos((wy — wa)t + (d1 — Pa)], (67)

with G the gain. In our case, signal for the radio frequency (RF) pames from station 2 and
from station O for the local oscillator (LO) port. For botlasbns, angular frequencies are the
samew; = ws, therefore Eq.§7) becomes:

A1 A

VE=G [cos(2w1 )t + (1 + ¢2)) + cos(P1 — ¢2)]. (68)

Thew; + w, term is on the order df2 GHz. A low-pass filter with al GHz cutoff frequency is
installed after the phase mixer in order to remove the higgdency term . Therefore, E§S8)

iS now:
A Ay

ViE=G cos(¢1 — ¢2). (69)

In the linear regimeyp, — ¢, is close tor/2. A trombone phase shiftét is use before the RF
port to change),. When¢, ~ ¢, + 7/2, Eq. 69) can be expressed as:

(¢1 — ¢2). (70)

10) In this regime, RF structures are energized by klystrons at a freqietagen 8 and2 GHz.

1) A trombone phase shifter is a mechanical analog phase shifter, changiphabke with a variable
length transmission line.

41



The resulting IF signal is proportional to the phase diffiees between the two stations. The
voltage Vir is read by an oscilloscope using a trigger locked to the RFrgéing source. A
scheme of the connections is shown in B4, and a photograph of the entire set-up is shown
in Fig. 35. The trombone phase shifter is blue.

Klystron Klystron

Station 0 { Station 2 {
Gun ]
| |
| L | L |
Chicane

Trombone
phase shifter

Phase mixer

Low pass filter

Oscilloscope (V)

Figure 34: Sktech of the connections of the RF two stationaselshifter and the phase mixer.

Figure 35: Photograph of the phase shiftéfigure 36: Photograph of the phase mixer
before the RF port. with LO signal from station 0, and RF sig-
nal from station 2.
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The phase shifter has to be calibrated in order to computé’tked; A, /2 factor of Eq. {0).
This is done by performing a phase scan @ewith the shifter and measuring the change in
the voltage. Here the range of the phase shifter changestfran360° of 11.424 GHz. Data
from the oscilloscope is retrieved hypbVi ewcode, and analyzed with ti®ot data analysis
framework. More details of the phase mixer are shown in 8&g.

The calibration result is shown in Fi@7. The symbolU represents the voltage read at the
oscilloscope. Data is fitted by a sine function. In the lindamain, wherV ~ 0 andU’ is max-
imized,1 mV represents.65°. For X-band,l° corresponds t0.25 ps of time delay. Therefore,

1 mV on the oscilloscope is equal @016 ps.

10°
g :\ T 1T ‘ UL ‘ UL ‘ UL UL UL UL I : S _0.65 i T T ]
= 0081 1mV = 0.65° ER ‘ ]
006; = 0.16pS 7: S0 7 e % oem wemox * 0K % * x % % —
0'04 ; { ;: 200K xxx L : xﬂx)”; : K ’:xxxx : x: : xx - :xx”:
002:— - BEEAOE > X M MOK X JIDIMDEC ONDRK YK MNOBDER 6N JDDCKK YR K BENIMNK e
L ] 0. 7580 Mok XoNEOBOEINE XREICRIOIEION JOBC KK X B XN WIOE TN JUK XR0IOOONON FONEDK
ok ] e . e u—
0,021 - o mn wem e e e e e
r T S0.83—x  mamor ek mes KK W KWK KK K KKK momas  x x x
_O-O4j i - * MK MK XX L MO K XK OOM o 1
-0.06 - - x x o x x x N
r 1 0 85; " o= 0-296Hm " o * ;
008 E h = 1.92e-5° 1
ok B i =4.74as ) ]
oo b by by b b by a0 1 oo b b b

0 50 100 150 200 250 300 350 0 200 400 600 800 1000

Phase (°) Sample

Figure 37: Calibration of the phase shifter ifrigure 38: Background noise from the dif-
voltage by scanning the phase. ferent electrical components.

The background noise of these different electrical comptsneas measured to determine the
resolution. For this task, RF amplitudes for station 0 anticstia2 are set to zero, but with
modulators were still pulsing. Data are acquired, see38gThe rms of this noise level is only
0.296 1V, which corresponds to a time delay ©f/4 as. This background noise is negligible
compared to the signal.
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In order to measure the phase jitter between station 0 atidrs®y data are acquired during one
minute intervals while both stations were turned on (B®). The deviation isr = 1.35 mV, it
corresponds to a timing jitter 034 ps.
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Figure 39: Measurement of the timing jittelFigure 40: Measurement of the drift between
between station 0 and station 2. station 0 and station 2.

Finally, the phase drift between the two stations is meaksbre acquiring data over a full
hour (Fig.40). A linear regression is performed on the points in orderéduwte its trend.
The timing drift is0.61 ps/h.
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4  Status of the Echo-7 experiment

4.1 Current results obtained

Installation of the Echo-7 experiment started Fall 200%at NLCTA, after the design and
development stages. End of March 2010, the three chicdreestsyd modulators and the radiator
were in place on the beamline. Commissioning of the experirbegan in April 2010; first
results are now described here.

The initial goal of this EEHG proof-of-principle experinter to produce the fourth harmonic
of the second laser. For a low harmonic, it is easier to pvegée fine structure of the beam. In
order to reduce the bend angle errors of each chicane, thedod magnets are powered by the
same power supplies. In addition, trim windings are useédoalizing the magnetic fields. An
emittance ob mm - mrad has been achieved at the beginning of the Echo-7 beamlirsgtid?o
jitter of both the electron beam and the lasers has been maehand is smaller than the rms
size of the beam and lasers. Therefore the spatial overlgmpithe lasers and the beam in the
two undulators was observetq).

To measure the timing overlap, a fast scanning delay stageige to synchronize the electron
bunches with the laser pulses. Due to microbunching in tis¢ firodulator and chicane as
described in Sed.5 an enhancement of the COTR radiation was observed downsttthe
first chicane on April 22. This verifies the laser-beam intéam; for the second undulator, it
was observed on May 8. The COTR radiation as a function of ther aming for the second
undulator is shown in Figll. At a time delay o67.5 ps, the signal is increased.
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Figure 41: Laser-beam interaction in the second undulatioareces the COTR signal.

At the exit of the radiator, when the beam had interacted thighlasers in each undulator, co-
herent undulator radiation was observed. A CCD camera achthigesignal. In order to know
if the fourth harmonic of the second laser was generatednd-pass filter with a frequency of
395 + 10 nm was installed. A signal was observed, confirming that thetfoharmonic was
generated.

Due to the small energy spread of the beam and the low harnmomnber chosen, the signal
can stem not only from the EEHG but also from the HGHG effedm8& additional analysis
had to be performed to distinguish these two possible darttans. These are ongoing and not
part of this thesis.
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4.2 A possible outlook: Echo-15

An advantage of the EEHG technique over the HGHG method ipdssibility to produce
higher harmonics more efficiently. Currently, investigatiaf the fourth and fifth harmonics
is under way. To study the seventh harmonic and possibly tieerith, the radiator needs to
be retuned, which will happen at a later stage. For the fifteghe signal detection has to be
upgraded to a UV CCD camera. The same calculations as irBSaweere performed in order
to compute the configuration parameters of the chicanes@naihidulators. Different solutions
for B; can give this resonant harmonic (F&R). In Sec.3.5, the solution forB; = 4.24 was
chosen for the second laser phase effect studies. The @hanpters are presented in Ta0.

in Sec.3.5.
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Figure 42: Bunching factor for differer®; Figure 43: Optimization of the bend angles
solutions. of the chicanes from elegant simulations.

This solution has been optimized at first order for the berylesof the two chicanes (Fig3).
Fromel egant simulations, the maximum bunching factor achievable fer fifteenth har-
monic is 12%. A second order optimization has been made ubmdNewton’s algorithm.
Results are presented in Fgd. Optimization of the initial parameters do not convergeisTh
may stem from the presence of a local minimum. When the reiedgorithm starts from
the the maximum angles found in Fig3, the bunching factor converges to 12.3%, with the
following bend angle$; = 94 mrad andf, = 35 mrad.

46



fe) T 1 1T T T T T T T T T T T T T T >} T T L T T T T TT
& oosssl by, = 01230 4 o ‘ ]
£ 003581~ by = 0. 1 < . |
“ - b, =0.1232 : i 1
0.0357 ’ —
C R 0.1 |
N ? . | |- B;=5.30 1
0.03565 -] [ 7
5 ] r - B,=4.24 1
C ] 0.08 — —
0.0355— — F R
0.0354|— - 0.06 ]
0.0353 , — i 1
- d —=e— Initial parameters . [ B
r ] 0.04— —
0.0352— —e— From the maximum of 6, | ] r 1
= —e— From the maximum of 6, h r
0.0351~ - 0.02
S I I IR BV EPR [l Ll I B
0.091 0.092 0.093 0.094 0.095 0.096 10 1 10
8, (rad) Emittance (mmmrad)

Figure 44: Optimization of the bend angle&igure 45: Dependence of the bunching fac-
of the chicanes at second order with the Newer on the emittance for the fifteenth har-
ton’s algorithm. monic.

The effect of the emittance on the bunching factor has baatiest also for theB; = 5.30
solution. For the seventh harmonic, there was a knee at= 4 mm - mrad; for the fifteenth
harmonic, the emittance decrease occukg at= 2 mm - mrad (Fig. 45). A challenge will be
to achieve this emittance with the NLCTA beamline, the curesnittance in both planes being
5 mm - mrad.
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5 Conclusion

The generation of light at high harmonics by the EEHG methasl lbeen proposed in 2009.
This method needs two separate stages where a beam is neadioyah laser in an undulator
and sent to a chicane to generate density modulations ofdamb A proof-of-principle ex-
periment has been established at the NLCTA in order to demaiaghis mechanism for the
seventh harmonic. It is called Echo-7 and is currently indbimissioning stage.

Following the theoretical description, the necessary patars of the two undulators and the
two chicanes have been computed in order to design the exgetriat this chosen harmonics.
For the first chicane, the bend angle has been optimized upeteecond order using 6D com-
puter simulations, in order to obtain the maximum bunchegjdrb;. Two important factors
which have a negative effect on the bunching factor have baetied in detail: the emittance
of the beam and the phase of the second laser with resped fiogh Values for both of these
parameters have been determined to maxirhiz&inally, the timing overlap of the beam with
the laser in each undulator is a challenge for this experimiemrder to manage the laser-beam
interaction, the spontaneous emission in the undulat@bé&an measured, as well as the timing
jitter between the two RF structures used to accelerate tua log@ to120 MeV.

First data has been acquired and analyzed. An EEHG signdideasobserved for the fourth
harmonic of the second laser. However more studies are deedegder to understand if this
signal comes from EEHG or HGHG. Upgrades will be necessaryhi® Echo-7 beamline to
overcome these challenges. For instance, one idea is ®ageithe laser pulse length in order
to mitigate the timing jitter.

48



6 Acknowledgments

| thank Prof. Leonid Rivkin who gave me the opportunity to izalmy master’'s project at
SLAC. | want to thank Prof. Tor Raubenheimer and Carsten Hastwdloomed me at the
NLCTA and made everything possible to help me to conduct mgaresh for the Echo-7 exper-
iment. | want to thank Janice, Doug, Keith, Mike and Steph&n ereated a very good working
environment. Finally, thanks to Dao Xiang, Gennady Stupalwal Eric Colby for their physics
support on my master’s thesis.

49



A Electron-laser interaction

In the following section, the interaction between a lasat an electron beam inside an undu-
lator is describedd2]. The relative transverse and longitudinal velocities ofedectron are
described by:

K
1 K? K?
e 7

wherek, = 27/\,. By integrating Eq. 719 over z, and Eq. {1b) overt = z/c, one obtains
the following equations of motion:

K

x(z) = mo+ ’ cos(kyz), (72a)
1 K? K?

z(t) = ot — 22 (1 + 7) ct + Sk sin(2k, z). (72Db)

Inside of the undulator, an energy transfer will take plaeeveen the electron and the laser.
With E, the polarized laser field in the horizontal plane, the reistic factor of the electron
will evolve as: 5 .

—=—F_7,. 73
dt  mc z (73)

For the laser field, as an example, we choose the HermitesizaSEM, mode R3:

Ey,  2V2z (z/c—t+s/c)?

E, = )
1+ (2/20)% wo 402

sin(k(c—t) + 1) x exp [— (74)

with E, the field amplitudek the wave vectorz, = kw3 /2 the Rayleigh lengthy, the waist
size in the center of the undulataerthe electron coordinate in the buneh, the rms width of
the laser pulse intensity. The phase of the wave is defined by:

Y =1y — 2tan? (i) ) (75)

20

Herev), = ks is the phase of the wave at the entrance of the undulatorRaad(z* + 22)/z.
For Eq. 74) and Eqg. 75), the assumption of, , < w, has been made. Then, by combining
Eqg. (71), Eqg. (73) and Eq. 74), one gets:

dy ebyK 202 . ,
= me it Gl e x sin(k,z) sin(k(z — ct) + 1)
X exp [— (2/c _47;_; 5/9) } <x0 + K cos(k:uz)> : (76)

The third term can be simplified using the resonant condition

k K?
P=— (14— 77
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and Eq. 72), one gets:

€
k(z —ct) = —kyct— — 5 sin(2k,z), (78)

72

where¢ = K?%/(2 + K?). Rewritten Eq. 78) with first kind Bessel functions results in:

2sin(l2)sin(h(z — 0+ 0) ~ (o () = (§) ) s [kuct (1 . (3)) ry

with J, and.J; the Bessel functions at the zeroth and the first order. By aireydgy. (/6) over
one undulator period, one obtains:

(79)

dry 22z e EyK L, cos(2mvz — 2tan~(q2) + ks)
—) = {JJ} -
dz 1+ (q2)?

. 2
Z s
— — 80
X exp [ <26T 2007) ] ’ (80)

with 2 = ¢t/L,, v = N2§v/v., ¢ = Ly/20, 6, = 0,/79 andry = 27 N/ke. For the Bessel
functions, the following expression is used:

(T} = Jo (g) _ (g) | (81)

The parameters of the laser are its pulse endrgyand its peak power defined by:

wo  2mc?y

A E2 2
P, — L _ Bomwgc (82)
V2o, 8
Then, Eqg. 80) can be rewritten as:
dry 2K | Py cos(2mvz — 2tan~!(q2) + ks)
= kxoqg—/—={JJ
< d5> YN R 73 1+ (q2)

. 2
z s
— — 83
xexp[ <26T 2007) ] (83)

where Py = I4mc?/e, and 14 the Alfven current. Using the Panofsky-Wenzel theorem and
Eq. 81), the change of horizontal momentum of an electron in theulatdr is given by:

de’\ 2K PL{JJ} sin(2rv2 — 2tan~1(g2) + ks)
z/ VR 1+ (g2)?

. 2
2 s
(= - 84
o exp [ (Q&T 2007) ] ’ (84)
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wherez’ =~ p,/mcy. Eventually, the electron angular kicke’, and the change of energy of the
electron due to the interaction with the lagey, are given by:

A 2K [P
27 — _L{Jj}lm;of(%y, 0r,8) % cos(ks + @), (85a)
gl vV B
2K [P
Ar = = FL{JJ}f(q, v, 67, 8) x sin(ks + @), (85b)
Yy 0

wheref is defined by:

0 cos(2mv2 — 2tan!(g2)) 2 s\’
5 8) = i (- . (86
fla,v,07,8) =q /O i FNPBE X exp (207 20@) (86)
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B Echo-7 beamline
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Figure 46: Beamline of the Echo-7 experiment at the NLCTA.
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