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ABSTRACT

Recently, a 3D, polychromatic, nonlinear simulation code was developed to study

the growth of nonlinear harmonics in self-amplified spontaneous emission (SASE) free-

electron lasers (FELs). The simulation was applied to the parameters for each stage of the

Advanced Photon Source (APS) SASE FEL, intended for operation in the visible, UV,

and short UV wavelength regimes, respectively, to study the presence of nonlinear

harmonic generation. Significant nonlinear harmonic growth is seen. Here, a discussion

of the code development, the APS SASE FEL, the simulations and results, and, finally,

the proposed experimental procedure for verification of such nonlinear harmonic

generation at the APS SASE FEL will be given.
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&I important goal of the synchrotrons radiation community is to reach shorter

wavelengths than 1‘~ with higher coherent powers. There are several techniques under

consideration to reach these goals: SASE (self-amplified spontaneous emission) at shorter

wavelengths [1], which requires higher beam energies and/or shorter wiggler periods; the

two-wiggler FEL amplifier scheme [2]; and high-gain harmonic generation [3]. In SASE

FELs, there are naturally oecuring nonlinear harmonics that could be used to reach these

shorter, desired wavelengths. In this paper, a discussion of the nonlinear mechanism is

provided. In addition,

planned experiments

the application of the 3D polychromatic code MEDUSA to several

on the SASE FEL under construction at the Advanced Photon

Source (APS) is.described.

II. The Multi-Purpose Simulation Code: MEDUSA

MEDUSA is based on a Gauss-Hermite mode expansion [4], in conjunction with

a source-dependent expansion [5] for the dynamic evolution of the mode spot sizes and

the curvature of the phase fronts. As a result, MEDUSA constitutes a slow-time-scale

formulation of Maxwell’s equations where the amplitudes and phases of each mode, as

well as the spot size and phase front curvature of each wavelength component, are

integrated in conjunction with the 3D Lorentz force equations for an ensemble of

electrons. Note that no wiggler averaging is imposed on the Lorentz force equations.

Either parabolic-pole-face or flat-pole-face undulator models maybe employed in single-
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or multiple-segmented configuration. Quadruples are also available for matching

conditions between undulator segments, and dipoles may be used to simulate spurious



kicks and/or dispersive sections. Finally, either Gaussian or Waterbag electron beam

distributions may be used.

MEDUSA has been benchmarked in monochromatic mode with four other

simulation codes [6] and to the linear theory [7], and good agreement has been found

among all of the formulations.

More recently, MEDUSA has been extended to include multiple frequencies [8].

In a monochromatic slow-time-scale formulation (with angular frequency o), Maxwell’s

equations are averaged over the wave period 27d0. A polychromatic formulation is

obtained by the inclusion of an arbitrary ensemble of Gauss-Hermite modes where the

frequencies were all multiples of some A@.In this representation, Maxwell’s equations

are averaged over a period 2tiAco. This technique is quite general and can be used to treat

harmonic interactions and/or sidebands. In the treatment of sidebands, A@ cam and the

averaging period is long in comparison to that used for a monochromatic simulation. This

requires the use of a large number of electrons in simulation. In contrast, ha.rrnonics are

treated using A@= m, however, more electrons are also required to resolve the harmonic

variation in phase space. As a result, both cases result in typically longer run times than a

monochromatic simulation. In this paper we are concerned with the harmonic

interactions.

III. The Simulation Subject: The APS SASE FEL

A SASE FEL with an initial wavelength of 532 nm is currently being

commissioned at the Advanced Photon Source at Argonne National Laboratory [9]. This

project will be performed in three stages as summarized in Table 1. The APS SASE FEL

is composed of a drive-laser system [10] for a photocathode rf gun [11] or a therrnionic rf

3



*., -

gun [12], a 700-MeV electron Iinac [13] and two transfer lines, an undulator hall, a

diagnostics end station, and numerous electron and light beam diagnostics [14-16]. A

segmented undulator is used. Each unit cell is 2.7 m in length and composed of a 2.4-m

undulator, 0.3 m of electron and photon diagnostics, and a combined function quadruple

and corrector magnet [17]. The undulator parameters are listed in Table 2.

Table 1: Regimes of Operation
Parameter Stage I Stage II Stage III.

Beam Enemv (IvIeV) 216 456 707
Wavelength (rim) 532 120 50

Emittance (n mm-mrad) 5 3 3

Energy Spread (%) 0.1% 0.1% 0.1%
Peak Current (A) 150 300 500
Schedule 1999 2000 2001

Table 2: Undulator Parameters

I Parameter I Value
On-axis Undulator Strength (kG) 10.61
Length (m) 2.4
Undulator Period (cm) 3.3

I 3.1

HI. Simulation Results

Simulations were performed including nine harmonics for each of the three APS

SASE FEL stages. MEDUSA was first used to find the energy yielding the optimum gain

at the desired fundamental wavelengths (532 nm, 120 nm, and 50 rim). These are the

beam energies shown in Table 1. A single-segment parabolic-pole-face undulator is

treated in this paper since the basic physics of the nonlinear harmonic interaction is more

easily presented using this simpler undulator geometry. In all the simulations described

herein, a 1O-W signal was injected at the fundamental. Higher harmonics are undriven

and grow parasitically off the fundamental as the electron beam becomes bunched.
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The growth of the fimdamental and the odd and even harmonics for Stage I are

shown in Figs. 1 and 2, respectively. The fundamental grows exponentially with a gain

length of 0.5925 m in close agreement with the linear theory [7]. Although the harmonics

are undriven, they grow parasitically off bunching at the fimdamental, and it is important

to observe that the harmonic growth rates are faster than the fundamental growth rate.

Indeed, the gain length scales inversely with the harmonic number so that the gain length

at the hti harmonic scales approximately as Uh times the fundamental gain length.

In order to illustrate this scaling, consider Maxwell’s equation in l-D,

where the electric field is given by

Exkt) = ~ ~ i~(dexp[ihko(z – cdl+K ,

(NL)and the source current is given in terms of a nonlinear conductivity, oh ,

(NL)if]exp[ihko(z – d)] + C.fl,JX=L mjL)i~ + o’~
2~

(1)

(2)

(3)

‘L) describes the linear interaction. It is not important to specify the detailedwhere oh

form for the nonlinear conductivity here other than to note that it is included implicitly in

the nonlinear formulation. These nonlinear terms are driven by bunching at the

fundamental, which dominates the interaction, and we can write Maxwell’s equations as

(4)

Therefore, if the fundamental

if = exp[hrz], and the gain

grows as 21 = exp~z ] then the harmonics will grow as

length scales as Lg = (2hr)-1. The scaling of the gain
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length with the harmonic number is chhacteristic of the nonlinear mechanism. It is a

well-known phenomenon in Traveling Wave Tubes [18] and was also seen in a ID

analysis for the first and third harmonics in an FEL [19]. More recently, the present

analysis has motivated a 3D analytical model that is under development [20].

The evolution of the fundamental and the odd and even harmonics for Stages II

and III are shown in Figs. 3-6, and a summary of the gain lengths and saturated powers

for all three stages is given in Table 3. The I/h scaling of the gain length is observed in

each of these regimes, and the powers in the harmonics can be substantial. Note that the

harmonic powers given in Table 3 refer to the peak powers found at the harmonics over

the interaction lengths studied, and not the harmonic powers at the saturation point for the

fundamental. This choice was made because the harmonic evolution differs from the

fimdamental, and the harmonic powers peak at different positions. Thus, a different

choice for the overall interaction length would be made for a specific harmonic. Note also

that”while the even harmonic gain lengths exhibit the l/h scaling, the even harmonic

powers are much lower than those at the adjacent odd harmonics. This is due to the planar

undulator geometry, which favors the odd harmonics.
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Table 3: Gain Lengths and Saturated Powers
h Stage I Stage 11 Stage III

LG (m) P.=* LG (m) P.a, LG (m) P..,

1 0.5925 138.4 MW 1.039 402.2 MW 1.418 449.9 Mw
2 0.3460 3.276 kW 0.5964 15.92 kW 0.6979 28.83 kW
3 0.2062 832.6 kW 0.4113 2.461 MW 0.4768 1.509 Mw
4 0.1610 1.365 kW 0.2784 803.2 W 0.2639 10.39 kW
5 0.1248 42.04 kW 0.2643 724.2 kW 0.2690 1.489 MW
6 0.1015 381.8 W 0.1888 2.948 kW 0.2351 5.887 kW
7 0.0856 39.39 kW 0.1784 38.90 kW 0.2203 323.5 kW
8 0.0872 207.4 0.1442 973.6 W 0.1970 319.6 W
9 0.0670 39.99 kW 0.1324 13.98 kW 0.1614 49.13 kW

IV. Plan for Experimental Verifkation

We plan to perform experiments to examine the first through third harmonics and

veri~ the nonlinear growth, in multiple-shot and single-shot modes [21]. Since the third

harmonic of 532 nm is already into the vacuum ultraviolet, we intend to lower the

electron beam energy and retune the linac and electron beam quality to provide SASE at a

longer wavelength. The precise wavelength

complete at 532 nm (-217 MeV), since

will

the

be determined after commissioning is

linac and transfer lines have to be

reoptimized. We will attempt to place the fwst harmonic as low as the electron beam

energy and corresponding performance will allow. There currently exists an optical

transfer line to transmit the SASE light to the diagnostics end station.

The first technique will consist of two filter wheels and a detector. The first, six-

position filter wheel is to house three “pairs” of bandpass filters. In the first position, the

filter will pass the spontaneous radiation of the first harmonic and the second position

will pass the SASE of the first harmonic. The other two sets will pass the spontaneous

and SASE for the second and third harmonics, respectively.



,.. . .

The second filter wheel will house calibrated neutral density filters to control the

light intensity at the detector. The detector type is a UV-enhanced silicon photodiode,

calibrated in the wavelength region of 180-1100 nm. The absolute and relative intensity

level of each harmonic thus obtained will be compared with theory and simulation using

the above-mentioned neutral density filters.

The single-shot method will employ a commercially available grating

polychromator capable of simultaneously resolving up to the fist three harmonics. Three

identical silicon photodiode detectors will be used with appropriate neutral density filters

for balancing the intensity variations between harmonics.

V. Conclusions

In summary, the 3D simulation code MEDUSA has been extended to simulate

harmonic interactions in FELs. Simulations and analyses for the three stages of the Al%

SASE FEL indicate strong nonlinear harmonic generation can be expected. We conclude

from the present study that significant nonlinear harmonic components will be present in

SASE FELs that will be important in extending the wavelength region

wavelengths. In addition to this work, an analytical model is being developed.

to shorter

Currently, two types of experiments are pkmned to measure the nonlinear

harmonic growth and the scaling of the gain lengths. Further experiments are also under

consideration, including measuring the mode structure in the higher harmonics and

comparing it to a simulated mode structure, and measuring the coherence length of the

harmonics.
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FIGURE CAPTIONS

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Power versus distance for Stage I for the odd harmonics.

Power versus distance for Stage I for the even harmonics.

Power versus distance for Stage II for the odd harmonics.

Power versus distance for Stage II for the even harmonics.

Power versus distance for Regime III for the odd harmonics.

Power versus distance for Regime III for the even harmonics.
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