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Abstract:

The generation of harmonics through a nonlinear mechanism driven by bunching at the fundamental has
sparked interest as a path toward enhancing and extending the usefulness of an x-ray free-electron laser (FEL)
facility. The sensitivity of the nonlinear harmonic generation to undulator imperfections, electron beam energy
spread, peak current, and emittance is important in an evaluation of the process. Typically, linear instabilities in
FELs are characterized by increased sensitivity to both electron beam and undulator quality with increasing
harmonic number. However, since the nonlinear harmonic generation mechanism is driven by the growth of
the fundamental, the sensitivity of the nonlinear harmonic mechanism is not expected to be significantly greater
than that of the fundamental. In this paper, we study the effects of electron beam quality, more specifically,
emittance, energy spread, and peak current, on the nonlinear harmonics in a 1.5-A FEL, and show that the
decline in the harmonic emission roughly follows that of the fundamental.



I. Introduction

There 1s an ongoing interest in the accelerator physics and synchrotron radiation user
communities to develop 1.5-A self-amplified spontaneous emission (SASE) [1,2] free-
electron lasers (FELs) to serve as the next-generation synchrotron light sources [3,4,5]. The
fundamental radiation wavelength is related to the electron beam energy and the strength of
the undulator device. In addition to the fundamental, nonlinear harmonics also arise and
experience gain similar to the fundamental and also achieve saturation, with their gamn
lengths scaling as the inverse of the harmonic number [6,7,8,9]. Two additional methods
allow one to up-convert the fundamental radiation frequency via nonlinear harmonics. These
alternative methods are the high-gain harmonic generation scheme [10,11,12] and the two-
undulator harmonic generation scheme (TUHGS), also referred to as the “after-burner”

method [13,14,15].

In the present work, we investigate the effect of emittance, energy spread, and peak current
on the nonlinear harmonic generation in a single-pass, high-gain, free-electron laser similar
to the LCLS design parameters found in Ref. 2. Recently, members of our group mnvestigated
the effect of wiggler errors on the fundamental and nonlinear harmonics for this same
LCLS-like case and found the nonlinear harmonic output power followed that of the
fundamental [16]. Also recently, our group studied the effect of the electron beam quality for
the longer wavelength SASE case of the first phase of the Advanced Photon Source (APS)
Low-Energy Undulator Test Line (LEUTL) SASE FEL operating at 517 nm [17,18]. For
these longer wavelength case studies, we also found that the trend of the nonlinear harmonic

bunching and output power clearly followed that of the fundamental.



The purpose of the described investigation is to assist in the prediction of any unforeseen
problems regarding the usefulness of the nonlinear harmonic output in an LCLS-like system.
Hopefully, this information will allow both users and source developers to plan, respectively,

their experiments and machines with more knowledge.

I1. Code Descriptions

We first briefly describe the numerical simulation codes used in this study.

A. GINGER

GINGER 1s a multidimensional (3D macroparticle, 2D (7-3) radiation field), polychromatic
FEL simulation code [19]. The equations of motion are averaged over an undulator period
following the standard KMR [20] formulation while an eikonal approximation in time and
space is used for field propagation. For polychromatic SASE simulations, GINGER can be
mnitiated with either electron beam shot noise or, alternatively, photon noise. In
monochromatic mode (which 1s true for nearly all the results presented here), the radiation 1s
presumed to be at a single discrete wavelength. Macroparticle bunching in the longitudinal
plane can be diagnosed through approximately the 9" harmonic (with the accuracy
dependent upon macroparticle statistics); however, GINGER presently calculates and
propagates radiation only within a narrow bandpass centered upon the fundamental
wavelength. Thus, the effects of any emitted harmonic radiation upon the electron beam are

ignored which, in general, is a good approximation up to saturation.

B. MEDUSA
MEDUSA 1s a 3D, multifrequency, macroparticle simulation code that represents the
electromagnetic field as a superposition of Gauss-Hermite modes and uses a source-

dependent expansion to determine the evolution of the optical mode radius [21,22,23,24].



The field equations are integrated simultaneously with the Lorentz force equations.
MEDUSA differs from other nonlinear simulation codes in that no undulator-period
averaging 1s imposed on the electron dynamics. It is capable of treating quadrupole and
corrector fields, magnet errors, and multiple segment undulators of various quantities and
types. MEDUSA is able to treat the fundamental and all harmonics simultaneously as well as

treat sideband growth.

C. PROMETEO

PROMETEO is a 1D, multiparticle code [25] based on a modified version of the Prosnitz,
Szoke, and Neil formulation of the FEL dynamical equations [26,27]. The original model has
been generalized to include the effect of beam emittance and the undulator errors. The code
1s capable of accounting for the evolution of the fundamental harmonics and for the
coherent generation of higher-order harmonics in SASE or oscillator FELs, including optical

klystron and segmented undulators.

ITI. Case Under Study and Results

For the LCLS-like case under investigation, the nominal design parameters are shown in
Table 1. We simulate a single, long segment of undulator with curved pole-face focusing. For
each of the three codes, we executed a number of runs to scan either the radiation
wavelength (for MEDUSA and PROMETEO) or K (for GINGER) while holding all other
parameters fixed to find the minimum exponential gain length. We ran our three codes in
the amplifier case, each imntroducing an input seed power of 480 W to our three model
systems, respectively. In addition, in each case, we simulated a Gaussian electron beam
profile in the transverse phase space. The optimum fundamental gain length, wavelength,

and undulator strength parameter K, are shown for each of our three codes in Table 2 while



the saturation distance and power for the fundamental are given in Table 3. After
performing these initial comparisons at the fundamental wavelength, the investigations of
the variation of normalized emittance, energy spread, and peak current on the fundamental
and nonlinear harmonics began. Recall that GINGER 1s able to provide the fundamental
power and bunching as well as bunching of the nonlinear harmonics and MEDUSA and
PROMETEO are able to simulate the fundamental and nonlinear harmonic powers and
bunching. For comparison purposes, to lowest order, the power scales as the square of the
bunching. The nonlinear harmonic bunching or power level for each parameter variation

was recorded at the point in g of the fundamental saturation.

A. Emittance Investigations

To examine harmonic output sensitivity to electron beam emittance, we varied the
normalized emittance from 1.0 and 5.0 7 mm-mrad. The fundamental and third nonlinear
harmonic bunching fractions and the ratio of the third harmonic to fundamental (3:1)
bunching ratio versus emittance for GINGER are shown in Figure 1 and the fundamental
and third nonlinear harmonic powers as well as the third harmonic to fundamental (3:1)
power ratio versus emittance for the MEDUSA and PROMETEO runs are shown in

Figures 2 and 3, respectively.

B. Energy Spread Investigations

For energy spread sensitivity studies, we varied o, from 0.00 to 0.025%. The fundamental
and third nonlinear harmonic bunching fractions and the ratio of the third harmonic to
fundamental (3:1) bunching ratio versus energy spread for GINGER are shown in Figure 4,
and the fundamental and third nonlinear harmonic powers as well as the third harmonic to

fundamental (3:1) power ratio versus o, for the MEDUSA and PROMETEO runs are



shown in Figures 5 and 0, respectively. Note PROMETEO seems to predict a smoother
behavior of the third harmonic vs. the energy spread than GINGER and MEDUSA.
Although the reason for the difference is not yet clear, we do not believe this is due to the

1D nature of PROMETEO.

C. Beam Current Investigations

Our last sensitivity study involved beam current. Here, we varied I, from 3000 to 4000 A.
The fundamental and third nonlinear harmonic bunching fractions and the ratio of the third
harmonic to fundamental (3:1) bunching ratio versus peak current for GINGER are shown
in Figure 7, and the fundamental and third nonlinear harmonic powers as well as the third
harmonic to fundamental (3:1) power ratio versus peak current for MEDUSA are shown in

Figure 8.

IV. Conclusions

In this paper we have examined the sensitivity of nonlinear harmonic bunching and radiation
output power to variations in electron beam transverse emittance, instantaneous energy
spread, and peak current centered around the standard parameters believed appropriate to
the LCLS x-ray FEL. Our results suggest that the third harmonic bunching and power are
not significantly more sensitive (in a power-law sense) to beam quality than the equivalent
quantities at the fundamental wavelength, at least until the degradation begins to severely
affect the latter. Specifically, even when the energy spread or emittance 1s doubled relative to
the standard case value, the ratios of harmonic to fundamental bunching and radiation
power decrease by less than a factor of 2 and 4, respectively. These new results are similar to

those found by us at much longer wavelengths (e.g., the visible) for the LEUTL project for



which diffraction effects are far more pronounced. They are also similar to our previous
examination of the sensitivity of nonlinear harmonic emission to undulator errors [16].
Consequently, we have confidence that potential users of both future short wavelength
FELs (e.g., LCLS) and existing longer wavelength FELs (e.g., LEUTL, TTF) operating in the
high gain regime can within reason safely proceed with plans to use the nonlinear harmonic
emission as a radiation source even if the actual (L.e., experimental) electron beam quality

turns out to be somewhat poorer than hoped for in design proposals.
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Table 1: LCLS-like Case Study Parameters

Parameters
Y 28085
Electron Beam Energy (GeV) 14.35
Normalized Emittance (n mm-mrad) 1.5
Peak Current (A) 3400
Undulator Period (m) 0.03
Undulator Strength (K) 3.7
Energy Spread (%) 0.006

Fundamental Wavelength (nm) 0.15




Table 2: Optimum Fundamental Gain Length, Wavelength, and Undulator Strength
Parameter, K, of Each Code

Code Minimum L, (m) Optimum A(nm) Optimum K
GINGER 5.85 0.150 3.71
MEDUSA 5.9 0.144 3.70

PROMETEO 5.7 0.150 3.70




Table 3: Fundamental Saturated Distance and Power for Each Code

Code z(m) Power (GW)
GINGER 98 7.27
MEDUSA 116 8.74

PROMETEO 117 22
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Figure 6: Powers of the fundamental and third nonlinear harmonic versus electron beam
energy spread simulated by PROMETEO.
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