'LA-UR-36-1682

CONE = Se03((,- - %
S INGH 186

. 1 Sy

Los Alamos Natonal Laboratory 13 operated by the University of California for the United States Department of Energy under contract W-7405-ENG-36

TTLe  OVERTONE PRODUCTION OF SOFT X-RAYS WITH FREE-ELECTRON LASERS

LA-UR--86~1682

AUTHOR(S) M. J. Schmitt DE86 011248
C. J. Elliott
K. Lee
E. D, McVey

susMmITTED To  Proceedings of the 3rd Topical Meeting on Short Wavelength Coherent
Radiation: Generation and Application
March 24-26, 1986

DISCLAIMER

Shis report was prepared asan sceount of wark sponsored by an agenes ol the Unated States
Cunverpment  Neher the Bited States Government nor any agenes thereol, nor any of their
ermplovees, makes any warcanis, expies or imphed, or ceames any Tegal bty o sespaonsg
Wiy tor the accuraoy s completenesssor o wfnec of iy mformation, appatatus, posluct, or
process dieacbned, o repre o thar s wee wonkd ot mtnmpe povately owned nehes Retey
e herem L oany et connmen wal !nn-hul pomess of sacrveoe by trade name, valenenk,
manufactuter, o otherwiee does not necesaandy onstitate o |||||" ity endorsenmient, tecom
mendation, or Lovangy by the tinged soates Government or any apency therent The views
and opmiors ol st s expressed heeem dos not necessanthy state or efleet thine ol the
Uimited States Government ot any agency thereof

By wecept e ot s el e the patihaher recognizes that the U S Government reins a noneae lusive oy Aty ree liceage to publah or ragproduen

the pubietng form ol Bos contibation o 1o allow otheers, o do 8o tor U S Govetament Purponey

e Lo slamos Nahional | abaratory req msts that the pobbshar adenlily iy athicln aa wark pettormad under the auspoons of tha U S Depaettment o ooy,

| |
Q@ Los Alamos National Laboratory
:3@@ @mQ Los Alamos,New Mexico 87545

i DISTRIBUTION UF THIS UUCUMENT 1S UNLIMITED _\/}1\


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


OVERTONE PRODUCTION OF SOFT X-RAYS
WITH FREE-ELECTRON LASERS*

M. J. Schmitt, C. J. Elliott, K. Lee, B. D. McVny
I.os Alamos National Laboratory, Los Alamos, NM £ 545

ABSTRACT

Two one-dimensional free-electror laser codes have recently been written
that include harmonic generation. A comparison of the results of these codes
show that a self-consistent treatment of the harmonic interaction is not required
in the presence of a strong fundamental field. Use of these codes to predict the
effects of emittance on harmonic production have been conducted. The effects of
wiggler-field amplitude fluctuations and odd-harmonic wiggler-field components
on the harmonic-radiation production are also discussed.

INTRODUCTION

The hainonics generated in free-electron laser (FEL) oscillator experi-
ments are produced primarily through cc herent-spontancous radiation of the
fundamentally-bunched electron beam. This mechanism dominates over the
much weaker harmonic linear-gain mechanism which cannot overcome cavity
mirror losses. The amplitude of each harmonic is determined by its Fourier
component of the transverse current, scaled by the harmonic coupling coefli-
cient.

This paper explores the effects of emittance, wiggler-field amolitude fluc-
tuations and odd-harmonic wiggler-ficld components on harmonic production.
A comparison between the one-dimensional codes is discussed in Section 1. In
Scction 11 the effects of emittance on the harmonic amplitudes arc calculated
assuming constant gain in the fundamental. Small amplitude fluctuations in
the wiggler magnetic field are modeled in Section 1. Modifications of the har-
monic coupling coeflicients resulting from a small third-harmonic wiggler-field
component are given in Section IV along with their consequences on hartonic
production,

I. HARMONIC FEL CODES

The equations describing the interaction of odd-harmonic frequencies with
an vlectron beam in a FEL ace well documented 2, These equations have been
incorporated into a one-dimensional (1)) code written by one of us (C. 1. Elliott)

* Work performed under the nuspices of, and supported by, the Division of
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to model both the radiation produced by the electron beam and the effect of the
harmonic fields back on the electrons. This self-consistent code integrates the
phase-averaged field equations given by

a£f e—i(f\”J+Pof)
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and the energy equation for each electron that states
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where ; denotes the jth eleciron and f is the harmonic number. This code has
been compared to another code (HFELP) originally written by B. D. McVey and
later modified by M. J. Schmitt to include the harmonic radiation produced by
a fundamentally bunched electron beam. The effects of the harmonic radiation
fields on the electrons are not included in HFELP so that the electrons are only
affected by the fundamental electromagnetic field that is assumed to be much
larger than the harmonic fields.

To analyze the coherent-spontancous emission of a FEL operating at the
fundamental we assume the oscillator to have reached saturation so that a large
fundamental wave exists. A single-pass calculation is then performed assuming
the raturated fundamental signal exists at the entrance to the wiggler. This
calculation is valid assuming the mirror losses at the harmonies prevent the
harmonic radiation from circulating in the cavity. Gain at the fundamental is
adjusted through an effective fill factor to match that of the 3D calculation®™.
The results of both codes, for input parameters resembling those of the Lo
Alamos osciliator experiment4, are shown in Figures 1a,b for v.¢ fifth harmonic.
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Fig. 1. Harmonic output from the self-consisteat code (0) and from HEFELE (1),



Results at the first few odd harmonics observed thus far all yield identi-
cal results. From this comparison it is seen that for small Larmonic powers
(P;/P) < 1) a self-~onsistent analysis is no. required to obtain the correct har-
monic output levels. Thus, calculation of the harmonic radiation can be done
economically.

II. EMITTANCE EFFECTS

The growth of electron beam emittance has deleterious effects on FEL gain
and efficiency. To evaluate how ermnittance affects harmonic production, simula-
tions were performed with the 1D code HFELP. Owing to the one-dimensional
nature of the code, electron-beam emittance was modeled as an effective elec-
tron energy spread. The encrgy spread represents the effective axial energy of
the electrons. A typical distribution for the electron beam used in the simuia-
tions for the proposed Los Alamos XUV FELS® is shown in Figure 2 for the case
¢n = 40rmm-mrad.
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The parameters used in the XUV simuladons were; 4 51105, A/ 20
A, 500A, 1 150Amps, By, 757, L, 800cm, A, !.Gem and the emittance
was varied from 207 to 407, The harmonic electrie-field amplitudes at the end
of the wiggler for these conditions are plotted in Figure 3 for the first three
odd-harmonics. All harmonics show a significant reduction in field amplitude.
The third-harmonic amplitude shows the greatest effect with a reduction of ten
in field or two orders-of-magnitude ‘u power, These results clearly show that
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the minimization of emittance is critical for maximization of harmonic output.

1L WIGGLER FIELD ERRORS

The magnetic field that results after the construction of a wiggler magnet
is not a pure sinusoid. Differences in the magnetization of each magnet and ma-
chining tolerances guarantee that the resultant field will have variations in both
amplitude and wavelength, In this section w consider the effects of magnetic
amplitude fluctuations on harmonic production. Although we are not treat-
ing magnetic wavenumber fluctuations directly, their treatinent can be handled
using this same formalism. Since this is a 1D treatment it is tacitly assumed
that any random walk of the eleetron neam is compensated at the appropriate
intervals to keep the electron and optical beams concentric,

To model the variation of the amplitude of the wiggler field in the phase
averaged equations one can caleulate an effective variation in tne electron phase
¥ due to the change in the magnetic-field amplitude. ‘The electron phase in the
wiggler and optical fields is given by

¥ (kw t k)2 wit (3)

where 2 is deterinined by the average clectron velocity in the axial direction,



Assuminrg a perturbation in the wiggler fiela amplitude given by AB,,, a resul-
tant perturbation in the axial position will result that will in turn produce a
variation in the electron phase given by

Ay = (ky + k,)AZ (4)
and upon substitution for the appropriate value of Az gives
~ka/k
Ay; = _E(l_*#v_)awmw (5)
2 v;

where a,, is the dimensionless magnetic vector potential defined

eli,

Gy = ————
m.clky,

(6)
Implementation of Eq(5) in the 1D code HFELP was conducted by calculating
the phase error correction for each electron caused by small magnetic-field am-
plitude fluctuation at each wiggler half-period section. This correction was then
added to the clectron’s phase after it had traverse each wiggler half-period. The
crrors were assumed to have a gaussian distribution with the 1/e? point defined
as an input variable. Simulations were performed for the parameters given in
Section I! for the proposed Los Alamos XUV FEL assuming a 1% error in the
magnetic field amplitude and an emittance of 20r. The results showed a 10
to 20% decrease in the electric field amplitude of the first few odd-harmonics
concurrent with a 7% drcp in the fundamental electric-field amplitude.

Errors in wavenumber can likewise be treated b calculating an effective
phase change Ay = Akyz and incorporating it into cach electron'’s phase
alter every wiggler wavelength. A simple calculation shows that for the above
parameters a 1% wiggler magnetic-field amplitade fluctuation is equivalent to
a .75% fluctuat.on in the wiggler wavelength., Thus, wiggler amplitude and
wavenumber errors should be kept below 1% for harmonic amplitudes te remain
uncllected.

IV. HARMONIC WIGGLER FIELD COMPONENTS

To increase the strength of the FEL interaction, experumenters strive to
achhieve normalized magnetic vector potentials of order unity or greater. The
construction of such wigglers results in highly peaked magnetic field intensitios
near the pole faces  significantly deviating from the analytically assumed sinu-
roid. A Fourier decomposition of these fields yield third-harmonic field compo-
nents approaching 20% or more that of the fundamental®, The effects of these
harmonic wiggler fields eannot be included by linear superposition. We have
calculated how these components change th- coupling coeflicients tor the odd-
harmonic radiation and examine below how a small third-harmonic wiggler field
modifies the fundamental and third-harnmonic radiation.



To include the effect of a third-harmonic wiggler field we first define the
transverse velocity produced by a sum of harmonic wiggler ficlds as

2 20 2
i= ( ecAw,y) = 26 2 rEAmeOS(mI"O"z)} (7)

which can be used to derive a new resonance condition in the high-vy limit given

by

k Ooaz
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These equations can then be used to derive new coupling cocflicients for use in
Egs(1),(2). Assuming only a third-harmunic wiggler field with ey3/a,; < 1,
the new coupling terms for the fundamental and third-harmonic are

K1(€) = J (e.gfﬂ) Jo(£s)
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A comparisen of these new coefficients (assuming a 10% third-harmonic con-
tribution) with the old! coeflicients for parameters consistent with those of the
Los Alamos oscillator experiment show that while the fundamental term is unaf-
fected, the third-harmonic term has changed by 3395, Note that we have assumed
the magnitude of a3 opposite that of @y such that the resultant magnetic field
is more peaked than a sinusoid. For this configuration the third-harmonic power
is enhanced by 75%. This example dramatically shows how the harmonics can
be affected by harmonic wiggler components. A more thorough analysis of this
effect is presented elsewhere?.
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