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= Abstract

Transverse Gradient Undulator (TGU) has been pro-
posed with the initial purpose of mitigating the gain degra-
dation in free electron laser oscillators (FELO) driven by
beams with a large energy spread. However, a special-de-
signed TGU with a fixed transverse gradient is required to
enhance the gain. In this paper, we investigate using the
natural field gradient of a normal planar undulator instead
of'a TGU to enhance the FELO power. In this method, the
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‘2 normal undulator with a vertical off-axis orbit to experi-
g ence the field gradient. Theoretical analysis and numerical
2 simulation based on parameters of FELiChEM are pre-
g sented. The results demonstrate that this scheme can en-
= hance the FEL power with careful optimization of disper-
sion strength and vertical beam orbit offset, especially
£ when the energy spread is relatively large.
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INTRODUCTION

Free electron lasers (FEL) oscillator has been adopted
2 worldwide in the wavelength range covering from the te-
%rahertz to the ultra-violet regions [1-3]. Additionally, FEL
< oscillator (FELO) also has been proposed to radiate in x-
% & ray region by using the diamond crystal mirror [4].

g Given the present TGU has many important applications
@ in different kinds of FELs, including in PEHG-FEL [5],

g generation of broadband radiation [6], and so on. In fact, it
§was initially proposed to enhance the small signal gain in
= conventional FELO while the energy spread is relatively
o large [7]. In other words, it can be used to lower the design
m requirements of the electron injector. However, TGU re-
S quires the special design and the transverse gradient will be
o fixed when the tilt angle of magnetic pole fixed.

Currently, an IR FELO is being built at NSRL, covering
gthe spectral range from 2.5 to 200 um and dedicating for
& energy chemistry research [3]. Since the radiation wave-
2 length range is broad, in the design, the FEL performance
i at the two sides is not optimized. Therefore, we investigate
g using the natural field gradient of a normal planar undula-
3 tor to enhance the output power of short-wavelength FEL.
Z In this method, the beam is first vertically dispersed by a
2 dogleg and then the dispersed beam passes through a nor-
Z'mal undulator with a vertical off-axis orbit [8].

+ In this paper, we first briefly introduce the small signal
g gain of a normal undulator and a TGU with the energy
-2 spread. Considering that the previous studies of using the
‘é transverse or vertical gradient of FELO are mostly focused
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on the theoretical analysis, we present the simulation re-
sults based on the parameters of FELIChEM. The compar-
isons of using a TGU and a normal undulator with or with-
out the natural field gradient were given in details. Finally,
a summary is given in the last section.

SMALL SIGNAL GAIN IN FELO

In a FELO the small signal gain is one of the most im-
portant parameters determining whether the oscillation can
start. We use the 1D FEL model and ignore 3D effects.
Considering the energy spread, the maximum gain g, can
be simplified as [9]:

g—o @)
SV T 1X(5.46N,0, )
where N, is the number of undulator period, o, is the en-
ergy spread, and g, =0.27(4xN,p)’ is the small signal
gain which is independent of ¢, . Normally, o, is required
to be smaller than 1/2N, .

However, in a TGU-enabled FELO, the electron beam is
first horizontally dispersed by a dogleg before entering into
the TGU. The dispersion strength 7] introduced by the dog-
leg and the transverse gradient o introduced by the TGU
should follow a well-known relationan = (2+K;)/ K] .
Assuming a dispersed beam passes through a TGU, the
maximum gain g, can be approximately simplified as

[9]:

o, N2 @)
o, 1+[n/5.46N,0.T
is the initial RMS horizontal beam size.

Table 1: Main FEL Parameters

8reu = 8N

where o,

Parameter Specification Unit
radiation wavelength 25 pum
undulator parameter K 0.97 -
undulator period 4.6 cm
period number 50 -
beam energy 50 MeV
beam transverse emittance 10 mm.mrad
beam transverse size 0.5 mm

According to Equations (1) and (2), the small signal gain
depends on the energy spread of the normal undulator and
TGU, are given in Fig. 1. It can be concluded that TGU can
significantly enhance the FEL gain, especially when o,

has a large value. The bigger the energy spread, the bigger
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the improvement of the FEL gain. However, if o, issmall, ~ very significant. Therefore the FELO power can be en-

TGU is insufficient to enhance the FEL power and will be hanced toavery high level by using a TGU. In other words,
discussed in the next section. The corresponding FEL pa- TGU oscillator can reach the same saturated power when
rameters are given in Table. 1. using a beam with a comparatively large energy spread.
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Figure 1: Red: the small signal gain & depends on o, for Roundtrip
using TGU (dashed), comparing with the normal undulator 10 o =07% ——TGU
(dotted). Blue: the ratio of g,,, and g, depends on o, !
(solid) 2 — Normal undulator
SIMULATIONS % 6-
Power Enhancement in a TGU E’ 4
We numerically investigate the FEL performance in a ‘:: |
TGU, comparing with a normal undulator based on the .
modified OPC code [10] and GENESIS 1.3 code [11]. For 21
TGU, we choose that @=36m~tand 77 =86.5 mm which
satisfy an = (2+ K2)/ K¢ - 0 - - - ' T
500 2 50 3
Fig. 2 is the simulation result which show the corre- 0 30 m{f‘f l cf? . 00250 00
sponding evolution of FELO power with different energy oundairp
spread for using TGU, comparing with the normal undula- (c)o, =0.9% —TGU

tor. The efficiency of power enhancement based on TGU 6

markedly improved with the increase of o, , which is con- Normal undulator

sistent with that shown in Fig. 1. When o, is compara- B

tively small (o, =0.5% ), the FELO saturated power gen-

erated by the normal undulator is slightly bigger than using
a TGU. However, it is not contradictory with that analysed
in Fig. 1. Since the improvement of & is small with a small

Power (MW)
e

-2

o, and the dispersion of the beam introduced by the dog-

leg will increase the beam size, the gain improvement by a 0 -

TGU is insufficient to cancel the gain degradation caused ' : i : Yy

by a large beam size in the three-dimensional simulation. 0 50 100 R ] 5? r 200 250 300
In Fig. 2(b), the FELO saturated power generated by . oundtrip )

TGU is improved by 33% than using a normal undulator. ~ Figure 2: FELO power at 2.5um for using TGU (red), com-

InFig. 2(c),dueto o, islargeand g, issmall, the growth — Paring with the normal undulator (blue).

of FEL power could not overcome the cavity loss whenus-  Power Enhancement when using the Natural
ing a normal undulator. However, TGU is more effective to G4 dient

enhance the FEL gain with a large o, . Comparing Fig. 2(b)

For a normal planar undulator with a vertical magnetic
field, the undulator strength K along the vertical coordinate
ment of FELO saturated power by using a TGU becomes  can be described as

with (c), as g, increases from 0.7% to 0.9%, the enhance-

K(y)= K, cosh(k, y) (€))
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o
g where k, =27/ A, is the wavenumber and A, is the undu-

§ lator period.
For a small range around an off-axis orbit of y = y_, the

publis

natural vertical gradient

a, =k, tanh(k,y,) [8].

Therefore, we investigate using the natural field gradient
% of a normal planar undulator instead of a TGU to enhance
= the FEL gain. In this method, the beam is first vertically
" dispersed by a dogleg and then the dispersed beam passes
‘;’through a normal undulator with a vertical off-axis orbit.
£In order to comparing the natural gradient (NTG) of a nor-
S mal planar undulator with a TGU, y is chose to be 2 mm,

o, can be deduced as

the work.

= . .
o then the corresponding gradienter, = 36 m™" and the ver-

Stical dispersion strength 77=86.5 mm are same with that

éused in a TGU. In addition, o, should be modified to be
g o, in Eq. (2).

29

§ The simulation results are shown as followings.
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2 Figure 3: FELO power at 2.5um for using NTG (red), com-
8 paring with that without NTG (blue) .

>
<
E Fig. 3(a) and (b) show the similar results using NTG of
§ the normal undulator in comparison with that using a TGU.

=« For a beam with comparatively small energy spread, the
= FELO power generated by a normal undulator with NTG
S is 74% more improved than without NTG, as shown in Fig.
= 3(a). The FELO power enhancement by NTG is more than
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twice for using a TGU. In Fig.3(b), a significant improve-
ment can be also found when using NTG. Compared Fig.
3(b) with Fig. 2(c), The FELO power generated by NTG is
slightly larger than using a TGU. Therefore the normal un-
dulator can reach a rather high saturated power. Moreover,
compared with the TGU, using the natural gradient planar
undulator has a distinct advantage for the gradient can be
conveniently tuned in a quite large range by adjusting the
beam orbit offset. Therefore, the natural gradient of a nor-
mal planar undulator may be a good choice to replace a
TGU to enhance the FELO power.

However, the off-axis beam will experience a betatron
oscillation driven by the natural focusing. If the betatron
wavelength is smaller than or comparable with the undula-
tor length, the natural focusing may destroy the linear de-
pendence of the electron energy on the vertical coordinate
to some extent. Thus the betatron wavelength should be de-
signed to be much bigger than the total undulator length.

SUMMARY

In this paper, we present the theoretical analysis and nu-
merical simulation of TGU and the normal planar undula-
tor. It shows that TGU can be used to reduce the sensitivity
on energy spread and improve the FELO power. In addi-
tion, the natural gradient of the normal planar undulator can
be used to replace the TGU, so as to improve FELO power
when using an off-axis beam with a large energy spread.
The corresponding experiment studies will be put into
practice at FELiChEM in the future.

REFERENCES
[17J. M. Ortega, Nucl. Instrum. Methods A 341 138 (1994).

[2] W. Schollkopf et al., Berlin. Proc. of FEL Conference. Nara,
Japan. 2012, p. 1-4

[3] He-Ting Li, et al., Chinese Physics C, 41 018102 (2017)

[4] Dai J, Deng H, Dai Z. Physical review letters, 108(3) 034802
(2012).

[5] Deng H, Feng C. Physical review letters, 111(8) 084801
(2013).

[6] Prat E, Calvi M, Reiche S. Journal of synchrotron radiation,
23(Pt 4) 874 (2016).

[7] T.I. Smith, L.R. Elias, J.M.J. Madey, D.A .G. Deacon, J.
Appl. Phys. 50 4580 (1979).

[8]Jia Q, Li H, Physical Review Accelerators and Beams, 20(2)
020707 (2017).

[9] Lindberg R R, et al. Transverse Gradient Undulators for a
Storage Ring X-Ray Fel Oscillator [J]. (2013).

[10] Vander slot P et al. Phys. Rev. Lett, 102 244802 (2009).
[11] S. Reiche, Nucl. Instrum. Metho ds A, 429 243 (1999).

02 Photon Sources and Electron Accelerators

A06 Free Electron Lasers



