
“*
,.- ,“

THE APS SASE FEL: MODELING AND CODE COMPAIUSO
*

Q$: ~~e&
S.G 13iedron’, Y.C. Chae, RJ. De-us, B. Faatz’, H.P. Freund+, S.V. Milton, H-D. Nuhnti R;

Advanced Photon Source, Argome National Laboratory, Argonne, Illinois 60439 *) ...-

‘Deutsches Elektronen Synchrotrons, Notkestrasse 85,22603 Hamburg Germ@

“Stanford Line~ Accelerator Center, Stanford, California 94309 USA ‘ 8$??

/’
Abstract

A self-amplified spontaneous emission (SASE) free-
electron laser (FEL) is under construction at the
Advanced Photon Source (APS). Five FEL simulation
codes were used in the design phase: GENESIS,
GINGER MEDUSA, RON, and TDA3D. Initial
comparisons between each of these independent
formulations show good agreement for the parameters of
the APS SASE FEL.

1 INTRODUCTION

TheAdvanced Photon Source (APS) at Argonne National
Laboratory (ANL) is currently commissioning a fke-
electron ker (FEL) based on the sdkrnplified
spontaneous emission (SASE) process [1]. The design
parameters were based on capabilities of the existing APS
linear accelerator, the linear theory [2], and simulations.
The codes used in the design include GENESIS [3],
GINGER [4], MEDUSA [5], RON [6], and TDA3D ~,8].
Comparative simulations were performed using a specific
set of input parameters for the APS SASE FEL.

2 CODE DIWXIPTIONS

2.1 GENESIS

GENESIS has its origin in TDA3D, a steady-state
simulation code, which has been extended to perform
multi-frequency simulations. The radiation field is
discretized on a Cartesian grid and solved by the
alternating direction implicit (ADI) integration scheme.
The transverse motion of the electron beam, described by
macroparticles, is calculated analytically, whereas the
energy and phase are found by Runge-Kutta integration.
In addition to the standard internal generation, an extemaI
seeding radiation field, undulator field, and longitudinal
variation of the electron beam parameters can be supplied
in input files.

2.2 GINGER

GINGER is a 3D multi-frequency particle tracking code
with a 2D, axisymmetric representation of the radiation
field. The equations of motion are averaged over an
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undulator period. For non-waveguide simulatio~
GINGER uses a nonlinear, expanding radial grid
proportional to the square of the &Ius near the@ and
expands exponentially for large distances km the axis.
The outer grid boundary, the number of radial grid zones,
as well as the region over which the grid is linear are
controlled by input parameters. GINGER is able to
simulate a single segment of undulator as well as lumped,
quadruple focusing.

2.3 MEDUSA

MEDUSA is a 3D muki-fkquency, nonlinear simulation
code where the electromagnetic field is represented as a
superposition of Gauss-Hermite modes and where a
source-dependent expansion is used to determine the
evolution of the optical mode radius. The field equations
are integrated simultaneously with the 3D Lorentz force
equations. As such, MEDUSA differs from the other
nonlinear simulation codes in that no undulator-period
average is imposed on the electron dynamics. It is capable
of treating quadmpole and corrector fields, magnet errors,
and multiple segment undulatory.

2.4 RON

RON is a linear, single-frequency code intended for
design optimization of high-gain, short wavelength FELs,
with features for multiple-segment undulatory, field
errors, and distributed focusing elements. The electron
motion is along precalculated, period-averaged
trajectories and the radiation field and the bunched beam
current density are calculated at these trajectories horn a
set of linear integral equations. Explicit calculation of the
radiation field (on an arbitrary grid) and the capability to
use a measured magnetic field profiIe as input has been
added recently. Although the linearity does not provide
the saturated state, it does allow for fast run times.

2.5 TDA3D

TDA3D has been publicly available for over a decade.
The latest official release is still a paraxial, single-
frequency code. Extensions include non-axisymmetric
radiation modes, wiggler errors, a strong quadruple
FODO Iattice with arbitrary misalignments, as well as
multi-segment undulatory. In “expert” mode, arbitrary
quadruple focusing can be simulated.
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Figure 1: Modified chamber (top view) showing locations of: electron detectors 1-10; BPMs a, b, and c; and targets A,
B, and C. On the right is a cross-section schematic showing target and mounting of detectors.

trast, the total number and energy distribution of secon-
dary electrons (SE), produced in collisions with the walls
by EC electrons accelerated by the beam, will be highly
dependent on the bunch charge and spacing, since this
determines the acceleration of the electrons (the SEY is
energy-dependent).

3.1 Positrons

A typical measurement of the detector current, normalized
to the total beam current, as a function of bias voltage (I-
V) is shown in Fig. 2 for four of the detectors. In this ex-
ample, 20 mA are stored in 10 bunches spaced at 128 rf
buckets, or 0.36 VS. The +45 V bias on the collector as-
sures that all the electrons are collected when the bias grid
voltage is positive, i.e., the peak of the I-V curve is the
total number of electrons integrated over all energies. The
normalized electron current at this large spacing is identi-
cal to that with a single bunch; therefore, this I-V signa-
ture is believed to be determined mostly by the PE.

The dependence on the detector location is seen in Fig.
3. As expected, EA6 is the primary source of electrons,
dominating the signal at detectors 1-2 (c 0.3 m). The
nearly linear slope of the normalized current at the 128-
bucket spacing for detectors 4-9 (> 0.5 m) is consistent
with their location.

Beam-induced A4ultipactoring
A dramatic amplification of the signal is observed at a

7-bucket bunch spacing (-20 ns), shown in Fig. 3. This
can be attributed to the SE contribution. Detectors 6-9
(>1.4 m from EA6) show a higher amplification, which
we speculate comes from multiple scattering of electrons
originating from the absorber. A scan in the bunch spacing
(10 bunches total) gives a peak in the normalized electron
current at a spacing between 8-10 buckets, shown in Fig.
4. In addition, there is a factor of 2.6 increase in the nor-
malized electron current when increasing the beam current
from 10 to 20 mA, although the position of the peak re-
mains roughly constant. A fine scan between 1-10 bucket
spacing reveals sharp peaks at 7 and possibly 9, shown in
the insert. A beam instability, likely unrelated to ECI,
limited the bunch current at short spacings. Figures 3 and
4 give evidence of a beam-induced multipactoring effect
[6]; the bunch spacing at the peak current equais the wall-
to-wall time-of-flight in the vertical direction (full height
42 mm) of electrons with an average energy of 8-12 eV.
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Figure 2 Normalized detector current vs. bias voltage for
10 bunches spaced by 128 buckets.
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Figure 3: Total, normalized electron current per detector
vs. distance from EA6 as a function of bunch spacing (10
bunches, 20 mA).
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Figure 4: Comparison of normalized electron current as a
function of bunch spacing and current (10 bunches total),

The electron energy distribution is dominated by low-
energy electrons, seen in the derivative of the I-V curves
(Fig. 5). The derivatives have been normalized to high-



light the differences in the energy distributions. The bunch
spacing affects the shape of the high-energy tail, giving a
longer tail for the multipactoring conditions.
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by 20% and the SE signal decreased by 45%. This sug-
gests that as the oxidized Al surface becomes more metal-
lic as a result of conditioning, the SEY is lowered, which .
affects the SE to a greater degree compared to the PE.

3.2 Electrons

Conversion to electrons in Sept. 1998 allowed comparison
of the electron cloud &ta with a positron beam. The re-
sults are qualitatively very similar. There is a peak in the
normalized electron current with bunch spacing, although
it occurs at an 1l-bucket spacing. TMs is not unexpected,
as the trajectories of low-energy electrons accelerated by
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Figure 5: Electron energy distribution vs. bunch spacing.

The buildup of the EC was measured for bunch trains of
varying lengths. As expected, the buildup was most pro-
nounced at the 7-bucket spacing, and the most dramatic
increases occurred for detectors farthest from EA6. Fig”ure
6 shows the normalized current for detector 9 for bunch
trains of varying length, with 1-2 mA/bunch. The total
amplification at 2 mA/bunch is a factor of 360 in normal-
ized current, and 50 times higher still in absolute electron
current. A pressure rise of a factor of 20 was observed for
these conditions over the pressure without multipactoring
(0.5 nTorr), indicative of enhanced resorption induced by
the secondary electrons, and giving independent evidence
of the multipactoring effect [6]. A saturation effect is ob-
served beyond a certain number of bunches, beyond which
the increases becomes linear.
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Figure 6: Amplification of EC over bunch trains.

The variation with target SEY was measured by insert-
ing each of the targets (Cu, oxidized Al, and TM) sepa-
rately. Ratios of the detector current at 7-bucket spacing
(maximum SE) and 128-bucket spacing (minimum SE)
were obtained. The ratio was greatest for Al and about the
same for Cu and TIN, which is roughly consistent with the
relative SEY. The differences, however, were small,
which is to be expected since the surface areas of the tar-
gets are small compared to that of the chamber.

The maximum, normalized detector currents decreased
over time for the same beam conditions as the walls be-
came conditioned after installation of the chamber, After
an integrated current of 62.5 A-h, the PE signal decreased

beam. The buildup of the electron cloud was also observed
over long trains of bunches, with a similar saturation ef-
fect. The amplification is more modest: a factor of 14 at
50 bunches with 2 mA/bunch.

4 SUMMARY

Dramatic amplification has been observed in the electron
cloud in the AI% storage ring under certain stored beam
conditions. Beam-induced multipactoring effects gave rise
to amplification factors up to 18,000 in long positxon
bunch trains with 2 mA/bunch, spaced at 7 rf buckets (-20
ns). A pressure rise of an order of magnitude was ob-
served for these conditions, over that without mukipac-
toring. More modest amplifications were seen for long
electron bunch trains, but at a spacing of 11 buckets. Al-
though the electron cloud instability is not a resonant phe-
nomenon, beam-induced multipactonng appears to be an
important effect in the amplification and buildup of the
electron cloud. Preliminary results with ~gets of different
materials show a reduction in the SE production for Cu or
TiN surfaces compared to oxidized Al. Comparisons of
these data with simulations are planned, with the goal of
developing an empirical model for realistic chamber geo-
metries. A detailed report is in preparation.
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