AN ENHANCED GINGER SIMULATION CODE WITH
HARMONIC EMISSION and HDF5 IO CAPABILITIES *

William M. Fawley', LBNL, Berkeley, CA 94720, USA

Abstract terms of modularization and in the number of useful lan-
, , ) guage featurese(g.,array syntax and built-in operators,

GINGER[1] is an axisymmetric, polychromatie —2—1) e definitions, memory management). The code struc-
FEL ,S|mulat|on code originally developed in the m'd'_ture has proven very amenable to efficient multiprocessing
1980s to model the performance of single-pass ampli, \pich the different longitudinal slices are assigned to
fiers. Over the past 15 yearsINGER 's capabilities have jirarent processors with MPI[3] handling the necessary
been extended to mchde more compl.lcated.conflgu_ratlori'lrs[:terprocessor communication. In the past year, we have
such as undulators with d”f,t 8pes, d|sper5|ye SeCt'on,‘Q”repIaced the original predictor-corrector field solver by a
and vacuum chamber wakefield effects; multi-pass oscillgya,,, jmpjicit solver and also have extended the code to cal-
tors; and multi-stage harmonic cascades. Its coding baéﬁlate radiation emission at multiple harmonics; the next

has peen tuned to permit running gffectively on platformsg (o, gives details on these changes. We then present
ranging from desktop PC’s to massively parallel processofgg 5 from asinGER calculation for predicted harmonic
such as the IBM-SP. Recently, we have made significagt, .ssion from the LCLS.

changes to GINGER by replacing the original predictor-
corrector field solver with a new direct implicit algorithm, pical GINGER output file sizes doubled or more. Based
adding harmonic emission capapility, an.d switching toth pon file compactness, 10 speed, and flexibility in data lay-
HDFS IO_I|brary[2] for OUtPUt dlagn.ostlcs. In this pa- , the output file format was changed from simple ASCII
per, we discuss some details regarding these changes gg DF5[2]. In part because we believe that the FEL sim-
also present simuliation results fpr LCLS SASE emission FHation community should become aware of the usefulness
A =0.15nm and higher harmonics. of HDF5 10, the last section of this paper gives details con-
cerning its implementation inteINGER.

With the addition of calculations of harmonic emission,

INTRODUCTION
THE NEW FIELD SOLVER AND

Over the past 25 years, there has been a steady adva”CEfMPLEMENTATION OF HARMONICS
in the use of numerical simulation codes to explore FEL

physics, analyze experimental results, and to help designAdopting the slowly-varying envelope approximation
elaborate and expensive projects such as the LCLS. ASVEA) with E(r, z,t) = E(r, z,t) x expi(koz — wot),
the underlying computer hardware has grown both fastéhe field equation becomes
and often more complex.é., massively parallel environ- - )
ments), FEL codes have similarly become more complex Qiksa_E =-ViE-— (ﬂ _ k2) E_ Ami wod i (1)
both in terms of the underlying physical phenomena they F0Z c? ° c?
model g.g.,wakefield losses) and the more realistic formsyhere9/07 is the Lagrangian derivative in the forward
of simulation they attempte(g.,importation of massive (j.e, positive z) direction, andJ, is the microbunched
maCfOpartiCIe files for start-to-end traCking rUnS). Moretransverse current at angu|ar frequem@y The Origi_
over, the amount of information the codes utilize and prona| gInGER field solver used a Gear predictor-corrector
duce has increased by several orders of magnitude wigdheme [4] which automatically controlled step size to
multi-GB output and/or particle restart files becoming necmaximize computational speed for a given error allowance,
essary for full time-dependent simulations of x-ray FEL'sut had negative aspects regarding algorithmic complexity
and multi-stage harmonic cascades. and non-trivial coding difficulties with regards to adding
This paper present recent changes todhecER simu-  additional dimensions such as harmonics and (eventually)
lation code[1] which originally was designed in the mid-non-axisymmetric modes. Consequently, we developed a
1980's to study sideband growth in single-pass FEL ampleompletely new field solver based upon a backward-biased,
fiers and which has steadily evolved since to study morienplicit solution of the heat flow equation (“Case 5” in ta-
and more elaborate configurations such as SASE devicége 8.1 of [5]). This solution is always stable for arbitrary
harmonic cascades and oscillators. The Fortran90 base cstep sizeA Z and the chosen default bias factor makes the
rently underlyingGINGER has proven very useful both in scheme equivalent to the Crank and Nicholson algorithm
*Work performed in support of the LCLS project at SLAC under USWith errors scaling adhs? andAZ*. Tests of simple vac-
DOE Gontract DEAC02 765F00515 (SLAC;) and also supported una UM Gaussian mode propagation over multiple Rayleigh
Contract DE-AC02-05CH11231 (LBNL). ranges show normalized energy conservation to better than
T WMFawley@Ibl.gov 103 for Ar/Rg < 0.1 whereR, is the mode waist size.
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Sec. 8.5 of Ref. [5] gives an elegant (and simple to
code) solution method based upon a Gaussian eliminatiort=<¢ v —
procedure where one first sweeps outward iand then — ewosf
back to the axis Extension of the field solver to include; iews} b seal
higher harmonics is simple withc{, wo) being replaced £ .| ]
by (hk,, hw,) and use of the appropriate current sourcég oo S ]
term. For the latterGINGER uses wiggler-period aver- © I~ [
aging and follows the standard formulation (sey.,[6]) mm;//
for odd harmonic emission that depends only upon the lo-
cal harmonic microbunching amplitude (and ignores even ™z & @ 10 1 o 2 aw e @ 10 12
harmonic emission arising from transverse gradients in Z(m) Z(m)
the electron beam density). Tests by Z. Huang compar-, i ,
ing the predicted 3rd harmonic power from nonlinear mirigure 1: Time-averaged SASE power (left) and mi-

crobunching with that computed BYINGER for a simple crobunching fraction (right) vs.z for an LCLS pulse at
Xo = 0.15nm, steady-state amplifier with LCLS param-the 0.15-nm fundamental (blue curve) and also the 3rd,

eters show excellent agreemertg(,10% or better) for 5th, and 7th harmonics (bunching only) (red, green, black

sufficient macroparticle numbee.§.,> 65K per slice). curves).
Use of smaller macroparticle number tends to lead to an
overestimation of the harmonic power, perhaps because the
longer Rayleigh length (and thus less radial smoothing in
Z) at0.05 nm makes the effective source term “grid noise”
(i.e.,in higher radial modes) much worse than that corre-
sponding to the fundamental (for which 8K macroparticles
appear more to be than sufficient).

The original macroparticle longitudinal mover also used
a Gear-scheme (which was extreme computational overkill
given the slow evolution of particle phase and energy)
and was replaced by a simple ead-order Runge-Kutta
solver in which only the fundamental radiation field acts
back upon the particles. Within this limitation one can
study nonlinear harmonic generation (the dominant emis-
sion term for most SASE and harmonic cascade devices) % 22 a4 o6 88 110 13
but not linear amplification. As shown in Ref.[7], ighoring Z (m)
the harmonic emission feedback is an extremely good ap-
proximation for SASE x-ray FELs and essentially all FELSrjgure 2: RMS transverse size vs.for SASE emission
in which gain at the fundamental wavelength is much larggfom an LCLS pulse at the 0.15-nm fundamental wave-

than that at the harmonics, as is the usual case. length (blue curve) and also the 3rd and 5th harmonics (red
In fall 2006 we expect to add the harmonic field feedyng green curves).

back terms to the mover and also a fourth-order Runge-

Kutta scheme as an option. Lastly, we note that Eqg. (1) is

separable by azimuthal mode and thus the new field solvefinutes of wall-clock time. Figure 1 plots the power at the
can be easily extended (as is hopefully planned for 200f)ndamental wavelength of 0.15nm and also the 3rd and

16

R-RMS (microns)

to solve forE(r, ¢, z, t). 5th harmonics as functions ef One sees that the plateau
region (on this semi-log plot) for small where sponta-
AN EXAMPLE LCLS HARMONIC neous emission dominates the coherent FEL component
EMISSION CALCULATION lasts much longer for the harmonics than the fundamental;

in reality the plateau region would extend even further be-

Nonlinear harmonic emission from the LCLS is potencause these calculation do not include non-axisymmetric
tially extremely useful, both for experimentalists and as apontaneous emission. While the third harmonic grows
diagnostic of FEL performance. Adopting design parammore rapidly withz than the fundamental in the region
eters (3.4kA,y = 26693, 1.2mm-mrad,B,, = 1.25T, 60 < z < 85m, it saturates at a low( 1%) relative power
o,/y = 107%), and a quad FODO focusing lattice thatlevel.
produces an average Twigsfunction of 28 m, we simu-  Comparing the behavior of the on-axis far-field power
lated a LCLS 9.2-fs segment at 6-attosecond temporal regot displayed) with the total near-field power (Fig. 1) re-
olution with 32768 macroparticles per slice. The calculaveals that the plateau region is much smaller for the funda-
tion was run on 128-POWER 5 (1.9 GHZ) processors of thmental but there is essentially no change for the harmonics.
“BASSI” IBM p575 system at NERSC and required40  This is likely related both to the short gain length for the
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Standard SASE theorye(.,Ref. [8]) predicts that the
inverse spectral bandwidtly Aw and autocorrelation time
C1/2(7) (the point at which the temporal autocorrelation
function drops to 0.5) for FEL radiation increasea$>.
Such behavior is demonstrated by radiation at the funda-
mental (blue curves in Fig. 3. For the harmonics, the co-
herent component af, /»(7) suddenly dominates over the
spontaneous emission (for the radiation) and shot noise (for
the microbunching) at two-thirds of a saturation length,
reaches a maximum within a gain length, and then be-
gins declining withz, in contrast to the fundamental which

Figure 3: Plots of’; /» () for the on-axis far field emission réaches a maximum somewhat latern(right plot in
(left) and microbunching (right) for the fundamental and™ig- 1) and only drops in the last 20-m or so. Presum-
harmonics (same color scheme as Fig. 1).
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Figure 4: Plots of RMS spectral width for on-axis far field
emission at the fundamental and harmonics (left) and t
3rd harmonic output (near-field) spectrum (smoothed wit
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a 5-bin average) (right).

ably, debunching due to the development of a large energy
spread is responsible for the greater sensitivity of the har-
monics.

An autocorrelation function and power spectrum can
be similarly calculated for microbunching by using the
complex average computed over the macropatrticles corre-
sponding taeach bngitudinal electron beam slice. In con-
trast to the radiation quantities, the microbunching, ()
(right plot in Fig. 3) has a slow but steady linear decay
from its maximum which is perhaps associated with the
temporal variation of2,,,, over the individual microspikes.
Ideally, in a near time-steady situation with essentially no
variation in radiation eikonal phasg; /»(7) would be con-
stant with harmonic. However, in the SASE regime, Saldin
et al. [7] have predicted from 1-D numerical studies that

1/2 1/2

how a ratia~ 0.5, a reduction attributable perhaps to non-
zero emittance effects not included in the 1-D study.

Figure 4 plots the inverse spectra width versuso-

IE}I’ZB(T)/CfuTLd'(T) ~ 0.65; the GINGER LCLS results

harmonicsL, , ~ L, /h and the smaller mode size (Seegether with the output spectrum at the third harmonic.
Fig. 2) for thé coherént harmonic emission which reducelnother diagnostic of radiation field correlation, the ratio
some of the far-field contrasts-a-visthe spontaneous har- [«/Aw]/[1.18wC} /5(7)] (= 1 for a Gaussian power spec-
monic emission. Near power saturation, the RMS trandtum), is 0.76 for the fundamental and drops to to 0.69 and
verse sizes of the 3rd and 5th harmonic emission@@% 0-65 for the third and fifth harmonics at the position of max-
smaller than that of the fundamental (Fig. 2). Howevefmum inverse bandWId'th. . .

after saturation, they also grow with despite a greater ~ Another apparent difference with the Saléinal. 1-D
Rayleigh range, indicating perhaps that optical guiding efesults concerns the probability distribution f(¢). In

fects are far more important for the fundamental. Flg 5we p|0t the normalized histogram for the fundamen-
tal and third harmonic ofthe output (near-field) radiation.

One sees that in accord with the earlier study, the third
harmonic emission is more peaked towdtd= 0. How-
ever, the peak is more extreme and the first order moment is
much smaller, evidently because of large temporal regions
of relatively low harmonic power. The probability distribu-
tion for the fundamental is also more peaked tow@re: 0
whereas Ref. [7] found a peak nedr=< P >. Because
our data is taken somewhat deeper in saturation than the
point chosen by Saldiet al, it is possible (albeit unlikely)
that the distribution function reverts back to a negative ex-
0.0 0.5 ! S /2<OP%5 3.03.5 4.0 ponen.tial correspondingto the exponential gaiq rggime. or-
that this particular SASE run does not have sufficient statis-
Figure 5: Histogram of the probability distribution of tics in terms of slice number to clearly resolve the distribu-
P(t)/ < P > atthe fundamental and 3rd harmonic at theion shape. However, it may also be possible that inclu-
undulator exit. sion of true transverse effects actually change the nature of

2.0

T T
FUNDAMENTAL
3RD HARMONIC

o 1.0 ]
=
0 “ ,
0.0 ...h- ———
1.0




the distribution function in the saturation regime. Consefgrids which have the r- and z- locations of grid points; /in-
guently, this topic may warrant some additional study.  put which has the complete ASCII input and template files
for the run; /radiation which contains all scalar and vec-

IMPLEMENTATION OF HDFS5 10 tor rgdlatloq flelq mforma.tlon.; and (partlcles which has all
particle-derived information including scatterplot dumps,

As is true for most large-scale simulation tools, an FEIf any. Separately, particle restart files can also be writ-
code must have numerous 10 Capabi”ties_ On the inplg@n in HDF5 format and the extension to radiation restart
side, the user must be able to specify a number of bealifes (as is needed for multistage harmonic cascades) will
and run parameters. Depending upon the run compleRe done in the near future. Knowledge of the exact “path”
ity, additional input might be require@,g.,6D macropar- ©f a given data sete(g.,/radiation/scaladata/...) is com-
ticle phase space information from a tracking particle oufletely sufficient for a HDF5 utility (andzINGER post-
put file or a “restart” file from a previous FEL code run (agProcessor) to access the data set; the exact disk address
might be true for a harmonic cascade); a time-dependent iWithin the HDF5 file is not needed by external programs
put radiation field; an undulator “lattice” including, (z), but is provided by a low-level look-up table in the HDF5
possible pole error field and dipole corrector informationfile. This massively simplifies data access With the mi-
and possible vacuum chamber longitudinal wake field irdration to HDF5 format, we believe it will be relatively
put. Output information can be very extensive: spatiallystraight-forward and painless to extend thelGER out-
and temporally-resolved radiation field information includ-ut file to handle fully “3D” field informationi(e., [, z, t]
ing harmonics; 5D macroparticle phase space snapshotsat”: ¢ z, 1] ) and variable spatial resolutior.g.,relative
different z— andt— locations for later use in scatterplots;finely z-resolved scalar quantities such a radiation power
»— andt— resolved “scalar” information such as total radi-2nd microbunching but coarser resolution of vector quanti-
ation power and macroparticle microbunching (at multipléies such agi(r, z, ¢)) as needed by future code upgrades.
harmonics), energy spread, on-axis far field complex am-
plitude; and possible full 6D macroparticle and/or @Dt) ACKNOWLEDGEMENTS

radiation field information for a subsequent downstream | | dt K led ful di .
undulator run. As the raw binary size of this information am pieased 1o acknowledge many usetul discussions

can exceed 100 MB for fields and 1 GB for particles, simWwith numerous individuals including A. Adelmann, E. Al-

ple ASCII formats are unattractive both due to their sizéa”a’ M. Borland, W. Graves, Z. Huang, H.-D. Nuhn, G.
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an outputfile system that is reasonably easy to analyze (aW(‘j“ng Computational resources.
which maintains good backward compatibility as the sim-
ulation code inevitably evolves in complexity). REFERENCES
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