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Abstract
The INEX (i,?!cgrated numerical t!xperimcnt) numerical model is applied to the 0.6

pm FEL oscillator at Boeing Aerospace and Electronics Company in Seattle, WA. This sys-

tem ~onsisis of a 110 MeV L-band rf linac, a beam transport line from the accelerator to the
entrance of the wiggler, the 5.0 meter THUNDER variable taper wiggler, and a near concetl-

tric two mirror optical oscillator. Many aspects of the model for the electron beam accelerator
and transport line agree with experimental measurements. I%cd.ictionsfor lasing performance
are compared with data obtained ‘n May and June, 1989 using a mild tapered wiggler. We ob-
tain good agreement with the achie”~edextraction efficiency, while lD pulse simulations m-
reproducethe obse~ed sideband instability.



I. Introduction.
The free electron laser (FEL) system at Boeing Aerospace and Electronics Company

in Scattle,WA consists of an rf linac, a horseshoe bend, a 5.0 meter tapered wiggler, and an

optical resonator [1]. Reviously, we reported simulations of this system using idealized
electron bcarns[2,3], In this paper, we describe our recently developed end-to-end numerical

model of the system and illustrate tjpical simulation results. In addition, we compare the

simulation results with lasing data. The data was obtain~ in May and June of 1989 with a
mild tapered wiggler (470 resonant energy loss) and a near concentric two-minor optical os-
cillator. A discussion of data obtained at Boeing in late 1988 and early 1989 with the 5.0

meter uniform wiggler is also available[4], as are recent simulation results for the Boeing
FEL using a ring optical resonator, the resonator scheduled for operation in late 1989 [5].

For the Boeing system, the model uses an upgraded version of the accelerator and

beam transport code PARMELA. together with the code FELEX [6], a 3D FEL physics
code with optical pulse effects and oscillator optics. These codes have been coupled via a

third code, refered to as the “translator”, and the three codes running together are known as
INEX @tegrated numerical ~pcriment). Other versions of INEX, employing additional
codes. are operational on other systems (e,g,see [7]). In addition, when enhanced optical fre-

quency resolution is required, we employ ID FEL pulse simulations, initialized to agree as
closely as possible with the INEX model of the electron bearn.With these models,we obtain
good agreement with optical lasing data. For example, with the tapered wiggler conf@ra-

tion, INEX predicts an cxtract;nn efficiency of about 1.25% at 0,6 ~m wavelength, with the

experiment achieving nearly 1,0%, In addition, the 1D modeling predicts the development of

sidebands at about the power levels and wavelengths observed in the experiment. It is found
that the sideband instability degrades the extraction efficiency by about 25%.

In the INEX model,emphasis is placed on performing the simulations with input pa-
rameters based on experimental data, This is particularly important in the accelerator and

beam transport systems to obtain agreement with optical lasing data. For example, the rela-

tive accelerator and buncher phases are tuned to yield pulse widths, charge tmnsmission,

beam energy and energy spread, and beam emittance within the error bars of experimental
measurement. The initial charge at the thermionic gun, currents driving scdenoidal foc~{ssing

fields, and ~ower levels in the bunchers wld accelerators are all in close agreement with the

experiment, After the accelerator, the beam transport system consists of a FODO array, a
180 degree horseshoe bend, and a series of quadruples in front of the wiggler for steering

the beam and adjusting its size and divergence for matching to the wiggler, In the model, all

currents driving these quadrupo]es and dipoles arc set in PARMELA at the levels measured
in the experiment, In addition, the matching of the INEX beam to the wiggler is performed us

in the experiment, This produces the most realistic beam possible for use in FELEX,

The INEX rnodcling approach is particularly attractive for future large systems be=

cause it ctinbe used ino problem solving mode to enhance Wrfommnce, For example, for

Boeing systcm stubility rcquircmeni:i for ,-fpower and phase levels arc defined in terms of

(1)
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their effect on lasing power levels. This procedure determines whether or not the accelerator
control system is adequate. In addition, possible performance enhancing hardware changes

can be investigated with the model. As one example, INEX predicts significantly less beam
emittancc growth due to transport around the horseshoe bend will occur if the beam waist at
the bend entrance is reduced from that typically exiting the accelerator. If this emittancc
growh is reduced, INEX predicted hat, for the tapered wiggler discussed here, the optical

power would increase at least a factor of two. INEX was usd to test the idea that the fo-

cus/defocus quadruples in the FODO may could be driven at different current levels to

achieve the mquircd focusing. The beam is now routinely focussed by the FODO array, and

the reduced emittance increase due to transport around the 180 degree bend has contributed
to enhanced optical power output.

(2)
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ILThe Accelerator and Beam Transport to the Wiggler
An ove~iew of the system modeled in IN_EXis shown in Figure 1. After she beam ex-

it j the accelerator, it enters a FODO array that transports it to the entrance of the 180 de-
gree horseshoe bend. After transiting the bend, it enters a beam transport line referred to as
the C-Leg, where it is steered and focusd, with its size adjusted for pmpcr wiggler match-

ing. In this section, we will briefly describe the numcncal model for the accelerator and beam

transport system and discuss the electron beam properties from the electron gun to the en-

trance of the wigg!er. hfore detailed descriptions of the accelerator and its modeling with
PARMELA can be found in [8] and [9].

Adhakc-!
The rf linac for the Boeing FEL system is a 110 NleV 1.3 (H-Izmachine with a thcrmi-

onic electron gun, two subharmonic bunchers at 108 and 433 MHz, and a tapcrd phase ve-
locity buncher at 1.3 GHz. There are six accelerators, with the beam energy increasing from

about 3.0 MeV at the entrance of accelerator 1 to about 110 MeV at the exit of accelerator 6.
In the simulations, a gaussian current profile is initiated at the gun with a total charge of

about 5.7 nC. The electric fields within the gun,bunchers and accelerators used by PARME-
LA are obtained from the cavity geomcrncs and SUPERFISH [10]. The powers driving the

bunchers and accelerators are set to the experimental values, with the field phases tund to
give the experimental charge transmission and other measured beam parameters.

Figure 2 illustrates the ene]gy profile for a typicaJ electron micropulse. Although this

is the energy distribution at the wiggler entrance, it is nearly identical to the disrnbution at

the exit of accelerator 6. Plotted is the electron ‘@Zas a function of position within the micro-

pulse. About 3.7 nC exists within the range of longitudinal position shown in the figure. For
ths charge, the cument within the micropulse peaks at about 300A, and is above 200A for

~bout 10 ps. This 10 ps width (between about z=O.Oand z-+.3 cm) is the important part of
the pulse for generating light via the FEL interaction. The traiIing electrons for zdhO cm are

produced during the bunching process. Carefull tuning in PARMELA can reduce the number

of these electrons, but there is no diagnostic in the experiment to tune at this level, In figure
2, variations in the electron beam energy through the 10 ps of about 0.5% arc evident, as is

tllc small approximately 0.25?i0local energy spread. The normalized cmittanccs for the micro-

pulse at the exit of the accelerator arc RMS values of ex=cy =20n mm-rruad. The current and

energy profiles are reliitively Unchiiilgd by transport around the knd to the wiggler, but the
cmittancc values are altered.

MJQE!QDQ Am and th?flQ.@rce ~
The FODO army, on tirruy of 10 focusing and defocusing quadtupolcs, transports the

beam from the exit of the accelermor to tllc cntrancc of the bend. If the quwirupoles in the
FODO army are driven ut equal currents, with a group of 5 at one polarity and the second

group of 5 w the opposite pohtrity, this array does not significantly affect the beam parume-
tcr~. }{owevcr, it is ttdvtinti~~c{)tls m modify this array to achieve net beam focusing.

(3)



Properly tuncd,the 180 degree bend is a first order achromatic horseshoe employing
“ four dipoles and 14 quadrupolcs. From the perspective of its effect on the FEL interaction,

wc are interested in how this bend changes the electron beam parameters due to the trans-

port. With PARMELA, the effect on beam charge,arrival time, pointing and tnnsvcrsc posi-

tion at the wiggler have been investigated as a function of beam energy. The changes in
beam energy from micropulsc to mi’mopulse are due, for example, to an imperfect accelerator

control system and are often obsexved in experimental stripline beam position monitor data.
It is found that the bend is nearly isochronous over a range of about +/- 0.5 McV, with about

1.0 to 2.0 ps maximum arrival time error. Charge transmission over this range is nearly
1(N)%.Energy variations of this magnitude also lead to pointing jitter and transverse position
jitter at the wiggler entrance. This ,iitter can not be corrcctcd on the time scale shorter than a

macropulse length, about 100 ps. For the +/- 0.5 McV energy range, pointing angles arc

about +/- 0.02 mr and transverse offsets area few troths of mm. Although these effects arc

not discussed in detail in this paper, they have been investigated with FELEX and with lD
pulse simulations and lead to longer start-up times and reduced saturated extraction efficien-

cy.
Although these effects arc important, they do not seriously degrade the FEL system

if the bend is properly tuned and the accelerator control system is within tolerance. As we
will see, experimental data suggests this has been achieved. ‘llwrefme, the most important

effect of the horseshoe bend on the electron beam is the increase in beam emittance produced
due tc the transport. A substantial increase in emittance can seriously degrade the FEL per-

formance due to a reduction m the beam brightness.”& increase reduces both the small sig-

nal gain and the saturated extraction efficieny, thus defining the maximum FEL performance.

Using PARMELA, it is established that the increase in the cmitta.nce due to transport

around the bend is the quadrature sum of uncorrelated mittance contributions due to the ef-
fects of non-linear forces, space charge forces, and forces due to wakcficlds, The wakcfield

effects in the bend arc calculated using TBCI [11] and the known shapes of wakcficld gener-

ators (e.g. bellows and srnplines). The present model has 16 wakeficld generating stations
within the bend, Of the three forces, only the wakefield cffats arc dissipative, enabling the

density in phase space along an electron trajectory to change. The non-linear and space
charge forces can change the projected RMS x and y emittanccs, but not the total volume in
phase space,

Using K-V distributions [12] in PARMELA, the fol!owing scaling relationship has

been empirically dctcrmincd for the horseshoe bend:

‘(E2j~,x2 2 )1/2
Eout,x +ct+c*w+tw

and

(la)

(lb)

(4)



cw=Q/3.5(457t + 357c(rc-2))
.

Ew= Q/3.5(377c+ 15n(re-2)).

(Id)

(le)

The direction x is the horizontal bend plane, the direction of energy dispersion produced by

the dipoles, while y is the vertical direction, with no energy dispersion. In these equations,

all em.ittarwes are RMS values .Cin~ ad &in~ am the x and y emittances at the entrance of
9 9

the bend, 6E is the full energy spread of the beam in McV, re is the edge radius of the beam

at the bend entmnce in mm, and Q is the total charge in the micropulse, in nC. We assume a

fixed rnicropulse iength, providing a scaling with Q rather than cu.mnt. The quantities Et, tx,

and &ware the emitt.mce contributions due to the non-linear transport effexxs, space charge

effects, and wakefield effects. Note that if 6E=0 and we neglect the space charge and wake-
field contributions, there is no emittance increase. Liouville’s theorem rquires this because
the RMS emittance is proportional to the total phase space area for a K-V distribution.

Equations 1 were obtained for the ranges 0.0c6Ec2.O MeV, 0.5-e<3.0 mm, and O,OcQ@.O

nC, Note that the space charge term must be modified with an additional ifi term to apply for
rec0.5 mm. We find similar scaling relationships for other bends in FEL systems.

The utility of equations 1 is to provide experimental direction toward a performance in-

crease. For the electron beam parameters corresponding to Figure 2, e.m,x=ein,y =201t,

Q=3.7nC, and 8E is about 0.5 MeV. For these parameters and re=2mm, the typical beam ra-

dius at the exit of accelerator 6, equations 1 yield cout,x=681r, and eout,y=29m In contrast, if

we can focus the electron beam before entering the bend to achieve re= 1mm, tout x-, -337c and

eoutY=21 m FELEX predicts that reductions in the x emitumce of this magnitude can in-9
crease the FEL saturated ex~action efficiency by at least a factor of two for the 5,0 meter ta-
pered wiggler discussed in this study. Thercfote, it is desirable to focus the beam before en-

tering the bend, and this is accomplished by modifying the FODO array so that the two
groups of focus and defocus quadruples are driven at different current levels. ‘Ilis procedure

is now routinely performed in the experiment.

C, The C-Le~Stee ringjmd M-

After transiting the bend, the beam must be steered into the wiggler and its trans-
verse size and divergence must be adjustrd to achieve proper wiggler matching. This is ac-

(5)



cornplished in PARMELA and in the experiment with steering coils and two quadruple trip-
let sets in the hem transport line in tint of the wiggler (see Figure 1). One of the triplet

quadruples within the C-Leg is varied to obtain a waist at an optical transition radiation

acreen[ 13] upstream of the wiggler. The quadrupde settings and beam waist sizes are given
to the code TRANSPORT to determine the triplet settings for proper wiggler matching. It

should be noted that this procedure&o yields experimental ex and ey values, providing a

further check on the diagnostics and model.
Figure 3 illustrates the electron beam envelope within the wiggler before and after the

matching proccdu~. In the top tiame, the beam has not &en steered or matched. Note that it

amives at the wiggler entrance about 1.0 mm displaced in the y direction. This, together with

the non optimum transverse size and beam divergence, produces large oscillations in both
the position and size of the beam through the wiggler. With this beam in FELEX, the FEL
will not start up due to significant aperturing of the optical field by the wiggler tube at the exit

of the wiggler. In contrast, the bottom frame illustrates the beam envelope after the steering

and matching proceduie. Note that the beam arrives nearly on axis, with the beam centroid

remaining near the wiggler axis throughout the transport. The beam exhibits some sausaging
even after the matching procedure, because the emittance varies as a function of position
within the electron pulse and the matching procedure has experimental emor [13]. This beam

dor pin FELEX, as will be discussed in the next section.

(6)



IIL Simulations of Lasing Performance and Comparison with Data

A] Sirnulation Results
In this section, wc describe FELEX simulations of lasing using the PARMELA b

and ID pulse simulations of the sideband instability.llm FEM&i simulations are Perfonnd
for a near concentric two mirror resonator, with a cavity 10ssof 7.5%. This Icss value is con-

sistent with experimental measurements of .ringdown in May and June,1989. The wiggler is
the 5.0 meter THUNDER wiggler [14], configurd to have a 1.25 m uniiorm section together
with a 3.75 m linear taper in magnetic field strength, The degree of taper comesponds to

about a 4% decrease in the resonant electron energy. Therefore, for this wiggler, we estimate
an idealized extraction efficiency near 2,0%, if half the electrons are trapped in the ponderrno-
tive well. As we will see, the experiment has approached 1.0%, with t!!e optical power still
increasing at the end of the macropulse.

Figure 4 illustrates the current and ernitt.ante of the m.icropuke at the enrrance of the
wiggler. This micropulse is steered and matched, with the envelope through the wiggler plot-

ted in the bottom panel of Figure 3. Within the 10 ps high current region of the rnicropulse,

between about z=O.Oand 0.3 cm, the 90’%crnittancc is about Ex=i40x and ey=lMht. This

corresponds to RMS values of about 35x and 25z respectively. Note that Sx>cy after the

bend, due to the space charge and wakefield contributions of equations 1. The ernitancc has

increased from its pre bend x and y values of 20n indicating that, fcr the notation of equations

1, $= 15n and (C2 2 )1~=25n. These numbers are in good agreement with the beam ra-~+c w

dii and eriergy spread in INEX. In the experiment, the beam is often focussed by the FODO
array to radii near 1 mm, and the pulse averagd energy spread is near 0.5 MeV.

Results from FELEX, obtained with the beam in Figure 4, are shown in Figure 5. This

multi-pass oscillator simulation uses the Figure 4 beam on every pass, neglecting pulse to

pulse variations. To limit the computational time, the simulation was started near saturation,
with the optical pulse after 25 passes shown in Figure 5. In the top time is a perspective

plot of the optical electric field magnitude at the exit of the wiggler in the transverse (x) and

!ongitudina.1(z) planes. The peak elecrnc field strengths are about 6X104 statV/cm. In the

bottom frame is the extraction efficiency as a function of z, the position within the micropulse.
FELEX predicts a small signal gain for this bun of about 200 to 3(X)%and a saturated pulse

averaged extraction efficiency of 1.25%. Recent experimentally measured small signal gains

from late July, 1989, are as high as 200%, although the average small signal gain over mmy
passes is about 50%, due, for example, to accelerator con!rol system problems during the

small signal portion of the macropulse. The z dependence of the extraction efficiency can be
compared to the energy disrnbution, current md ernittance as a function of z shown in Fig-

ures 2 and 4.Note that the peaks in extraction efficiency am near the peaks in curren~ and

that peak extraction above 2.5% is achieva!, indicating Iocaliz.d regions of strong FEL inter-

action.

(7)



For the electric field strcrtgths of the laser pulse in Figure 5,3 to 6X104 statV/cm, the
spatial period for synchrotronsoscillations ranges fio~l about 150 to 110 cm (c.g.see [ 15]).

l’hemfore, in this simulation the elatrons perform about 3 to 5 sychrotron oscillations in the
5 meter 230 period THUNDER wiggler, and the system should exhibit sidebands at wave-
lengths about 1.5 to 2 O% larger and smaller than the fundamental. Howevcr,due to limitd

cOmputationa.1resources, the FELEX simulations follow a limited number of optical wavc-
fmnts (24 in Figure 5) and do not have the bandwidth to investigate the siJebartd instability.
We perform 1D FEL pulse simulations,as in [2], to investigate the development of the insta-

bility rmd how much it de~ades the FEL performance with the mild tapered wiggler. MarIy of
these simulations have been performed, here we discuss a few representative examples. The

pulse widths in the simulation illustrated here is in close agreement with the INEX pulse in
Figure 4, and the energy spread has conrnbutions from both the real (0.3% at the l/e point)

and emittance (about 1.0%) components. lhe current is 2WlA, and yields peak small signal

gains of about 100%. The simulation saturates at about 6.0 GW in the optical cavity, with an

extraction efficiency of about 1.7%. This extraction efficiency is larger than the INEX result,
primarily because an idealized electron beam is used in the pulse simulation.

There are at least two important results from the pulse simulations, Tlte fmt is that
the sidebands do develop as expected. At the power levels shown in Figure 5, sidebands are

present, with the stronge~t instability at wavclenths about 1 to 2% larger than the fundamen-
tal, Ac intermediate power levels, sidebands develop at wavelengths closer to the fundament-

al but these,as well as shorter wavelength sidebands, do not attain large amplitudes. The
second point is that the development of the sidebands does not seriously degrade the extrac-

tion efficiency over at least 400 simulation passes. Because “he experiment is limited to

about a 100 ps rnacropulse, or about 400 rnicropulses, this result suggests the instability will
not seriously degrade the experimental performance. This is in contmst to the effects of side-

bands on this system with a strongly tapered wiggler [2].
However, the pulse simulations do indicate that the extraction efficiency is lower

than that obtained with sideband suppression. In addition, tie outcoupled pwer will show
signatures of sideband development. These points are illustrate in Figure 6, where extrac-

tion efficiency as a function of pass and three ~ptical spectra are shown from the pulse simu-

lation. The simulation atfains an exuaction of abo~: 1.7%, while the identical simulation with
ideal grating rhomb sideband suppression as in [2] attains an efficiency of 2.3%. This indic-

ates alxmt a 25% reduction in extraction due to the instability. lle spectra in Figure 6 are at

pass 30,50, and 90, the positions markd A,B,and C in the plot of extraction efficiency. Note
the flattening of the extraction efficiency, or equivalently outcoupled energy, near the point B
in Figure 6. This flattening is at the position where the fundamental wavelengths, around 640
nm, arc no longer increasing in intensity while the long wavelength sidebac3s are beginning
to grow. The flattening in extraction is due to dw evolution of the optical bucket in this re-

gion, leading to less efficient trapping. The third spectra, at pass 90, illustrates the growth of
the sideband to intensities equal to the fundamental. Later spectra show tha: *6cFEL even-

(8)



tua.llychirps completely over to the sideband wavelengths, where saturation occurs.
B. Commriscm with Data.

The simulations yield predictions of the laser extraction efficiency, with the lD pulse

airnultions prcd.icting the development of the sideband instability. TIMvarious simulation nu-

maical models achieve extraction efficiencies of 1.25 (INEX,no sidebands), 1.7 ( lD pulse
with sidebands), and 2.3 (1D pulse fvith sideband suppression)percmt. In the experiment,

there are two methods of determining the extraction efficiency: 1.) from measurements using
a silicon deteaor of outcoupled laser energy and a knowledge of electron beam and oscillator

parameters, and 2.) from electron spectrometer measurements during lasing md non-lasing

peliods.

Examples from the fmt method are illustrated in Figure 7, where extraction efficiency

versus shot number (time) is plotted for 39 lasing macropulses on May 17,1989. The individ-

ual shots are separated in time by about 1.0 minute, and were chosen at mndom from the
large lasing data base for this day. The extraction efficiencies am calculated using the ap-

proximate equation

where L is the cavity loss, T is the mirror transmission, ~ is the peak energy rneas-urul at

the detector, and Eeb is the energy of the elec~n beam. The peak energy always occurs

near the last Iasing micropulse in the macropulse, immediately before the termination of the

electron beam. The measumd electron beam parameters are total charge equal to about 2,5

nc and a mean energy of 110 MeV (Eeb=275 @. The outcoupling through the ~scil]~toi mir-

rors to the deicctor is known to be about 0.4% at a wavelength of 650nm, while the cavity
losses are infemxl from ringdown measurements to be about 7.7%. Typical energies at the

silicon detetector are around 100@, with the highest observed energy to date of 138 p.J. Ex-

perimental uncertainty in the inferred extraction is about +/- 25%, primarily due to the uncer-
tainty in the cavity nngdown and charge measurements. In Figure 7, we assume the above

ek-crron beam and oscillator parameters, measured on May 17,1989, apply to all 39 macro-
pulses, neglecting shot to shot variations, The figvre illustrates that often the experiment
performs at levels below the simulation predictions, but on occasion all system parameters

are tuned to yield performance near 1.0% extraction efficiency, For example, in the 40 minute
period of Figure 7, for about 20 minutes the system tune was sufficient to achieve 0.5 to

about 1.0% extraction. Also shown in Figure 7 i$ the IN?3.X1.25% prediction, It is interesting

to note that if we apply a 25V0comction for the sideband instability, obtained from the lD

pulse simulations, to the INEX 1,25% avemge value, we obtain 0.9%, about the highest cx
traction in Figure 7,

Further support for operation at extraction near 1.0% is in Figure 8, which illustrates

experimentally measured electron spectra both during Iasing and non-lasing periods. These
spectra are in~egrated over about 160 micropulses. Trapped decelerated electrons are visible,

extending to 4% below the mean energy, in agreement wi!h the wiggler taper. Analysis of the

(9)



ecntroid shift yields an exu ~ction efficiency of q=O.8+/-O.2?$, in good agreement with the

simulation predictions. It should be noted that the spcctrograpn resolution is about 1.4%, al-
though the centroid shift can be measured to about 0.2%. Therefore, the energy spread in Fig-

ure 8 is not the single micropulse energy spread. This energy spread is always less than 1%,

due to an energy collimator in the horseshoe bend.
Figures 9 and 10 illustrate observations of the sideband instability, obtained with a

streak spectrometer system in May,1989. The top panel displays an intensity scatter plot of

wavelength vs. Iimc for ,.,125 ps macropulsc. It should be noted that 125 ps is about 600

passes througl the wiggler. At early times, the fundamcmal wavelengths arc visible, wi”h a

center wavelength of akout 650 nm. P t about t=50 MS,or 200 oscillator passes, the lortgcr
wavelength sidcbarlds are begining to grow. The bo~om panel illustrates intensity vs wave-

length through the times corresponding to the horizontal window in the top panel. The funda-

mental is visible and centcrcd about 650 nm, with the ~g wavelength sideband centered
about 663 nm, In addition, a closer wavelength sideband is visible at about 659 nm, although
it does not attain large amplitude, Figure 10 is in the same format as Figure ‘), but the inten-

sity vs wavelength m the bottom panel is late in the macropulsc, with the horizcmtal analysis

window at about t=80 ps. By this time, the sideband has become the dominant wavelength,
with the intensity at the fundamental decaying away. This behavior is like that observed in

the ID pulse simulations, although the time scale is longer (see below), and occurs at com-
parabk i;,tracavity power levels. Although it is not clear from Figure 10, the optical power is
still increasing at the cnd of the macropulsc.

The final point is the predicted decrease in trapping efficiency when the sidebands be-

gan to grow (Figure 6,point B). Obseivaticm of this decrcasc arc shown in Figure 11. Plot-

ted is extraction efficiency vs. time inferred from outccvplcd laser energy mcasumd with the
silicon detector. The data is over the entire macropuke, with the extraction fall off riear 100

us at the point where the electron beam ends. It is clear from this figure that the power is

stiil climbing immediately before this point, The flattening of the extraction is observed

around 50 l.M,or U*about pass 200, This is the position in the macropulscs where the streak
system first obscrvez the sidcbimd growth, However, it should be noted that the time scale
for sideband development i; about 4 :imcs longer in the experimental data than it is in the

simulation. Tl,is is due [o ihe lower average small signal gain observed in the experiment, a
consequence of, for example, electron beam energy variations from micropulse to micropulse,
non-optimum tuning of the beam transport system, non ideal mtitching to the wiggler, and

non ideal steering of the electron beam within the wiggler, ‘f’hesceffects can Ix included in

NE)(, but the Cray X-MP CPIJ timr required is very large,

(10)



IV.) Conclusion
The INEX cnd-tmcnd simulation model is operational on the FEL system at Boeing,

The comparison of cxpcrimenta.1 data and simulation for a mild taper wiggler yields good
agreemer.t for the extraction efficiency and the development of the sideband instability. INEX
is fiequcndy usd in a problem solving mode to aid the expcrimentalists, and has also been
used to identify hardware changes that have, enhanced the FEL output. This success of IN-
EX on the Boeing FEL confms that it will be a valuable tool in the design and operation of
future FEL systems.

(11)
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Figure Captions

Figure 1.) Schematic layout of tie Boeing FEL system showing the accelerator, FODO ar-
ray, horseshoe bend, wiggler, and optical oscillator.

Figure 2.) Distribution of electron fiz within the electron micropulse used in the sil,m.da-

tions. Abut 3,7 nC of charge is in this rnicropulse.

Figure 3 ) Envelope of the electron micropulse within the 5.0 meter wiggler both ‘before(top
panel) and after (bottom panel) the wiggier matching procedure.

Figure 4.)Current and 90% emittuce within the electron micropulse used in the multi-pass

oscillator simulations. Note that the region of large current (0.0 < z c 0.3 crI) cmresponds to
the region of small energy spread, as shown in Figure 2.

Figure 5.) Perspective plot of the optical elecuic field magnitude horn FELEX in the trans-
verse (xj and longitudinal (z) planes, together with the extraction efficiency as a function of
~sition within the electron micropluse. The laser pulse is plottd at the exit of the wiggler
after 25 passes around the resonator and through the wiggler, The extraction efficiency is
1,25%,

Figure 6.) Results from one dimensional simulations to investigate the growth of the side-
band ins;abili[y. Plot[cd is extraction efficiency as a function of the number of passes through
the wiggler together with thrre optical spectra. The optical spectm are shown at pass 30,50,

and 90, with the spectra at pass 90 exhibiting significant intensity at the long wavelength
sideband components,

Figure 7.) Extraction efficiency, derival fiwm measurements of outcoupled laser power, as a
function of sho[ number on Mi-Iy 17,1989. The obsemations are separated by about 1 minute.

Figure 3.) Data froom the electron beam spectrometer after the wiggler measured on June
8,1989, When {he sys!em is Iasing, trapped dw elerated electrons are visible down to 4% be-
low the beam energy, inagreement with the 4(b resonant energy taper, Analysis of the data

yields extraction eftlciency of q=0,8+/-O,2%,

Figure 9.) Duta from n strctik spectrometer system showing optical spectra versus time in

the top panel. The botmm pitnel is Mplot of the optical spectm intensity as a function of

wavelength about 50 ps into tht nlacropluse (the horizontal window in the top p~nel), Note

the two sidcbuncis developing UI wavelengths larger than the fundamental.

Figure 10, ) ~l~c !;nmc fomwt IIS Figure 9, but the optical spectra in the bottom panel is la~r
in the macrop:llsc, UIMWI[=80 ps NOW thut the sideband is now of higher intensity than the
fundamcnt[ll.

Figure I 1,) l{xmlction cff’icicncy ns n function of time in the nmcmpu]sc for two Iusing shots



on May 17,1989. The extraction efficiency is inferred from the outcouplcd laser power. The
“ flattening in extraction occurs when the sidebands begin to grow, in agreement with the sim-

ulations.
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