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Abotract

Tho ●volution of ● ions pulaa (Pulso length much :raator than the ollppaga diotanc~) in a
taparsd wigglar frao ● lactron Iasar oscillator is studied by nuscrical solution af tha onc
dinonaional thaoraticsl model for ● raalistic sat of magnat, ● loctron baam, ●nd optical
raoonator paramatar valua-. Sinsla paoo gain curvac ara calculated for low ●nd high li~ht
intanaitiao. It 10 found that ● n initial, low ●mplitude, incohtranc pulaa groua into ●

cohorant pulaa whooa srowth rat. ● traco with tha cslculatod small ●lgnal gain curva. Tha
tranaiont ●yolution of coharant PU1OCO i- ca”culatad for ●avaral difforont cavity lonsth
dotuningo, ●nd ● quasi-ctcsdy-stata daaynchronism curva la obtainad. Various pu18a faaturas
for two point- ●long tha dooynchroniam curva ● ro giv~n. Tha frequency changing bahavior
(-chirping-) of the optical pulna durin~ trsnoiont ●rolution 10 ●xaminad.

Introd!~ction— ——

Sovoral diffcront onc-dim~nsional thooratical ■ odals hava bean davalopod tu t ● t tha1-3
●volution of toaporsily-finita puln9s in a frao ● lactron la-ar (FEL) oacillstor.
Compariaono of tha rasulta of nu=arical ●valuation- of thcaa thaoratical modols with data
from tha s~ggford Uni*traity uniform wigglar ?EL ●xpcrimant ● aam to show oomiquanticativo
●gro~sgnto Tho theoretical modaln hava baan .Iishtly ●xt~ndad to tr~g$ tap-rad wigslor
FELB ‘ and pradictionn of tht parformanca of cu<h ?BLo hav~ baan ● ada.0 In thin work, wa
usa ●nothar ●light madificatien of tho theory for plana polaritod witglaro to predict tha
psrfotnanca of ● taporcd wiggltr oscillator driven by ● long ● lcccron pula-. That !o, the
langth of tha ● lactron PU1OQ 10 ● uch longar than tha ●lippaga diotanca that CharSCtGritaJ
tha ●mount by which clactrono ●11P behind s point on tho ●nralopa of tha optical puloa ● t
thay maka ona tranoit through tha wigglar.

Optical Ptopartiaa

Wa aaauma ● typical linaar uccalarator drivan Cotipton raglma FEL oscillator in which tha
linac pro~ucaa ●hort pulaaa of alactrono which ● ra mm~natically guided down cha ●xio of ● n
optic~l tiedonator containing ● coaxial plana polarirad taparad wigglar mm~nat. Aftar inter-
acting with tha optical puloa durin~ thair paoaa:a through tha wig~l~r, tha ● lactrons ● ra
ma~natically ~uidad out of tha davica ●nd J naw pulaa of ● laccronc from r.ha linac ●ntara in
tiao to maat tha optical pulaa on ita naxt paooaga through tha wig~lar ragion. Tha condi-
tion t~f ●xact ●ynchroniom occuro whan tha intarval batwaan ●uccaativa ● lactron puloao from
tha linac ●quala tha round trip tima of light in tha :aaonator. Usually tho tima batwaan
● lactron puloao la Cixad ● o that tha daviation of cha raoonator langth from that ● t ●xact
byachroniam ●frongly datarminao tha propartiaa of this t7pa of laoar.

Wa ohall calculata tha proparciao of tha ●yotam ●pacifiad 9y tha paramatar valuas ~iv~n
in Tab~a 1. Tha wi~slar ●agnat ia 100 co long wi!h ● n 11X tapar in wavalangth. Tho pracioa
variation of tha wavalan~th ●nd magnatic fiald ●mplituda ●ion: tha wig~lar”m mxim 10 shown
in Pig. (l). Tha ●~nchronoua particlo ,?ould dacraaaa iu ●nargy bf 7.33X in thin magnat.
Tha optical raaonacor haa ● RsylaiCh ran~a of 62.5 am and tha mirror loaoao ●ra eakan to ba

[;~a-~!ap~::~!roa
boas 10 takan to ba ●onoanergatic with ● paak currant of 40 A in ● 30 pm

Tha diffaranca bacwaan tha valocit~ of light ●nd tha alact:ono” •~ial
Valoeity in tha wittlar of Pis. (1) implies that cha ●lactrona slip ● diatanca of C.038 cm
ralativa to ● point on tha ●nvelopa of tha optie~l puloa on ●anh transit throush tha
wi~glar. This diatnnca 1s ●bout 4X of tha ●lsctron PUACO langthl tha corraapondin~ figuro
for tha Sts.lford ●xparimanta 16 ●bout 48X.

Tha ooa dimanoional thaoratical modal of Raf. (0), modifiad to includa tha ●xial varia-
tlono of tha wi~glar shown in ?1s. (l), ~ialdo t:ha CW (1.6., for 100C pulaao, naglactins
olippaga) ainsla pa-a g~in curvao chown in Pig. (2). Hots tha diffaranca botwaen tha
wmvalan~th of maxinua o-all ●i~nal gain, 10.3S Mm from PiI. (2a), ●nd tha wavalongth of ● ax-
imum larga ai~nnl gain, 10.7 Mm from ?18. (2b). Thio bahavior raquiraa that tha optical
puloa chanda lta ●pactrum during tha coursa of iLC ●volution from low intanoity to hiah

●Work parformad undar tha ●uoplaao of tha U. 8. Dapartmant of ~oar~y.



Inteneity. The we? in which thie “chirping” occurs ie ●ddreteed below. Fig. (2c) ie a
glotof the maximum stngla pace CW ga$n (at whatever wavelength It o:cure) versue
inzeno~&y;;::~ thie plot one ❑ight guess that the optical pulse will reach an inteneity of
3X1O in order for the ●aturated #sin to ●qual the 2% cavity losses.

Table 1: System Perametere

WIGGLER
Length 100 cm
~ield Strangth 0.3 T
Wavelength Range 2.73 - 2.43 cm
Energy Taper 7.35%

RESONATOR
Raylelgh Range 2.S cm
Filling Factor 0.78
Deeiga Remonant Wavelength 10.59 microns
Round Trip Intensity Lose 2%

iiLECTRON BEAU
Peak Current 40 A
Pulse Length 0.9 cm
Eeam Diameter 0.18 cm
Slippage Dlmtaace 0.038 cm
Initial Energy 20.85 MeV

The theoretical mod?”L used hare to calculate pulne evolution ●oeumes coherent light.
Initially, light is •mi~t~d epontaneouely by the first pulse of electrons to tranait the
wiggler ●nd f.s in fact incoherent. A detailed traatment of tha grow h of light from opon-
taneoum emiooion in ● uniform wiggler FEL hes been 8ivtn by Ceorgee. b While we have not
repeated that calculation for the tapered wiggler of Pig. (1)0 wa have calculated the evolu-
tion of ● very low Intenoity, initislly incoherent, pulse. SrJch a pulee has cero ●verage
electric field but non~ero ●verage inteneity. Choosing the ●mplitude and phase randomly
uoing Gaucs,lan ●tatiotics producee ● pulse with ●n ●pproximr.lely conotant spectrum (white
n:tre). We have obeerved that ●uch ● pulee will grow from an intencity ●qual to the opon-
taneoue ●mioofon level Iato ● coheront pulse. By “coherent pulse- we mean that after 100 to
150 paoeee the spectrum is narrow and centered ●bout the ●mall signal gain point of
10.35 um, ●nd the rate of growth of the pulse is ●qual to thmt given In Fig. (2a), namely
●bout 15X per pass (minuc the cavity losoes). Hence, we have some confidence that the laser
oystcm specified in Table 1 will ● ttrt up from epontaneoue ●misoion. However, we ●mphssize
that theoe rasults do not constitute ● risornuoly correct modeling of the otartup problem
for ● tapered wigsl.er;~ther, they indicate thet one ●hould add perhsps 150 vesees to the
time ●volution curveo to be presented below to ●ccount for growth from mpontatioouo ●m:lsuion.

Pulee Evolution

Fi:ur@ (3) showe the ●volutfon of the ●ner8y of ● coherent optical pulee which initially
has s ●mall ●mplitu~e (which is nevertholeos 4 or 5 orders of ●agnitude ●bova the spon-
taneous ●mi@cion intenoity) ●nd m wavelength correepondin8 to the peak eaall ●iSnal #sin of
Fig, (2*). Tho different curveo correspond to cavity len~ths ●horter by the indicated
amounts than the langth for ●xcct cynchronios with oucceceive ●lectron pulees from the
linac. For the ohortest cavity lengthm, the light intensity builds up to ● relatively low
valua ●nd recchec ● steady otate. For @mall values of cavity length change, the optical
PUICQ rises to hi~h Intancity in ●bout 1500 pasaes. A ttue eteady state is not reached
vithin 2000 passee for these cases ●c the pulses continue to ●volve olowly, ●o ●videnced by
the oscillation Cf th~ir ●nersies. UC reftr to such oscillatory ● tatec ● s quaei-steady-
ttatee.

Figure (4) summarises the optical pulse ●ner8iee vercus cavity len8th datuning for the
qumsi-stcsdy-ctatas achieved ●fter 1750 patses. One ●xp@cts the laasr output to fall
quickly to sero at positive values of cavity lencth detunin8 (cavity length Increasee) so
that thic F12L ryotem lo ●xpoctad to have ●ppreciable output only over ●buut 20 uicrono of
:avity datunlng. The maximum ●nergy ●xtraction efficiency from the ●lectrone, currespondin8
to the peak of tha curve of FIC. (4), 10 2.6%.

Fiqure (5) compare? specific pulse characteriotico ●fter 1750 pastes for two differ~nt
detuninssl -18 Pm ●nd -;.2 pm. Piaures (5d) and (Sb) ohow the Intenoity profilos ●t the ●nd
of the wi~gler. !tote that the ●brupt termination of the Intaneity in Fis. (5a) la ●n ●r-
tiftict of the calculation; the pulse should have ●n ●xponential~g decreasing Ieadin- ●d~e
vhich varite sc ●xp(-[(l - t)/26L](s - c )) vhera 6L= 1.3 x 10 cm, t- .02, ●nd s =
101.16 cm. The lisht ehoad of B (s > So) never overlaps tny ●lectrons ●nd therefor8 ex-
periences only cavity lo-ceoo It it ne8!ected to cimplify the numerical calculations. Note



further that the tntenmity of the 6L - -1.5 vm came is strongly ●odulcted ●nd much h%~her
th>n that for 6L = -18 um. The npticsl spectra of theee two puleeo ●re shown in ?ige. (5c)
●nd (5d) where one obcervas that the low inteneity pulee-e ●pectrum ie ● t the wavelength of
peak ●mll signal gaia, while the high inteneity pulee has ● complicated ●pectrum whose peak
ia shifted to ●bout 10.9 um. The corresponding ●lectron mnergy spectra ● re ●hewn in
?igc. (Se: ●nd (5f) whera one sees that the low Inteneity plsa hae scarcely modified the
initially =oaoenergetic ●lectron beam while tha high Inteneity pulse yialds the cha-s
tic double-peaked enersy distribution ●xpected for ● saturated tapered wiggler FEL.

~,fberie-

Hence, one haa ● con8Sderable variation of ●xpected phenomena over the cavfty length detun-
Sng range of this device.

Aa noted ●bove is the dimcuoeion of tha CW single paas gain curves for thie syetnrn, tha
wavelength of ●aximum Bain ●hiftfi progreaaively to longer wavalecgthe ● e the intennity of
the light in creasea from small ●ignal valuas to saturated values. To ●alntcln ●aximua
growth rateo, the optical pulse-s frequency ●ust change during the ●volution toward ●teady
rotate. Figure (6) chows how the optical ●pectrtsn ●volvem during ●n ●arly staga of the
chirping procesm. The spectrum doec not move smoothly; rather, ● sideband first developes,
as seen in Fig. (6a). The sideband amplitude grow. until it ●qualm the main peak,
Fig. (6b), ●nd finally the main peak decays leaving moot of the llght ● t the ●ideband
wavelength, Fig. (6c). ?lence, the spectrum ●volvas in a ●tepwime faehioa, not shifting con-
tinuously but rether throu$h ● eerie. sidebands to progressively lon~er wavelen~tha. The
final stete of ●volution is shown in Fig. (Sal), ●nd the latter ●tages of ●volution ● ra more
complicated than the imitial stagus shown in FiC. (6). The wavelength of the oidekand in
Fig. (6) is shifted by ~bout 2.5X from that of the small ●ignal sein peak of 10.35 um. ~hia
shift is consistent wtth ●n ●lectron ●ynchrotron period ●bout ●qual to the magnet length , a
condition which implies that th~ modulation of the ●nvelope of the optical field is ●bout
●qual to the slippaga disiance. This modulation 18 indeed peesent, ●nd the ●verage intan-
city of tho pulse 1s ●pproximately consistent with ● ●ynchrotron pariod ●qlal to the magn t
length. This type of ●ideljand $eneration waa observed for a uniform wigglar FEL ●s well.

8

Summary

A tapered wiggler free ●lactron lacer oscillator ham been @tudied within the limitation
of ● ona-dimensional theoretical ●odel. A raalimtic oet of parameter values for the msguat.
●lactron beam, ●nd optf.cal remonator where uead, CW gain curves ware calculated ●t low ●nd
high light intansity. A low-amplitude incoherent pulse was found to develop coharence ●nd
subsequently srow at the ●xpectod amsll sigual rate. The growzh of ● coherent pulsa from
low amplituda to saturation was calculated for variouo cavity length detunings. High inten-
sity pulsac were observed to reach a quaai-steady-etate within 2000 passes through tha
resonator. Tha width of the corramponding desyachronimn curve wae ●ean to ba ●bout 20
● icronm. A maximum ●nargy ●xtraction ●fficiency from the ●lectron baam of 2.6X was ob-
●erved. The procoss by which the light ●djustad its fr~quan:y to follow the changa of the
gsin ●aximum wish increasing light Intenoity waa obcervad to ~ccur ●pproximately by cuccee-
sive dissrete steps involving the ganaratiou of sidebands with frequency ctepo related to
the ●lectron ●ynchrotron fruqusncy.
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Fig. (5C)I
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Fig. (Sa)l

Fis. (Sf):

?1s. (6s)1

?is. (6b):

Pig. (6c):

Figure Captlona

Wigglar wawolongth ●nd field ●mplituda va. axial position.

Cu ●ingla pas- gain ●t 106
2

Vlcn .

Cli singla pass gain at 10
1 o“ 2

Vfcn .

Haximum CM rningla patia sain vs. int*naity.

Optical PU1OO ●ncrgy vs. pass number for savoral diffarant cavity lengths.

Qusol-atasdy-mtate optical pulca ●nargy vs. cavity dotuninu.

Intensity profila for 6L - -lI3 um.

Intannity profila for dL = -1.5 IIm.

t3pactrum for 6L - -18 Mm.

Spactrum for bL = -1.3 vm.

Bloctroo spactrum for eL = -18 um.

Electron ●pactrum for 6L - -1.5 um.

9pactrum sftor 775 pssmaa.

Spactrum ●fter 850 psomac.

Spactrum sftar 925 pasuoo.

,



W
IG

G
LE

R
W

A
V

E
LE

N
G

T
H

(c
m

)
N ●

o
8

D x D t- W 0 u
)

u

8 a
) 0 8

N “m 0
N -0 0

-,

I

i

M
A

G
N

E
T

IC
F

IE
LD

(G
au

ss
)



IN
T

E
N

S
IT

Y
G

A
IN

I .0

3 p o ‘5

I
I P o u

p o
0 “g

o ● 5

c) L
n



.
..—

—
..

—
-—

.-
—

-

IN
T

E
N

S
IT

Y
G

A
IN

I
I

1
.0 0

P
u)

0( LD b - g “b

-b I
I

I
1

.-

1
I



FIGURE 2C—.

.01 .10 Lo 10 100

GAIN PER PASS (0/0)



2.5

1-
L
0

Lo

!.5

lx)

.5

?0

.

_ — 8L=-O.5 ~m
.,

●

● 000 8L=-L5 pm
--- 8L=-300 pm
. . . . ~L =–600 pm s

. ●

8L =-!2.5 pm ●

8L =-18.() pm
●

●

rm 9 A- ------ -

500 1000

NUMBER OF PASSES

1500 2000



I?mJ-RE4

/“

I I I I
-20 16 -12 -0 .4

3.0

25

2.0

1.5

I*O

.8

06

.4

.2

~. o

>
t9
a
IAJ
z
u

u
m
-1
3
a

CAVITY LENGTH CHANGE
(pm)



o 0 0

IN
T

E
N

S
IT

Y
(

10
9w

/c
m

2)
o

p
_b

5
0

.
1

1
r

w
1

1
d

1

1
1

1
1

1
I

,0
-0 81 . 0

IN
T

E
N

S
T

Y
(

dO
w

/
C

m
z)

●N
p

o
0“

p o

IiA l%
’

●



S
P

E
C

T
R

A
L

D
E

N
S

IT
Y

.
T

v
1

1
1

1

- - “k

= > < m f- m z G
)

+ ~ -R 3

to “-
b E ‘k - “K

1
,

1
1

1

S
P

E
C

T
R

A
L

D
E

N
S

IT
Y

.



O
J

C
9

F
R

A
C

T
IO

N
O

F
T

O
T

A
L

R
o ‘a

w
1

v
1

1
1

I “o

I
1

1
I

I

F
R

A
C

T
IO

N
O

F
T

O
T

A
L

b
“e w

g’

3 i



o

S
P

E
C

T
R

A
L

D
E

N
S

IT
Y

@ “A
‘

I
1

T
m

T
T

● ● m

●A

b 1 b .

- “z
‘-

.



.,

r m

S
P

E
C

T
R

A
L

D
E

N
S

IT
Y

- “’

S
P

E
C

T
R

A
L

D
E

N
S

IT
Y

1
1

T
1

r
1

1
T


