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Analytical 3D FEL Formula

Ming Xie, LBNL, determined universal FEL scaling by
fitting numerical solutions of the coupled Maxwell-Vlasov
equations that describe the FEL interactions.

n = 0357, + 055n,'° +
3n,° + 0357.7°n,"" +
Slnd0.95ny3 + 5'4 77d0.777€1.9 +

1140 nd2.2 n£2.9ny3.2

The scaling parameters

4re, o
nd::.Ll.__‘L, nez l‘]d ny=47[ le E
LR ﬁxy }’r A’r A’u Eo
measure the deviation of the beam from the 1-D case.
1.6 p-
LG3D =(1+n)LGlD; Psat p2 Pbeam ’
(1+7)
P
L =1lo Sal L
sat g( pymecz Aa)) G3D
April 7, 1999 Heinz-Dieter Nuhn, SL.AC / SSRI.
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1D FEL Formulae

1D Power Gain Léngth:

L — u
G1D 472:\/5;0

Pierce Parameter:

wps

Bessel Function Term:

Helical: F, =1
Linear: Fi=J,(&72)-J,(12)

2
£ = _9w
2
l+a,
Undulator Wavenumber:
2
kK = a)u = ku C
“ A
u
April 7, 1999 Heinz-Dicter Nuhn, SEEAC /7 SSR1LL
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1D FEL Formulae

Undulator Parameter:

K ) k, (mB:cC2 /e)
Undulator Strength:
Helical: a, =K
Linear: a, =K /2

B-Function for Natural Focusing:

B = N2 L

K k,

Total Betatron Wavenumber:

2
1 1
kg = +
ﬂ ﬁ ext ﬁ nat

Fickow

Total B-Function:

April 7, 1999 Heinz-Dicter Nuhn, SLAC 7 SSRI1
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1D FEL Formulae

Raleigh Range:

Optical Waste Size:

wozﬁ\/%uzﬁ_’:_ci

(47 )

Plasma Frequency:

4rm r,c’n,
Q = ¢ '
/4
Electron Density:
n, = L
Y . 0’xy2 ec

RMS Electron Beam Size:

April 7, 1999 Heinz-Dicter Nuhn, SEAC 7 SSRI
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1D FEL Formulae

Resonant Condition:

A, = A, (1+aw2)

r 2 2

Frequency Spread:

Parameters and Constants

gA, | Resonant Wave!ength

y, - Resonant Energy

A’YFOE | Energy Spread

en - Normahzed Emrttance R

L, "rUnduIator Perrod o
B, ‘Peak On-Axrsrs Undulator Freld “

:..p".’f! - Extemal Focusmg Strength -
" iPeak Bunch Current N

me HiEIectron Mass » s
¢ 'Speedofligt
e ElectronCharge
Apnl 7, 1999 Heinz-Dicter Nuhn, SEAC 7 SSRL
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Optimum Focusing

FEL Optimization
120 -- e e e e e o ¢ e e e Lsat for
100 H Tedpole
\ Focusing
80 P ——
E \ _—1 |
[ _/"
5 60 %  —
-l
40
20
0 v
0 20 40 60 80 100 120 140
Optimum B, Bex [mIrad]
A, =0.15 nm
A,=2.7cm
I« = 3400 A

g, = 1.5 mm mrad

Helical Undulator
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Optimum Period

Optimum period exists for constant diameter or gap.

FEL Optimization

Soturotion Length, L., [m]

'5: T gl T I[ T I/I L T clﬂ{l L] l' = D.“EB nm
C 3 :‘" v w 1 E;, = varigble

A7 ] ] dy = 3.07 MeV
P / / / co/ B.. = optimized

d 3

) ”
o' €. = 150 mm mrod
. = 3400.0 A
B, = variable

Helical Undulator
Superconducting
Shlomo Caspi Type

]
e
Ky
o
LY

!‘JI \\

=
1.0 15 2.0 2.5 1.0
alhy d=125mm) 1™ Optimum A,
Bosed on: M. Xie, PACSE, p, 183 (1996) H,= D, Nubn, SLAC / SSRL
April 7, 1999 Heinz-Dieter Nuhn, SAC / SSRI

email: nuhneestac.stanford.edu



Hh Generation Workshop Puramcter Optinnzation for a
Argonne. . April 6 - 901099 ESto iSsom PR tora
Very Low Shive Pnittance

FEL Parameter Classification

e Case Variables
- A
— gap/ diameter
— undulator type
~ dy
e Optimized Variables
— A,

Bext

* Free Variables
- Yr

- B

u
* Plot Variables (vs. Lok €p)
- }"r’ Yr’ ay,» Bu’ Lsat’ Psat
April 7, 1999 Heinz-Dieter Nuhn, SLLAC /7 SSRI.
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FEL Optimization Cases

 Wavelengths Range
A, =0.1,0.15. 1.5, 15 nm

* Fixed Energy Spread
dy=6

Undulator Type Gap / Diameter Quad. Foc. , fext
[mm]
linear 6 optimized
linear 6 none
linear 7 optimized
linear 7 none
helical 10 optimized
helical 10 none
helical 12.5 optimized
helical none

April 7, 1999 Heinz-Dicter Nuhn, SLAC 7 SSRI
et nuhntdsiac stanford.cdu
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Optimization Results - L,

FEL Optimization

Soturotion Length, La [m]
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Based on: M. Xie, PAC95, p. 183 (1996) H.~D. Nuhn, SLAC / SSRL

FEL Optimization

Soturotion Length, Ly [m]
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Optimization Results - Focusing

A.=0.15 nm
linear

FEL Optimization

External Focusing Strength, 8,, [m/rod]
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H.-D. Nuhn, SLAC / SSRL
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Optimization Results - A

FEL Optimizaotion

— O 15 Undulotor Period, A, [cm]
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FEL Optimization

Undulator Periad, A, [em]
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Optimization Results - B,

FEL Optimization
— On-Axis Undulotor Field, B, [T
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FEL Optimization
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Optimization Results - Energy

FEL Optimization
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FEL Optimization
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Optimization Results - P,

FEL Optimization
— Saluralion Power, P, [CW
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FEL Optimization

Soturotion Power, P, [CW]
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FEL Optimization
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FEL Optimization
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"dE = 3.07 Mev

B.. = none

A, = optimized

o, = vorigble

B, = varigble

dig. = 12.50 mm
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H.—-D. Nuhn, SLAC / SSRL
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Optimization Results - Focusing

A.=0.15 nm
helical

FEL Optimization

External Focusing Strength. ., [m/rod]
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Optimization Results - A

FEL Optimization

Undulotor Period, A, [cm]
R [ Y gananar ansasna s asay, aans s n s R A SRS AR R RS - 1
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. [ —
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FEL Optimization

Undulator Period, A, [cm]
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Based on: M. Xie, PACYS, p. 183 (1996) H.-D. Nuhn, SLAC / SSRL
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Optimization Results - B,

FEL Optimization

On-Axis Undulotor field, B, [T
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FEL Optimization

On—Axis Undulotor Field, B, lT
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Optimization Results - Energy

FEL Optimization

Eleciron Energy, €, [GeV]
}L -— O 15 nm 1,6[111;; T xunnn/nrnn \ARRSRERE uuvnn4 A, - 0.15 nm
r ¢ !

/ .1 E, = varigble
. yaf 1 dE = 3.07 Mev
hellcal / o B.. = optimized

o
'/ / v 1 A, = optimized

; ]

2 / / 1 . = vorigble
B 1 B8, = vorigble
2 1ofed // ] dia. = 12,50 mm
£y ]

0.8H—4 ]

L o7 d ]
/ / 1 Helical Undulator
0.6 ,/ Superconducting

r fb/ 1 Shlomo Caspi Type
-9 ) :
W1V AT PRTTTTITE FTUTITEITE FOL X A rOVTITIIY
1000 2000 3000 4000 5000 6000
Ipk [A)
Based on: M. Xie, PACSS, p. 183 (1996) H.-D. Nuhn, SLAC / SSRL

FEL Optimization

On-Axis Undulotor Field, B, lT

LS{”H-. I RANEANEE’ AR RASARESERRARRREY 4] uunnv- x' = 015 Am
/ / / 1 E; = vorigble
raf dE = 3.07 MeV

i o 1 B = none
- / A A, = optimized
1.2 Y X
| / AT ] o, = vorigble
/ 1 8, = varigble

/ 1 dia. = 12.50 mm

VAV P
J / // |7 reicar unaviotr

P Superconducting

0.6
I ,fb/ \‘1/ // 1 Shlomo Caspi Type

b k \06

¢. [mm mrod]
P
\

0.4 Illllll/ NUTTTTETS PR VVTTETY ITUTTTINN AAuu’(E
1000 2000 3000 4000 5000 6000
ipk lA\]
Based on: M. Xle, PACSS, p. 183 (1996) H.~D. Nuhn, SLAC / SSRL
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Optimization Results - P

FEL Optimization

sat

Soturolion Power, P, [GW]
%A =0.15 nm T S i it s iy ity o RV ER
r 3 N b “ 18 8 T {E& = varioble
helical oal | l PLr g dE = 3.07 Mev
I o B = optimfzed
L 71 A, = oplimized
12 { )
<L / 1 9. = vorigble
g’ L { / / 1 8, = variable
g 1,0. ‘ dig. = 12.50 mm
.t w4
0.8~ /
L / / o Helical Undulator
L g .
0.6 f - / /.| Superconducting
'i’ o~ / // / / /] Shlomo Caspi Type
©
0.4 nunl 11 111 “ whasadiiaMiang Ill/l “/:?1.1
1000 2000 5000 6000
Ipl( [A]
Based on: M. Xie, PACS5, p. 183 (1996) H.—D. Nuhn, SLAC / SSRL

FEL Optimization

Saturation Power, P, [G

T T TR A = 05 m
- 3 - < M 1 €, = varigble
vl N O 1 dE = 3.07 Mev
| AT
t A, = optimized
1‘2. o, = vorigble
'§ 1 . l / / / / 1 B8, = vorigble
¢ 1ol ] dia. = 12.50 mm
i

[1] 4
08 . /
| / / d / / / Helical Undulotor
0.6 T - ] Superconducting
I

’ %
1 7 «»I “’I / / y / Aggl Shlomo Caspi Type
0.4 uunln “Alunnlnun 143 1111/‘ lelZL

1000 2000 3000 4000 5000 6000
ipk [A}

bk

Bawed on: M. Xie, PACSS, p. 183 (1906) : H.-0, Nuhn, SLAC / SSRL
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Optimization Results - L,

FEL Optimization

Soturotion Length, Lu [m]
}\’ = ]‘5 nm I.G[’//vv,vvn TvT r{vc:;vuuyyn vvnvvvn‘ )\’ = 1.50 nm
r / 1 €, = vaorigble
A A dE = 3.07 Mev

* 14 / .
linear 1 / / / /« 7 B = optimized

' / { A, = oplimized
121 ) ] o. = vorigble
g //// / // 1 B, = vorigble
: 104 34 gap = 6.00 mm
£

1 Linegr Undulotor
4 Hybrid NdFeB

Ve

e

AN A
/

0.6/ ——
/ / / 1 Holbach Type
>‘\)0 \(L 4
X1/ YETTEV AN FTTTTTET PO -S v FTRTETTIT PRI
1000 2000 3000 4000 5000 6000
ok [A)
Based on: M, Xie, PACOS5, p. 183 (1996) H.—D. Nubn, SLAC / SSRL

FEL Optimization

Soturotion Length, L., [m]

1.67‘1 TYYrTTrY nnn/vnuu Trrrirry llvluvlir4 A, = 1.50 nm
3// / y / 1 E, = variable
paf s 1dE = 3.07 Mev
1 / / / / 1 B = none
L ¥ { A, = optimized
2 / o = v:riobie
. B, = vorigble
1ol / gop = 6.00 mm
] / A4 VR
ay
0‘8,/ /N / // ,
i / / i Linear Undulator
06 ] Hybrid NdFeB

O
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(8) / 1 1 Halbach Type
A o >
L5 <+ 1
0.4 ..../..A NI ST NUVTITOTL ITUTVITET .n?p.“.
1000 2000 3000 4000 5000 6000
ipk !A]
Based on: M. Xie, PACSS, p. 183 (1996) H.~0. Nuhn, SLAC / SSRL
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Optimization Results - L,

FEL Optimization

A\ = 15 L
PR/ VAP
helical . / / e dE = 3.07 Mev

T A

n

0/ A, = oplimized

L/ 1 o, = vorigble

A AR e
J / v / ]
' V.. / / N
/Y
//
/

¢. {[mm mrog]
20
\

\

/ Helical Undulator
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0.6
.\()
4 e/ 1
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1000 2000 3000 4000 5000 6000
Ipk [A]

Based on: M. Xie, PACS5, p. 183 (1996) H,~D, Nubn, SLAC / SSRL

FEL Optimization

Soturotion Length, L., [m]

1_6-1 \RD ARRRI vlvlvlfy TrrY YT r v T T rrTrpreyT v'rrvvllx4 x' 150 nm
// / g / 1 E, = vorigble
aE / dE = 3.07 Mev

] / j _

I ¥ 1 B none

- / { A, = optimized
' 7/ / / 1 o. = vorigble

Y 8 = varigble

i M C
1.or/ / // dig. 12.50 mm
08 Ve

/ / / { Helical Undulator
0.6 / i Superconducting
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S ] .
g / // Shlomo Caspi Type
\J 4
LV g 4
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1000 2000 3000 4000 5000 6000
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Based on: M. Xie, PACSS, p. 183 (1996} H.-0. Nuhn, SLAC / SSRL
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' Comparison with Simulations

A.=0.15 nm

GINGER Simulation Results:

g, = 0.950 mm mrad, Lz =3.070m

g, =0.724 mm mrad, Ly = 2.426 m

€, = 0.504 mm mrad, L; = 1.876 m

GINGER Simulation Results:

, =0.936 mm mrad, Lg = 4.571m

g, =0.645 mm mrad, Lg =3.885m

g, =0.398 mm mrad, Lg = 3.208 m

FEL Optimization
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FEL Optimization
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) Comparison with Simulations
FEL Optimization
lr = 1.5 nm o R S
L/\/ 7’ 7 :r Eo = worighla
Ll A dE = 3.07 Mey
GINGER Simulation Results: ; / /S ] 8. = oplimized
i L A, = oplimized
1 2‘:‘-;‘.-—- - —.__.7_ — ] a. - '-dI:II'iﬂ‘tIIE
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FEL Optimization
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GINGER Simulation Results: 2 7 // . it
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0.
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n_d-;...a:... A !./ .......... 4 '.%.,_u.... e
ey 00 000 SO00 BOL0

Bawed on: M, Xle, PACIS p 1B3 [1996)

Helical Undulotor
Superconducling

] Shlome Cospi Type

Ho=[ Wuhn, SLAC [ SERL

April 7, 1999

Hemz-Dieter Nubn, SEAC S SSRE
cmatl: nubintesiace stantord.edu



benblthltl(S lo Parameter Changﬂus

g = 12.5 mm, a,, = 3.06, £,=0.95 mm mrad, I ,,=2000A, A =1 5 A,
A= 2.66 cm, T—S{IZSS, c,=6, B,=9.1m, L, =48.1m, P, =12.1 GW

Sensitivity of Saturation Power AP [P AL /L

Yol Sl sl st
and Length Parameter x: Ax/ x- Ax/ x
Helical Undulator.

oy R R R g
S ma s ey B A
i i -L%-. Sar |

0.54 | -0.61
1.61 | -0.85|g &
668|274\
4.26 | 0.00
-0.50 | 1.06
-1.08| 1.23 X
2.13 | -0.47 |g ayjA;
-4.58 | 2.42 A, a,

304] 068 Iv a.
-029| 006 |
-1.562| 0.85 ]2
1.86 |-050|
0.42 | 0.00
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Smsntlwtlu to Param ter Lhang

g =12.5mm, a_ = 2.48, ¢,=0.5 mm mrad, [, =2000A, A =1.5 A,

A= 2.4 em, 7=23906, 0, =6, B,,=4.5 m, L, = 28.5m, P, = 14.5 GW

Sensitivity of Saturation Power AR_M / Pw AL,“, / I
and Length Parameter x: Ax/ x Ax/ x
Helical Undulator. )

0.43
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Sensitivities to Parameter Changes

g=12.5mm, a, = 2.93, £,=0.936 mm mrad, 1 ,=2000A, 1, =1.5 A,
Ay=2.60 cm, y=28824, 0, =06, B, =none, L, =779 m, P, =8.0GW

Sensitivity of Saturation Power .ﬁﬂm / P AL, / L.,
and Length Parameter x: Ax/ x Ax/ x

Helical Undulator.

bd
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Sensltlwties to Parameter (,hanges

g =12.5 mm, a,, = 2.47, £,=0.398 mm mrad, I ,=20004, A,=1.5 A,
A= 2.39 em, v=23810, 0, =06, [,,=none, L, =51.6 m, P, =9.5 GW

Sensitivity of Saturation Power R}m / Pmr &LW / Lw
and Length Parameter x: Ax/ x Ax/ x

Helical Undulator.

bf
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' Sensitivities to Parameter Changes

g =12.5 mm, a, = 2.47, ¢, =0.398 mm mrad, 1 ,=2000A, A =1.5 A,

A= 2.39 cm, y=23810, 0, =6, Bxyznunt:, L,

Sensitivity of Saturation Power

and Length Parameter x:
Helical Undulator.
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=51.6m, P, = 9.5
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l Sensitivities to Parameter Changes

g = 12.5 mm, a, = 2.74, £,=1.06 mm mrad, [, =2000A, X, =15.0 A,
A,=2.51cm, y=8438,0, =6, B,,=1.3m, L, =135m, P, =111GW

Sensitivity of Saturation Power AR«: / PH“, Lmr / L_\,m
and Length Parameter x: Ax/ x Ax/ x

Helical Undulator.

0.42
1.47
6.17
4.04
20.54
20.84

2.09
-4.28
-3.05
-0.42
-1.35
1.92
0.42
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i Sensitivities to Parameter Changes

g = 12.5 mm, a, = 3.02, £,=0.913 mm mrad, I, =2000A, A, =15.0 A,
A= 2.64 cm, Y=9435,0,=06, B, ,=none, L, =27.7m, P, =7.6 GW

Sensitivity of Saturation Power AE_M /P AL /L

yoif st sulf

and Length Parameter x: Ax/ x Ax/ x
Helical Undulator.

0.11[-042fy |

1.05 | -0.72 [g a.|
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-3.30| 0.84 'Yaw ;:
-1.28 1| 0.51
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184 [-050]
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Senqltlwties to Parameter Changes

I___.__.._

g = 12.5 mm, a, = 2.09, £ =0.402 mm mrad, I, =2000A, A, =15.0 A,
Ag=22cm, ¥=6300,0,=0, B, =045m, L, =6.6m, P, =139CGW

AL /L

NIl ilf

Sensitivity of Saturation Power AP /P .,
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and Length Parameter x: Av/ x Av/ v

Helical Undulator.
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| Sensitivities to Parameter Changes ‘
g=12.5mm, a, = 2.69, £,=0.476 mm mrad, 1, =2000A, A=15.0 A,

A= 2.49 em, y=8278, 0, =6, B, ,=none, L, =20.7m, P, = 8.6 GW

AP AL /1

Nl Nl

sut

/P

Sensitivity of Saturation Power e

‘s

and Length Parameter x:

Helical Undulator.
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Conclusion

e FEL scenarios have been analyzed for an
emittance range from 1.6 to 0.4 mm mrad using
3D analytic theory.

* Results compare well with multidimensional,
polychromatic FEL simulation code, GINGER.

e Lower emittance reduces undulator length and
energy requirements.

* Lower emittance can also be utilized to reduce
peak current.

e Elimination of quadrupole focusing becomes an
interesting option.

e Dependence of trajectory tolerances on smaller
emittance is still to be studied.
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