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Pushmg ’rhe FEL osculla’ror' power will require - at some moment-
removing the optics and relying on the e-beam
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OFFELO

1. High gain amplifier/ main e-beam (from ERL or CW linac)
. Feed-back is provided by a low-current e-beam
3. Feed-back e-beam picks the energy modulation from the FEL laser beam in

modulator, preserves the correlations at 1/10™ of the FEL wavelength in the
long transport line, radiates coherently in the radiator.

4. The later serves as the input into the high gain FEL & compeates wit the

spontaneous radiation
LCLS/SACLA/EFEL type wiggler ~2-3 cm period,

From ERL, main beam K,~3,30-40 m w
, 5-15 GeV Allows LCLS IT type filter Modulator
Radiator ‘ .
. 3 kA, 04 mm rad . . Short period
Short period & High gain FEL or high harmonic

or high harmonic

MR R AL AL L N LI L L LIS
R N I A R ST AR 2N PR AN

From ERL, feed=E3€k beam ~1 GeV,
few A, few 0.01 mm rad
Radiator FEL amplifi
: : plifier Modulator
Genesis3 /analytical Wave. > Genesis 3 — Wave f‘> Genesis3 /analytical
Peed-back beam propagation Fresh beam & propagation Fresh beam
Zero initial field EM wave from the Wave from the Amplifier

radiator
Beam Propagation J

Tracy 3, Elegant, Mad-X....
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Main challenges =8 __

+ Preserving correlation between particles at sub-A level

- Highly isochronous lattice mm _05( Tovit — ,-nput) < 7LFEL

- Canceling time-of-flight dependence on transverse motion

- Fundamental effects of quantum nature of synchrotron radiation

o [m]=1.61-107 GV] \/ 6(S|C) [m] » E<1GeV

mag

. Collective effects » Low current, long bunches

* Modulator/Radiator: Using very high harmonics or sub-mm
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Problems we addressed

We developed a concept of high-order isochronous lattice comprised of
a multiple cells with the total integer tunes in both directions

We created 3km Iong lattice based on this concept, which preserves
correlations at sub-A scale for 1.5 GeV e-beam, including quantum
effects of synchrotron radiation

We considered the CSR wake-fields for the e-beam and found a
solution for compensating the effect

We included the high order map and random effects resulting from
quantum nature of synchrotron radiation into the self-consistent
simulation of this FEL oscillator

We made first attempt of simulating the generation e-beam with
required quality for the feed-back....
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«  Concept™
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Lattice

use a periodic isochronous lattice** with N cell and total integer tunes in both directions
cell fune advances avoiding low order resonances

NAv =K; NAv, =M

such lattice is a natural (Brown) achromat and compensating chromaticities automatically kills
second order terms in time of flight dependence on x,x'yy' nAv_+ mAVy Il n,m=1,2,3,4...

use additional sectupole (multipole) families to reduce higher order terms (Tracy 3)
Example is below: N=11x19=209, Av_=18 /19;Avy =5/11 lowest order resonance - 30
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Beam Optics along Beamline

% BeanlLine; S1, QD2,0,B2H,B2H,0,QF2,52,QF2,0,B2H,B2H,0,QD2,S3,
QD2,0,B2H,B2H,OFW ,QF3,QF3,54,01F QD3,QD3,55,02F B2H
+ bilateral part

Radius of curvature= 302.7 m

O, OFW, O1F, O2F are drifts with lengths: O: L = 0.075;
OFW:L=0.3; OIF: L =0.35; O2F: L = 0.221;

B2H is the dipole: B2H: L=0.65,ANGLE=0.002147363399583

The quadrupole settings are:
QF2: L =0.19, K2 = 1.294; QD2: L = 0.175, K2= -1.296;
QF3:L=0.28, K2= 1777 QD3: L =0.2, K2=-1.348.

Sl: K3L=-87.6, KA4L=-2.06E5; K5L=-5.16E9;
S2: K3L=1267.9, K4L= 3.24E5, K5L=-1.90E9;
S53: K3L=-223.2, K4L=2.43E5. K5L=-5.33E9;
S4: K3L=619, KA4L-=-8.35E4, K5L=-3.40 E6;
S5: K3L=23.3, K4L=2.48E5, K5L=-4.85E8.

nu: 1.0000000000, 0.0000000000
m_11-1: 1.534e-13,-9.093e-14

m_12: -9.05%e-13, 2.287e-11

ksi: -1.155e-03, -2.001e-03

R_56: 2.476e-19; R_566: -1.184e-11
R_5666: 3.445e-12; R_56666: 7.312e-13

& +2® 28 - 26 2] & - 36 - |38 2
Cell | & ®, &, [2&lv,|3&l, |28, |&f 20l 1. |46l |4, | 26’ . 5@, | 4e, @l 26 .
1| 0.947 | 0.455 095 | 1.89 | 2.84 | 091 | 0.04 | 1.86 | 3.79 | 1.82 | 0.99 280 | 474 | 087 | 277 | 1.93 3.75
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Beam transport

. EX@PCIS@ AVx=18/19;AVy=5/11 |

- N=209; pm-h IengTh -3221.323 m 1 1.7487905669206507e-19
- lowest regular resonance order - 41 1 24761280265767074e-19

19Av, +22Av, =28

- Test beam parameters: 2 1.0452067194273214e-12
* relative RMS energy spread 104
» Normalized emittance, x &y - 0.02 um 2-2.1175462537259362e-12

- Fifth order map

- Synchrotron radiation at 1.5 GeV is OK 3 -4.7920366859653766-24
<R526 (s|C )> =8.06-10"". 3 5.2144677818663399%-24

- 50% of the modulation at 1 A is preserved 3-2.12847862774413306-22
- CSR wake - manageable 3-4.2521617243397188e-13
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We also explored 300 m path length.
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Injector simulations

_~~ Center for Accelerator Science and Education

preliminary
112 MHz , |
SRF Gun Solenoid | |0 — i
— Y 2 Wz SRF Gun
O - @ 2.5 MeV iy
Cathode E peak field 20 MV/m—h ¢ © Under COHSTPUCT'O NIOWAVE
Initial pulse shape 0 e/E Tests - December 2012
T T T 0.001 7.00E-08
i | a] N £, m
0s . R 6.00E-08
04l Q 3OOPC 4 0.0008
, 0.0007 5.00E-08
=T Flat TI O55vo | al % o
02} ar rop psec 4 o um & 00 - 4.00-08
' R=100 pym £ r_ N L3 oFed
R W sigm_E/E
s cm‘hode =50 meV (5500 7 N [ g * P 3.00€-08 ‘Eliit_x[m]
%450 73100 72100 71100 T e 400 ’ ": ‘ .0_0.@" * - 5 ooE.08
% - l_;£ ™
Transverse distribution .‘ '.!0- ““\ :‘0 m Used
00001 * /
100 um 0 ” 0.00E+00
-400 -300 -200 -100 0 100 200 300 400
T, psec
=
o
Slice emittance and energy spread During first 100 psec
SR after acceleration to 2.5 MeV Effective charge Qeff=50 pC
-100 um 5.7 X,Om 5107 100 pm as a result Of PARMELA simulation Rms energy Sppead 1.5-3e-4
BROOKHIEVEN Rms emittance 15-20 nm rad
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Undulator/Wiggler for Modulator/Radiator

It is very desirable to use low energy < 1 GeV for feed-back beam to avoid the
most fundamental limitation by quantum nature of synchrotron radiation
- Unless we use accelerator/decelerator scheme (later slide)...

This results in two potential solutions:
- Using very high harmonic, N ~ 25; JJ, ~ 103 - 104

- Using an TEM wiggler with Kw ~10-!

High Harmonic

Energy ~ 1.5 GeV

Wiggler period ~ 3 cm

Kw ~ 3

w

A (K2
1+

A =
FEL 27/2(2N—1)k

For 14 FEL it yields
N ~ 25-50
JJ ~ 103

BROOKHFAEN

NATIONAL LABORATORY

> )

FEL driven TEM undulator
Efb ~ 250 MeV, FEL pump- at 0.1 mm

A,=4y Ay K, <<1

—*i_.mm
1.4 | v

0.4 //
02 | /

Well within
achievable
parameters

4 1

N K*>~03-p[GW]

Rep-rate ~ 1 MHz
Pulse length ~ 10 psec
Intra-cavity:

Peak power ~1GW
Energy in pulse ~ 10 mJ
Average power ~10 kW
FEL

Q ~ 103
Average power ~ 10 W
N=1;
JJ=0.996.
Kw ~ 0.17

Cen i

ter for Accelerator Science and Education



Preliminary Simulation Results

Parameter HG Feed- Feed- Units
FEL back I back II
Wavelength 1 1 1 A
Energy 10 0.75 1.5 GeV
Wiggler period 3 0.0426 0.01 cm
a, 1.24 0.1 2.95
N, 1600 28 28
Wiggler length 48 0.01 1 m
Peak current 3000 50 400
Norm emittance 0.5 0.02 0.02 pm rad
RMS energy 510° 105 10
spread 500 7.5 15 KeV

Power spectrum

First pass SASE spectrum

dWldTh O.Zo/o

120000

100000

80000

60000 |

40000

20000

RMS ban

Turn O

09990

0995

Radiation w:avelength (m)

1.005

1.010

le-10

20-fold narrowing of
the spectrum after 60

passes

Using LCLS IT technique
should bring it to 10

ppm level

System is not optimized
& improvements are
expected..

le9

Peak power evolution in OFFELO

Output power [W]

0 10

20 30 40 50 60
Iteration #

Pass #60 - OFFELO spectrum

RMS bandwidth 0.01%

Power spectrum (MW)

Turn 60

0?990

0.995 1.000 1.005

Radiation wavelength (m)

1.010

le-10



Alternative Feed-back scheme

Main ERL generating e-beam
5-15 GeV,
\ few kA, sub-mm rad Y,

i ezl 1 1 1| sr——— - ——— ——— -

~ P>
==

Accelerator/

Accelerator/
decelerator

decelerator

High gain FEL

LI LN AL LI R AL (AL KL X )

sherbeyrheyrieirbetrhetaliers ey

iy
= \.

source dump

0.2-0.5 GeV beam

0.2-0.5 GeV recycling

0.2-0.5 GeV
Feed-back beam
2-5 GeV beam 2-5 GeV beam

Use beam with necessary energy of few GeV for effective ener'gy
modulation (i.e. use of a typical wiggler)

Decelerate the feed-back beam to much lower energy (/et’s say few

BROOKHEUEN . 100s Mel) where synchrotron r'ad.iaﬁon is mifigated . m

Turn the beam around, accelerate it to radiate in the radiator, et e

NATIONAL LABORATORY . 8
decelerate it and dump it



Conclusions

FEL oscillator without optics seems to be feasible
No show-stoppers had been found
sub-mm FEL works the best for modulator and the radiator
An arc lattice can be designed to meet the challenge

Using intra-cavity power of sub-mm FEL for modulator and the radiator
works best for the presented scheme

Feed-Back e-beam

Normalized slice emittance €, ~ 0.02 um rad is a serious challenge

and we are considering lattices capable of tolerating £, ~ 0.2 um
with 250 MeV e-beam

Our test-studies of 300-m feed-back beam-line showed very high
tolerance to the larger emittance and energy spread

Possible additional (and expensive) technical technical improvement -
the Accelerator/Decelerator scheme the feed-back beam

,.J.i : i!
/8
Center for Accelerator Science and Education
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Laundry List

Sensitivity to the errors, Ripples in the power supplies
Locking-in the feed-back using long wavelength laser system
Space charge effects in the feed-back loop

Intra-beam scattering

Wake-fields

Optimization of the system

Starting R&D with sun- 1 m before going to A scale is worth
considering

Technical details - such as electron-beam mirror, can be studied
using existing ATFs

i

(]
BROOKHFAEN C/SE
Center for Accelerator Science and Education

NATIONAL LABORATORY
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Preserving the phase correlations

H=—(1+K°(S)){p02c2+2E05E+éE2+Px2+P }——A ok dr __ JH  di, _1
€ € Yoo ds é’(éE) ds v,
{x,P}, P}, {t=(t,(s)—1),0E}

e = Tupu = M (3. Py, P, OF ) ]
&

dsvturn turn (éE) + ds'turn( ) + dsYHO (éE’ 8) +

Example: L=100m; K=10"m; £=10""m- rad; o, =0.01%

1. Energy spread and compaction factors

OF SE ) SEV
agtum(éE)=L{R56(E +R566(fj +R5666(Ej +..};

= ot |=|Rg(0,2)] <1075 |Ryge (0,L)]| < 1075 Ry (0,L)] <1..

SKFEL;

random ’

=> ‘
BROOKHEAEN second order isochronous system C/SF

NATIONAL LABORATORY
V.N. Litvinenko, FLS 2010, SLAC, March 4, 2010



2. Emittance effects K, ~ 14

Linear term: comes from symplectic conditions

M"'SM = S; A0 1 x
[ ] &S;urn(gx,y) — [77 77 ]\‘ J[ /J +f(8) + 0(82)
o 0 0 0 1—:> -1 Oldlx

S=0 o 0 N O-=|:_1 O_ |77|< 10—5m : 77, < 10_5 ﬂ[m]
0 0 o /,B[m] ’ ’

It is not a problem to make the turn achromatic with n=0 and n'=0
It is a bit more complicated o make the condition energy independent.
An elegant solution - sextupoles combined with quadrupoles with K,=K;/2n:

2
) K1x+K2-((x+77-é) —yz) L
X =— :—Kl'X‘l'O(X ,y)
o (“i ) j O(x,y%,xy,1° ) =0
” y+ y-\n-ot+x 0
y'=— f+5 =K, -y+O0(xy)
Solution is a second order achromat (N cell with phase advance 2 1 M, M/N is not

integer, etc.) with second order geometrical aberration cancellation
BROOKHFEAEN ﬂ

NATIONAL LABORATORY

V.N. Litvinenko, FLS 2010, SLAC, March 4, 2010



2. Emittance effects Quadratic term

72 7?2
85, [ X

o

¥ =0 B oS, (6)+ 0,)+ 1(5) 55 v =B cos(y(9)+ )

o

Dipoj,  O€Xtupoles™ in the arcs are required to compensate
for quadratic effect sextupole kick + symplectic conditions
give us right away:

Sextupole

Axl

sext

% J(x7+y72)ds = Y n(s, (K1), - (x7(s,) = y*(s,))ds =0

o

=Kl (= )7) = 88 =) AL, =-n(K,L-(x* - )

Sextupoles located in dispersion area give a kick ~ x2-y?2

which affect the length of trajectory. Two sextupoles , : ,
placed 90° apart the phase of vertical betatron Four sextupoles located in the arcs where dispersion

oscillations are sufficient to compensate for quadratic are sufficient fo satisfy the cancellation of the

term with arbitrary phase of the oscillation quadratic ferm in the non-isochronism caused by the
emittances. Fortunately, the second order achromat
compensates the chromaticity and the quadratic
term simultaneously. In short it is the consequence

of Hamiltonian term:
2 2

2 2
hoo—o(s)- 51 "2 |5 .8 %+ C .5.a_y
g(s) (2] i Ol 0

*This scheme is similar to that proposed by Zolotarev and Zholetz. (PRE 71, 1993, p. 4146) for
optical cooling beam-line and tested using COSY INFINITY. It is also implemented for the ring
C/SE
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Synchrotron Radiation % ~14

Energy of the radiated quanta
¢ [keV]= 0.665 - B[T]- E:[GeV ]
Number of radiated quanta per turn
N, =2rnoy =89.7- E|GeV]
Radiation is random -> the path time will vary
The lattice should be designed to minimize the random effects

(ﬁgrand)2 ~ NC(;C j <R256(S,L)>

e

R.(s,L) 1s the longtudinal dispersion from azimuth s to L

= \/<R256(S,L)> < Nl ie R

C c

It looks as the toughest requirement for the scheme to be feasible

\/<R256(S,L)> <2.25-10°m- E,.”"*[GeV] B[T]

i
(]

BROOKHFEVEN C/SE
/'

Center for Accelerator Science and Education

NATIONAL LABORATORY

V.N. Litvinenko, FLS 2010, SLAC, March 4, 2010



Oscillator
K(w)= 6(w) «(w,P)
Feedback (0-a,)
K(w) =K(w,)|1-——~
K (w ,P) Ao

(- a)o)2
ow’

K(wO’P . O) . G((()o) >1 Pout(w) = Pout (wo) | 1-

Pin(oU _ N
G(w) — Pout(w) G(w) P,n(w)

: >
| Current, I, A ~100 A
e.?' Wavelength, A ~ 1
1-;-. ° ° N '3
PSpon‘r(w) Ampllfler' Aw/w 10
Ko ~12
Detailed analysis of the lasing linewidth of saturated oscillator is in: o w/w ~ 3 108
. . . . . ; ~ 1]]
High-gain ring FEL as a master oscillator for X-ray generation Correlations length 3 mm !
Nikolay A. Vinokurov*, Oleg A. Shevchenko LI+l ‘ u
Nuclear Instruments and Methods in Physics Research A 528 (2004) 491-496 ‘K(T) |
2 Fw)
ow ew (Aw
2
~ |K(w)|
w I'\ o
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FEL simulation results for OFFELO at BNL R&D ERL
GENISIS simulations

510°
5 5 cm undulators period and 0.7 nC electron beam at rep.
410 N\ frequency 9.38 MHz the GENESIS simulation gives:
. / wavelength 29 microns, peak power 2 MW and average
i 1 power 400 W. For full current mode operation rep. rate
22105 | 703.75 MHz we obtain 30 kW far infrared in CW mode.
110° Peak power reaches 2 MW
OOJ i 56 5 o % The central wavelength 29 um and FWHM 0.35%.
Pass 50
2.5
) . Close to the Fourier 40
/ limited spectrum
=
1.5 < 30
[ g
/
! / Z 20
0.5
/ \ 10
0 >
0 5 10 15 20 25 30 . /1 A, pm
. 28 28.5 29 29.5 30
Optical pulse
BROOKHPAEN Spectrum C/ASE
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