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TRANSVERSE GRADIENT UNDULATOR (TGU)TO
MITIGATE LARGE An IN STORAGE RING

T. I. Smith, et al., J. Appl. Phys. 50, 4580
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» Induce (y — y) correlation via dispersion D y
Yi =Dnj+ygj,  n; =@ —n0)/No
— Uncorrelated energy spread is decreased:

* oy — 0p/V1+T?%, TGU parameter:T' =D o,/ g, > 1:
1+K?/2
2y2

o Introducing transverse gradient K(y) = (1 + ay)K,

: 2+K¢
o Choosing aD = Kzo
0

= Remove the first order dependence ony of 1; = 4,
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TGU-BASED STORAGE RING XFELO

= If there are many betatron oscillations while passing
through undulator, the emittance requirement
becomes too stringent

— N. Kroll, et al., JQE 17, 1496 (1981), J. de Phy. 44, C1-85
(1983)

» The restriction does not apply for X-ray FELs
— High-gain FEL--Z. Huang, et al., PRL, 109, 20481 (2012);
Y. Ding, et al., IPAC 2013
— Low gain XFELO--R. R. Lindberg, et al., FEL 2013

* Preliminary studies XFELOs in ultimate storage
rings
— PEP X: R.R. Lindberg, et al., FEL 2013
— PETRAIV: |. Agapov, XFELO Workshop, 3/24/2020
— Issues
* Need for a by-pass and fast kickers
 Stochastic ring-FEL coupling

= Current-enhanced e-bunches and temporal gain
modulation via RF detuning at PETRA-IV could allow
a non-invasive, reproducible operation
— Yuanshen, et al., PRAB, 26, 030702 (2023)
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TGU GAIN FORMULA

» Generalized Madey’s Theorem 0.5
[ Initially increasing I"yields
Gy o 04F higher gain due to energy spread
= m dndxdydpdpBr(y,P) [ mitigation.
u—u r
B = o _,) 0 F( = _,) 'g 0.3f Past the optimal value of I', gain
X By(n,x=y.¢ —p % n,X,p © [ improvement is outweighed by
0.2} diffraction dilution (due to large
i TGU dispersion)
; Ayly =107°
0.0"1....1....1....1..1.1...,
[Frequency/energy shift ] 0 5 10 15 20
§ = mNu(w —wi)/w) / TGU parameter I
_Go 1/2 2(7 (z—23) r o, ’ (2 —-s%?% 0,
(Diffraction dilution \ TGU + energy spread A
Dy =52, +82L252,  —iL,(2—3) [% +k 53, 52 y} Energy spread G = 22N, (Ay /)
1
D 7
Radiation/electron beam sizes TGU parameter  I' = UZ :
23 = 03 + af,, + D2a',2,,
2'2 2 2' TGU parameter in denominator counteracts
=10g T exponential gain suppression due to energy spread
Efw y pT vt Uar N \. J

1
_ 52 20 . oo 2 2
Yuanshen, et al., PRAB, 26, 030702 (2023) by = Iy + 52l — iLu(z =) l4k1+16¢y2yJ
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EMITTANCE OPTIMIZATION

» The transverse emittances in storage ring
s = €x,0 s = Kc€x,0
X 14k, T Y 1+,

= Vertical (y) emittance is much smaller

= Aligning the TGU axis with vertical
direction yields much larger gain
improvement

Smaller Ae for same AG

&y (TGU axis) [pm rad]
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PARAMETERS TGU parameters

PETRA-IV Parameter|[unit] Symbol Set A Set B Set C
B parameters Undulator period [cm] Au 1.52 1.52 1.52
Parameter Symbol Value Number of periods Nu 2000 2000 2000
Electron energy Epeam 6 GeV Undulator parameter Ko 1.06 1.06 1.06
Storage ring circumference C 2304 m TGU parameter r 5 12 13.3
Bunch charge (non-lasing) @n I nC TGU gradient [1/m)] o 8 42 42
Bunch charge (lasing) QreL 4 nC Dispersion|m)| D 32 65 6.2
Number of lasing bunches 16 Frequency detuning ) 4.495 2.715 2.722
Peak current (lasing) Ipear 32 A Betatron function (z) [m] 8. 6.0 62 82
. 0
Relative energy spread Tn 0.1 % Betatron function (y) [m] 3, 84 14.1 45
Natural emittance €z,0 19 pm-rad Rayleigh length(z) [m] 7 ke 6.0 141 82
Coupling coeff e 0167 Rayleigh length(y) ([m]  Zg, 14.8 14.1 47.5
Emitte de ing ti 2 22 ms .
mittance damping time (y) Ty s Gain (theory) Gin 0.29 0.36 0.42
Betat functi t TGU midpoint £..53, 8.2 m, 4.5
ctatron function a midpoint 3z, 3, m m Gain (sim) G 034 0.36 0.48
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BRAGG DIFFRACTION

"= nl = 2dsinf

= Diamond C(3,3,7)
— E, =14.4 keV
S zg— 6 =9.25°

~ AE =10meV (- = 69 x 1077)
~ A0 =05 prad (- = 5% 107°)
0
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CAVITY OPTICS

Parameter Symbol Value
Photon energy hey 14.41 keV
Angle of reflection Oine 9.248 deg
Round trip length Leay 143.88 m
Round trip time Teav 497.92 ns
Length 1 Ly 26.63 m
Length 2 Lo 7.89 m
Length 3 L3 36.92 m
Length 4 Ly 0.493 m
Cavity length (footprint) D 69.04 m
Cavity width (footprint) W 11.71 m
Focal length f 20.42 m

Rayleigh length at W1
Rayleigh length at W2

ZRa1,.4Rry1 8.09 m
Z Re2,Liry2 32.37 m

Wi f C1 C2 wz C3 Cq4 f Wi
| |
| |

= High reflectivity diamond mirror
— C(337): hw =14.4 keV,
6y = 9.25° Ahw = 10meV

= Beryllium compound refractive lens
(CRL)

= Bowtie optical path for tuning
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CURRENT-ENHANCED BUNCHES FOR FEL GAIN

Tbu h vity
I - <~ _______________ }‘ . oEE Cronhwld,
Pk
Lol T

» Choose npg; = C/L.4, €quidistant bunches of higher current (4 nC, 32 A) for FEL
interaction, the other of bunches ( 1 nC) serving the normal users

» npg, = 16 if every 5" in PETRA-IV bunch trains contains one FEL bunch

Bunch train 2 Bunch train 80
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START-TO-END MODELLING OF SRXFELO

( (storage ring) (cavity) R
» FEL: GENESIS modified w/TGU —  elegant pyopt
= Storage ring: elegant ? s
N N
= Cavity: Inhouse Fourier optics T @ED
code “pyopt”
— GENESIS (TGU) B
" Wrapper program for run i
management and interoperability T ;
Manager Functions
Initialize A. Run setup & Loop control
B. Bunch/beam generation
C. TGU Dispersion
D. Cross-program compatibility
E. Reporting
F.

\Run manager

Run termination & clean-up

J/

-~ = = Dashed = optional step
. Broken line = parameter transfer (instead of
file transfer)
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SRFELO EVOLUTION AND MACRO-PULSE

11F 15 Spectrum @ Peak power
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= Start-up with spontaneous emission—> Exponential growth of intra-cavity X-ray
power - Degradation of electron beam emittance &, > X-ray power peaks
when gain crosses zero, then declines due to cavity loss

= An FEL macro-pulse is formed, containing ~ 100 micro-pulses separated by
0.48 us

= After the macro-pulse died out and the-beam emittance is sufficiently damped,
another macro-pulse can make a fresh start

= The macro-pulse separation is random [M. Billardon, PRL 65, 713, 1990]
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GAIN-MODULATION FOR
PERIODIC AND

REPRODUCIBLE MACRO-
PULSE SEQUENCE

ance (y)

E
=
o

|

» “On” state for macro-pulse: FEL lasing and emittance growth
* Duration ~ AT,,,4cr0~90uS
= “Off” state: Switch off FEL and let electron emittance damp
— Duration ~3 7, = 66 ms
» Duty factor ~1073
* Macro-pulse repetition rate ~ 15 Hz

» FEL can be switched off by
— Transverse displacement
* |ssue: need fast kickers of < 10 ns rise time
— Longitudinal displacement or “detuning” by RF frequency change

* Displace one AT,,;.r, during ATy qcr0 =2 Af—f = gmﬂ =5x107°
« S.F. Mikhailov, et al, IPAC 2015
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MICRO-PULSE CHARACTERISTICS

Yy [pm]

» Transverse
— Diffraction limited Gaussian mode (slightly larger
horizontal width due to crystal angular filtering)

-100
—-100 -50 0 50 100

= Temporal e
— Length AT,,;r0 =125 ps (FW of e-beam)
— Consists of M~ 40 coherent regions each ~ 3 ps long
— Spectral width ho,~0.4 meV

= Power 20}
— Pulse power ~ 15 MW
— 0.75 MW output ( 5% coupling)
— 4 x 101%photons

151

Power [MW]|
Spectral Power

T e

-10 -5 0 5 10 -10 -5 0 5 10
t[ps] E-E, [meV]
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CONCLUSIONS

= With TGU and enhanced FEL bunches, an XFELO appears feasible in large
ultimate storage rings, e.g., PETRA-IV

= With temporal gain modulation with RF frequency detuning, the output is
reproducible, periodic, and non-invasive

» Thank Peifan Liu for discussion on RF detuning for DukeFEL
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