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Stochastic Cooling: “van der Meer’s demon”
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Stochastic Cooling: “van der Meer’s demon”
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amplifier

1) We can beat Liouville’s theorem (local phase-space
density const.) if we have granular information about the 7
beam ensemble.

2) Bandwidth of feedback system controls cooling rate

e e
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Up to now, SC limited to ~GHz bandwidth

before

microwave
amplifier

2= Fermilab
06/19/2018  J. Jarvis| HB2018



Up to now, SC limited to ~GHz bandwidth

, before
pick-up  SC is a competition

between coherent cooling
effect of a particle’s own
signal and the incoherent
microwave heating effect of all other
amplifier / particles within a response
time.

* Increase BW to enhance
the relative strength of
coherent component

1 2w ,
e (Zg — 9 ) g : fraction of total sample error corrected per pass
T N \ N: total # of particles in ensemble
W: bandwidth of feedback system (Hz)
(Assumptions!) cooling heating 7: cooling time for beam variance (seconds)
2& Fermilab
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OSC extends the SC principle to optical bandwidth

G particgypass bypass
d:ela:y @

(11111)
Uit
pickup optics & kicker
undulator amplifier undulator

3

Each particle generates EM wavepacket in pickup undulator
Particle’s properties are “encoded” by transit through a bypass
EM wavepacket is amplified (or not) and focused into kicker und.
Induced delay relative to wavepacket results in corrective kick
Coherent contribution (cooling) accumulates over many turns

[1] A.A.Mikhailichkenko, M.S. Zolotorev, “Optical stochastic cooling,” Phys. Rev. Lett. 71 (25), p. 4146 (1993)
[2] M. S. Zolotorev, A. A. Zholents, “Transit-time method of optical stochastic cooling,” Phys. Rev. E 50 (4), p. 3087 (1994)
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Cooling force determined by mapping between undulators

» Reference particle experiences
zero net energy change

 Max possible kick is twice the
energy lost from emission in a
single undulator

« For small deviations, cooling
force is linear; nonlinear for large
deviations

« Cooling force can reverse sign
and cause heating/antidamping

I [l

Il
@

Energy exchange (meV)

1 i L L i L ' '
0.0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
Longitudinal Position (m)

VG AE

cp

?p = —k sin(kys) = — sin(k,s)
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Most critical OSC parameters: cooling rates and ranges

rate : how fast

* In the linear approximation, path lengthening is:

, Ap Ap

« Can estimate cooling rate (sec™) for longitudinal
emittance as: /15 — fO Kk()Spk
« So for a given setting of the chicane (Ms;) the

cooling ratio is determined by the dispersion and
its derivative at the exit of the pickup.

« We can then couple the horizontal and vertical Ax M56
DOF elsewhere in the ring to achieve full 6D — = 1
cooling. AS Spk
2& Fermilab
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OSC creates a cooling/heating surface in phase space

range : how far

* On successive passes through the Sp
cooling insertion, particles will have D = —k sin(ay sin Y, + a, sinyy,)
different betatron and synchrotron _ e
coordinates 6'\‘;\“\‘“‘_ R T
S 4 4 4 4
« Path lengthening depends on these AR A
coordinates, and the cooling force on Sl
a given pass increases or decreases . CREAAE i
* Integrating over betatron and = srois tiioiilillo
synchrotron periods reveals the S, NS
cooling range for OSC ~ (#o1= 2.405) °© L
: . g
* Optimum changes as beam is cooled 2 e
oA
oo 7 2N
(A_P) 1 2N
_ €max _ p max ;h ‘
Nox = < nap o O /::§
p % 1 2 3 4 5 6
ay (rad)
V. Lebedev, “OPTICAL STOCHASTIC COOLING” in Beam Dynamics Newsletter, No. 65 .
2& Fermilab
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OSC creates a cooling/heating surface in phase space

9

range : how far

On successive passes through the
cooling insertion, particles will have
different betatron and synchrotron
coordinates

Path lengthening depends on these
coordinates, and the cooling force on
a given pass increases or decreases

Integrating over betatron and
synchrotron periods reveals the
cooling range for OSC  (Ho1= 2.405)

Optimum changes as beam is cooled

)
p max

Op

Emax
&

Ngx Ngp =

ap (rad)

V. Lebedev, “OPTICAL STOCHASTIC COOLING” in Beam Dynamics Newsletter, No. 65
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IOTA: designed with OSC as a key requirement

10

Beam kinetic energy 100 MeV
Rms momentum spread. o, 1.06-10*
[_] Noniinear insertions x-emittance (rms): S.Rad w/no OSC. ¢ 2.62 nm
W Bending magnets Delay in the cooling chicane, As 2 mm
| Quadrupoles Offset in the chicane. /& 35.1 mm
| Sextupole correctors Ratio of OSC (no x-y coupling). A« As 1.16

Cooling ranges (no x-y coupling).ngx/Nes | 10/4.4

[N RF cavity
| Combined dipole and skew-quad correctors

_ Und. radiation wavelength, 2 7/'ko. 2.2 um
Horizontal correctors - — -
. Beta-function in chicane center, £ 0.12m
= Vertical correctors _ i )
eitzaniol sl Disp. in chicane center, D 0.48 m
Vertical Kcked Disp. invariant in chicane center, H* 192 m
Electrostatic BPMs (position, turn-by-turn) Max. energy kick. AE 22 meV
Sync. light monitors (position and shape) OSC horiz. cooling rate (no x-y coupling) 20 57!
OSC long. cooling rate (no x-v coupling) 17 s

Low energy (100 MeV) reduces equilibrium emittance, energy spread
and increases synchrotron radiation damping time

Improves cooling ranges and increases the relative strength of OSC
|IOTA's passive OSC can beat sync. rad by as much as 60x

For a detailed look at IOTA OSC lattice, orbit correction, magnets etc... recent FAST/IOTA
workshop https://indico.fnal.gov/event/16269/contribution/48 (A. Romanov)

2= Fermilab
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The IOTA OSC concept and configurations

B2 B3

U1 Bl S2 S3 B4 U2
Q1 Q2 /@z"’ ' "'\00\ Q3 Q4
_[_H_HJ_H"_/_ _________ [] _________ \._.H_H_I_H_]__
I S1 o S4

pickup (passive single) kicker

undulator [}BU [}I{] undulator

(passive telescope) (active telescope)

Rays through telescope w/ n(A(8))

« Three configurations under development: e
¢ “1-um” passive .
e “2-um” passive & active

« Collider-style optics for optimum performance

« Coupling quad (QX) for controlling coupling of
transverse and longitudinal cooling

« Sextupoles for reduction of non-linear path o N — _
lengthening T

0.0 05 1.0 15 20 25 30 35
longitudinal position(m)

Rays through telescope w/ n(A(8))

adial position (mm)
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Linear lattice design for 950 nm A. Romanov

1400 0OSC, 950 nm
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0 500 1000 1500 2000 2500 3000 3500 4000
X Dispersion, mm ~_Dx Invariant, arb. units

Betas start, x,y 25,200 cm Energy drop 13.4 eV

D, start 27 cm Bunch length @30V 7.6cm

Tunes, X,y 542, 2.42 Energy spread 1.00E-4

Mom. comp. 0.0025 Sync. Tune @30V 2.05E-5
Emittances, x,y 0.5E-7cm Damp. times (x,y,s) (2.0,2.0,0.985) s

2% Fermilab
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Performance of single lens makes 1-um (passive) possible

Energy exchange vs. z-position

* A shorter wavelength requires 80

100 [ — E-field along trajectory

reduced delay to maintain balance of g | Inoromental &%
rates and ranges

50 |

251

» Insufficient delay (<1mm) available
for a telescopic optical system at ol
1um -75}

—-100

=25

Electric field (V/m)

o
Cumulative AE (meV)

total AE: 73.0 meV | _gq

~04 ~02 0.0 0.2 0.4
» Single lens dramatically reduces z-position (m)
complexity of optical system and
associated risks

40

20

£ 2
» Detectors in this range are far 2 ° gf:_
superior to those available at 2 um; & 22
also improves compatibility with P
single-electron studies .
-04 -03 -0.2 -0.1 0.0 0.1 02 0.3 04
Z position (m)
3¢ Fermilab
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Maximum kick depends on collection angle

14

AE (meV)

Collection beyond v6 = 0.8
provides little benefit;

For single lens, corresponds
to ~7-mm radius at center of
OSC section

Matches well with theory

Total energy exchange vs maximum y8
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Integrated Intensity (dJ/dE)
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Energy exchange vs longitudinal position

17.5

15.0

12 1.4 16 1.8 20 22
z-position (m)

Spatially integrated spectrum (single electron) at single lens

Jiing = 11.0 meV ~2% Jtotal = 0.0307 (eV)
Jong = 9.49 meV ~0.84%

0 1 2 3 4 5
Wavelength (um)
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Optimize strength and position for max energy exchange

focal length (m)

15

Effect of shifting lens by 50 mm

70 1

maximum AE vs (lens position, focal length)

0.83 0.84 0.85 0.86

0.83 focal length (m)
0.82 ( \
0.81 2.[: K /
1.60 1.70 1.75 ' : 4df
Lens position (m)
4df = 4.8cm = A,

2= Fermilab
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Oscillation in radiation power when longitudinally aligned

Energy at detector Horizontal trace space (x,x")
1400 0.08
1200 0.06
1000 0.04
o —~ 0.02
2 800 ®
= b £ 000
® 600 =
< % -0.02
400 ~0.04
200
700 meV ~0.06
920 -10 0 10 20 _0'0§200 -100 0 100 200
relative delay (um) X (um)

« Total energy Iost_ by single particle in AE(s) = —AE,,, (1 +VGf,(y0,) sin(kos))
both undulators is:

« Radiation from particles will add * e.g. 1-um, w/ InGaAs diode, signal to
incoherently, but there will be a noise of ~100x, for 103 electrons with 1-
modulation of total power when bypass ms integration
IS near proper tuning

2= Fermilab
16 06/19/2018  J. Jarvis| HB2018



Fine tune alignment and delay with a single stage:

* Precision slabs centered near the Brewster angle

« Coordinated adjustment lets us independently select any
longitudinal delay and transverse shift

Transmittance vs (As,Ax): t=250-um, A = 0.95um ; 6g — 7°

4 vg
-..-..,’_ L] , 'I'
'(: ‘I'l ﬂl.

X-shift (um)

Delay (um)

2= Fermilab
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Contamination from IOTA dipole reasonably low

18

y position (mm)

y position (mm)

o

-20

Integrated energy density: eV/mm?

0-6 eV

X position (mm)

Integrated energy density: eV/mm?

-10 0 10
X position (mm)

06/19/2018
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1.0e-04

Integrated Intensity (dJ/dE)

0.25

0.20

0.15

0.10

0.05

0.00

Spatially integrated spectrum (single electron) at M4L window

1.0
== KU only

=== M4L only
— KU + M4L

Prob. photon from Undulator

Photon Energy (eV)

Radiation from Und. and Dipole not
well separated in time (~100 fs)

~85% of photons in the fundamental
band will be from the undulator

With aperture on output window: >90%

2= Fermilab



1-um undulator design is underway

X position (cm)

-40 -35 =30 -25 -20 -15 -10 -5 0
Z position (cm)

Current Undulator Design

 EM undulator: [1/4,3/4] terminations _

e 12.6-mm gap; 0.5-mm clearance

* Elliptical chamber: 0.8-mm walls, 10-mm
vertical (inside) and ~25-mm horizontal

* Coils: *6x34mm, ~6 A/mm?2, 25.6 A & ~“61V

 With AWG12, square Cu (f~0.91): 58 turns,

~54 Watts/coil, 1.57 kW per side - ]

* Indirect cooling w/yoke & interstitial fins

11.6 mm

2= Fermilab
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Design/Eng. of dipoles and sextupoles completed

* Monolithic dipole core to Integrated field quality

maximize field quality it
. 067 QL0
e Shortened version of IOTA 05! ¥ o5
, 05% 0.01%
sextupole for bypass ol
: 0.2¢ _
e Panofsky quad for coupling ool P ok
. . . . 00E_. I ————— R "7
horizontal and longitudinal DOF; %% o5 00 0 P

doubles as vertical corrector

Zoom = Cid + Mouse Move

A. Romanov

FNALTD
2= Fermilab

Panofsky quad/corrector Modified IOTA sextupoles
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Integrated commercial motion solutions to reduce risk

21

Smarpod from SmarAct; hexapod like
with 0.5-kg normal load, 0.25-kg trans.

Provides full 6-DOF motion with
sufficient throw; non-mag. & good to
~10-" Torr; bakeable up to ~130 °C

SmarAct rotary stages for precision

delay/shift stage, same load, mag., vac.

and baking performance

06/19/2018  J. Jarvis| HB2018
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Solid models being built for 1um & 2um

« Systems integration, chamber
design and collision avoidance

« Considering seam-welded
construction with 316LN;
determining acceptable level of
permeability in the welds

 |If field errors too large, can use
extruded or seam-welded UHV
aluminum chambers; similar to
|IOTA main dipole chambers

i amber Fabrication
P @
Y
& 4

Atlas Tech™ =

22 06/19/2018  J. Jarvis| HB2018



FAST injector successfully commissioned at up to 300MeV

* Injector and high-energy
beamline are fully
operational and ready for
OSC program.

« Ongoing upgrades to
FAST drive laser
iInfrastructure will expand
possibilities for active
OSC program at 2 um

2= Fermilab
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IOTA construction is progressing and on schedule

« Expect opportunity for
OSC-insertion installation
in mid’'19

« Additional experiments on
the high-energy beamline
after OSC demo in IOTA

« |OTA availability for
second OSC run depends
on schedule for protons

2= Fermilab
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Thank you to all of our collaborators and colleagues

« OSC team: Matt Andorf, Valeri Lebedev, Henryk Piekarz,
Philippe Piot, Aleksandr Romanov, Jinhao Ruan

« Swapan Chattopadhyay, Sergei Nagaitsev, Alexander Valishev

http://fast.fnal.gov/

...and thank you for your attention

Fermi National Accelerator Laboratory is operated by Fermi
Research Alliance, LLC under Contract No. DE-ACO02-
07CH11359 with the United States Department of Energy.
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EXTRAS
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Simulations well converged for Nx/Ny > 200

Effect of transverse mesh on AEax

25
20 *
S
(b
g
1] 15+
<l
:
= 101
>
5 F
-—@®=— oOn-axis
—®— along trajectory
0 100 150 200 250 300

Number of transverse points

2= Fermilab
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Helpful numbers cheat sheet:

* Ring freq./period: 7.5 MHz/133 ns

« Beam length/duration: ~10 cm = 3.3e-10 sec

« Effective duty factor of ring (single bucket; 4 max): 0.25%

* Threshold for BPM use: 50 pC (3.1e8 electrons)

* Number of particles in OSC: ~1e5 (15 fC)

« Fund. photon energy: ~0.57 eV (2"4:~1.13eV; 3:~1.7eV)

* Avg. radiated energy/particle/turn/undulator: ~31 meV (y6=0.8)
* Avg. radiated energy; only harmonic content: ~20 meV (y6=0.8)
* Avg./peak harmonic power (1e5 electrons): 2.4 nW/ 10uW

2= Fermilab
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Energy exchange plot

Energy exchange vs. z-position
20 20

—— E-field along trajectory

— incremental AE

15| — cumulative AE 15

10 n 10
E s 5 g
= i
o <
uu:) 0 0 o
2 2
= o
(&) |
o -5 -

-10 u U U -10

1.2 14 16 1.8 20 22
z-position (m)
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Fields for single lens and telescope (2 um)

Field comparison: On-axis vs. trajectory

==== on-axis
= along trajectory
10 | ” ﬂ

Electric field (V/m)
(]

UUUUH

1.2 14 1.6 1.8 2.0 2.2
z-position (m)

10 | === on-axis
=== along trajectory ” n n ” n

h
T

Electric field (V/m)
<

th

ARRAR

1.0 1.2 14 1.6 1.8 2.0
z-position (m)
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Time-domain structure of wavefront

1]
\ 0.6 10
4
- . 0.4
i':_LE [i] 0.0 g 0 ,._.r\/u"lﬂ nﬂﬂﬂnm J\hﬁ_\ ﬂﬂﬂﬂ Nana
5 ' o o UUUU"WU U “UUUU L
§ -2 -0.2 \j J U
= -5
T
-0.4
-4
y -0.6 -10
-6 -100 -50 0 50 100 5
Time (fs)
—80 -60 =40 -20 0 20 40

time (fs)
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Correction factor for large K

0.6 1300 &
—~ Ty
:?“04 _200“‘;’
5 k-
< 0.2 -100 &
= - --._.__-::""‘I-._ =

0.0 T - o H
=
= 101
!5

0.5 1.0 1.5 2.0

Undulator parameter K,

(M. Andorf)

2= Fermilab
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Slippage

2= Fermilab
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Particles will accumulate in damping zones on this surface

* e.g. preliminary simulations in
ELEGANT where wavelength
has been reduced to ~400nm to
exaggerate the effect

 Shorter wavelength reduces
cooling range, allowing beam to T
sample more of the cooling IS T
space. oate sl 3 -_‘;-{.: .'::-':_.: g
 Large gain was used to reduce k Pakc EE

xp (urad)

.
. e crws (S agtete R B B @ T ARG, o .
é3 :. ': - g v, ‘e ..': . ‘.', LI Pe. e o L '.. . : P
. T 0L Y T R I KT
(LR ] o SR A S o e .-‘.'.,' P S I
KRR \-.'. . b0 s o [ N ES g e ® . L
T e . LR Y P A R P SR e Ll
2l .t I AL PR B S PR Y & epnet W LI NR
. . o a s 5 & e ¥ (5 ., 0] . )
e o - s %S . FED 2 o e e . R |
" ,;'o Ky ATSL - . .
TR o .

» Such phase space structure N L e
might be observable in our P

experiments (M. Andorf)

See also: A. Zholents, Phys. Rev. ST Accel. Beams, 15, 032801 (2012)
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34 06/19/2018 J. Jarvis| HB2018



Hypothetical telescope at 1 um

35
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40

20

Energy exchange vs. z-position

—— E-field along trajectory
—— incremental AE
—— cumulative AE

-—

on-traj: 66.7 meV
on-axis: 68.1 meV
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Most critical OSC parameters: cooling rates and ranges

* In the linear approximation, path lengthening is:

_ DAP
- , ka Ap X—Xﬂ+ ?,
S = M51x <+ M52x + M56 A
Y2 ) p _ 2P
x = x' gt D' p

 |In absence of betatron oscillations:

ka Ap _ Ap
y? Pk p

M¢yD + Mg,D' + M
<51 52 56 » »

« Can estimate cooling rate (1/s) for longitudinal emittance as:
As = fOKkOSpk

2= Fermilab
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M;s and S, must be different to have horizontal cooling

« Sum of friction decrements !
then sets value of horizontal Ay = fokky (M56 — Spk — izk)
cooling Y

« So for a given setting of the
chicane (Mg;) the cooling ratio
is determined by the
dispersion and its derivative at
the exit of the pickup.

Lok \ Ap Ap
s=|MwD+ MDD +M —L)—=S —
(51 52 56 v2 | D pkp

 We can then couple the
horizontal and vertical DOF /1x M56
elsewhere in the ring to y) Ly
achieve full 6D cooling. S

2= Fermilab
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OSC creates a cooling/heating surface in phase space

38

F| Ax(y, ap)/Ax
H B [

On successive passes through 5p | | |

the cooling insertion, particles will i —tesin(a sinty + ap sinipy)
have different betatron and

synchrotron coordinates

Path lengthening depends on
these coordinates, and the
cooling force on a given pass

: Ap
ap - _ko(Mle + M52D + M56) ( » )
m

Ay = —ko\/é(ﬁM512 — 2aMs;Ms, + (1 + “2)M522/,3)

. il i
Increases or decreases b
This creates a cooling/heating |  CERSHHRETREN
surface that particles will move ) esstSAN TS EEEEEEEEE

-----------------

................

along

Integrating over betatron and
synchrotron periods reveals the
cooling range for OSC: 1

.................
...................

ap (rad)

s T
P e e e

]=2C0$(k080)[O(ap)]l(ax)/ax] L R

As(ay, ap)//ls Jo (ax)]l (ap)/ap
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OSC creates a cooling/heating surface in phase space

38

F| Ax(y, ap)/Ax
H B [

On successive passes through 5p | | |

the cooling insertion, particles will i —tesin(a sinty + ap sinipy)
have different betatron and

synchrotron coordinates

Path lengthening depends on
these coordinates, and the
cooling force on a given pass

increases or decreases R Rt
This creates a cooling/heating 5 T T
surface that particles will move o
along
Integrating over betatron and
synchrotron periods reveals the
cooling range for OSC: 1

: Ap
ap - _ko(Mle + M52D + M56) ( » )
m

Ay = —ko\/é(ﬁM512 — 2aMs;Ms, + (1 + “2)M522/,3)

e A PRI T

..................
..................

ap (rad)

]=2C0$(k080)[O(ap)]l(ax)/ax] L I T

As(ay, ap)//ls Jo (ax)]l (ap)/ap

2= Fermilab
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Cooling ranges depend on delay and wavelength

2
.u01 gmax

gmax -

n
ko (BMsy? — 2aMs; M5, + (1 + a?)Ms,*/B) ox €

* Designing an effective OSC system means setting a
balance between cooling ranges and rates

2= Fermilab
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Simulations performed with Sync. Rad. Workshop

f O! ect

Wave-optics simulation code. Developed e I
in 1990’s, primarily for the simulation of
beamlines at light sources.

y position (mm)
S o

1) Radiation wavefront is generated by I
particle traversing specified mag. Field

2) Wavefront is propagated through optical
system in the spectral domain.

3) Fields are converted into time domain.

4) Compute slippage and determine field
experienced by the co-propagating particle
(particle does not modify wavefront in KU)

y position (mm)

(mm)

y position
[ o

O. Chubar, P. Elleaume, Proc. EPAC98, Stockholm Sweden,
p.1177 (1998).
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Good agreement with analytic approximations in
the appropriate regime (K<<1, R>>L /)

|E(tmax)| at center of OSC section; E_max = 0.0060 V/m

Emax at center of OSC section (analytic); E_max = 0.0057 V/im
6.0e-03 60 — ~=

5.0e-03
40 50e-03 40
\ 4.0e-03
20 4.0e-03 20 [
E E
E E 3.0e-03
.Ue-|
c c
S8 0 30e-03 S 0
= =
0 0
(] (]
a a
> > / 2.0e-03
20 20e-03 -20 |
1.0e-03
-40 1.0e-03 -40
60 . 60 —— o 0.0e+00
=60 -40 20 0 20 40 60 =60 -40 20 0 20 40 60
X position (mm) X position (mm)

0007 E-field: analytic vs. SRW; x-scan

0.006

0.005

0.004

field amplitude (V/m)
2
8

0.002

0.001

0.000

-60 -40 =20 0 20 40 60
x position (mm)
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Custom routines for dispersive optics

* Index of refraction described w/ the Sellmeier equation

« Custom optics routines based on SRW's transmission element
« Captures “all” orders of dispersion

* Observe appropriate delays and broadening

Colormap: E(t) at kicker center; Lineplot: E(t) on axis; Lines: expected delay of harmonics

L
“"ﬁ'{“ A

X position (mm)

|

‘f&f\“ﬂj

0 100 200 300 400 500 600 700
time (fs)

ﬂ\y\w'w--wwvw«MVAWMWWWWWW'“"""""“’“”‘“"'“”
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Optimal lens strength and position from SRW sims

» Key parameter to optimize is

43

X position (mm)

maximum AE vs (lens position, focal length)

maximum energy exchange.

For single lens case, an
Increase of ~5% is possible
due to over focusing and
smaller ratio of und. length to ?
lens distance

1.00

focal length (m)
o

bt
s
o
S

0.75

0.50

0.25

o
o
[=1

1.75 1.80 EY 1.95

o

Lens position (m)

S

-0.75

-0.4 -0.2 0.0 0.2 0.4
Z position (m)
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Two telescopic configurations are considered

44

Two telescope configurations
with different mappings: +l and —I

-| tele. suppresses depth of field
and more closely matches the
horizontal mapping of the beam
bypass

+| tele. more closely matches the
vertical mapping of the beam
bypass

Mismatch between optics and
beam mapping can actually
increase cooling range by field
reduction in antidamping zones

06/19/2018  J. Jarvis| HB2018

radial position (mm) radial position (mm)

radial position (mm)

o = N W s o0 o N

Rays through telescope w/ n(A(8))

0.0 0.5 1.0 1.5 20 25 3.0 3.5
longitudinal position(m)

Rays through telescope w/ n(A(9))

longitudinal position(m)

Rays through telescope w/ n(A(8))

\ -

\ l

\/

0.0 0.5 1.0 15 20 25 3.0 35
longitudinal position(m)
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Optics manufacturing spreads acceptable (BaF,)

Distribution of maximum AE for mfr. tolerances (dt,ROC) Distribution of total delay for mfr. tolerances (dt,ROC)
1.0

-----
e
-

2-um telescope 10

0.8

s 2-um telescope
1.25
1.00

0.75

density (a.u.)
density (a.u.)

0.50

0.25

0% %0 205 21.0 215 22.0 225 Pes 1.80 1.95 200 2,06 210 215

maximum AE (meV) total delay (mm)

« Monte Carlo simulations using central thickness and ROC spreads
from manufacturer

 ~5% spread in maximum kick value

« Tolerances are primarily set by manufacturing dropout, so to a
point, can get higher tolerance for somewhat higher price

« Deviations in central thickness of lenses could be measured and
applied to fabrication of delay plates

2= Fermilab
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Delay surface overlaid with radiation profile

Transmittance vs (As,Ax): t=250-um, A =0.95um ;68— 7°
* For reference, 230 steps s WIS 0

at 3 m° (0.69°) each is
~lum

* Can traverse this angular
range in ~¥10 ms

X-shift (um)

e Steps can go as low as
0.3m°

250 260 270
Delay (um)

2& Fermilab
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For 2 um, a low-gain Cr:ZnSe amplifier is possible

47

Amplifier requires focusing inside of

telescope, so positive identity must be used

Cr:ZnSe crystal

Center wavelength 2490 nm
50 THz bandwidth

1-mm crystal length (optical delay of
1.43 mm)

single pass gain 7dB
Saturable absorption major limiter in
gain

Pumped by a thulium fiber laser

Wavelength, 1910 nm
100 W max power

Continuous Wave (CW) operation but
capable of 1 kHz frequency modulation
(mitigates thermal effects).

06/19/2018  J. Jarvis| HB2018
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o nmi2-f ve abg2-fit
a nm-fit v§ em-fit

Image courtesy of IPG
photonics
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Amplifier routine to estimate performance in SRW

* Predicted 7dB power gain
(2.24x in field) for plane

wave at emission peak * Pulse with Amplifier Amplifier
15 without host
dispersion
[ [l [ 10
« Actual amplification of
ket reduced by: g
packet reduced by: E . T
— Finite bandwidth of < | |
amplifier (14%)
. -10 Pulse with no
— GVD in crystal (112%) i amplifier
~2%0 -200 ~100 - 0{” 100 200 300
Ime (s

« Max amplification in SRW:
1.8x in field and energy
Kick

2= Fermilab
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Deviations from a pure cosine are small

49

Undulator Field (on axis): deviation from pure cosine

By (kG)

—— Bgcos(kyz)
—— AB

0

Z position (cm)

No special optimization performed
Slight increase in harmonic content; should be irrelevant for OSC

06/19/2018  J. Jarvis| HB2018
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[ V4, -% ] terminations to minimize trajectory offset

Field integral

50

Transverse offset and
angle of trajectory at exit
can be expressed in terms
of the field integrals

Termination-coil currents
are tuned to ensure field
integrals are near zero

Full coils with precision,
high-power shunt resistors
for setting operating current

Undulator Field Integrals (on axis) vs. 1/4 term. current

2e-04
2e-04
1e-04
5e-05
0e+00
-5e-05 1
-1e-04

0.20 0.21 0.22 0.23 0.24 0.25

Frac. of main-coil current (,'n%)
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—

Undulator Field Integrals (on axis)

2e-03 4e-05

1e-03 n n “ “ H 2e-05

Oe+00 v v Oe+00 &

-1e-03 -2e-05

wa| T e |
-60 -40 =20 0 20 40 60

zf
Iy =f By, (z)dz
Z

Zo

0

!

Zo

Zf zZ
j J By (z)dzdz' X

Z position (m)

, de

X =-— I;, = 11 urad
ymeﬁzc 1y

_ LI
YymefBzc 2y

~ 7 um
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Main parameters of IOTA with OSC A. Romanov

Momentum 100 MeV
Circumference 39.97 m
Vacuum 1x1010 torr
Number of particles 10 e, 5 pHA
Chicane delay 0.65 mm 2.000 mm
Chicane offset 20.09 mm 35.12 mm
OSC light wavelength 950 nm 2200 nm
Optical instrumentation Off the shelve Challenging
Passive cooling Yes Yes

Active cooling No (space) Yes

RMS emittances at full coupling (g,=¢,) 0.5, nm 1.43, nm
Betatron tunes (x,y) (5.41, 2.41) (5.41, 3.41)

2& Fermilab
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Magnets of OSC insertion

52

Undulators

Chicane dipoles

Quads

Sextupoles

Hor.

Trims
Vert.

Pickups

A. Romanov
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Linear lattice design for 950 nm

1400
1200
1000
800
600
400
200
0
-200

2500
2000
1500
1000
500
0
-500

-1000

53

A. Romanov

0OSC, 950 nm
| |
IR Nl
A ANYN A WA A
AN NN ANYN A NEEVATAVAWYE | N A
X\ J RN ]\ YAANA SO XN AAAC TN AL [
=N NS I \S 4 \/ N NS\ M VAAS
T = 1w lewl | (™l W= == ™ T I TR 71T T TR I PRI B =l EEIT g " NI | (===l Ei==] 78,'C_m‘
0 500 1000 1500 2000 2500 3000 3500 4000
SNBx em NPy, cm
Jad NSNS \_—— —\/ NS N~ M~
N—" ~_

T = 1w lewl | (™l W= == ™ T I TR 71T T TR I PRI B =l EEIT g " NI | (===l Ei==] 78,'C_m‘
0 500 1000 1500 2000 2500 3000 3500 4000
X Dispersion, mm ~_Dx Invariant, arb. units

Betas start, x,y 25,200 cm Energy drop 13.4 eV

D, start 27 cm Bunch length @30V 7.6cm

Tunes, X,y 542, 2.42 Energy spread 1.00E-4

Mom. comp. 0.0025 Sync. Tune @30V 2.05E-5

Emittances, x,y 0.5E-7cm Damp. times (x,y,s) (2.0,2.0,0.985) s
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Linear lattice design for 2200 nm

1400
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200
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A. Romanov

OS8C, 2200nm
AVAN AN
A AN AD\W,

A AN N QL VYA N
AR Mo A~ (NS T LA WA Y A N
—\ M AN / \ |/ NSRS A4 V7 R
N\ ol NN AN AN NAVASA S NWrGAS
|~ " eI | ("="IEEI" o "I 0" o= 0 Fle BT L= W =i ] = = L it | "=~ Ei="] -S,'_
0 500 1000 1500 2000 2500 3000 3500 CZZ)OO

S em Sy, em
1
N\ N\
PN NN AN
A NP ANy, \\ J /f —\\ // AN ANy

[ "w "=l "== | =" EEI " e -i.\i/- TR T 41 e BRI T -\i/.i- = T T I | "= Ei="] S'E
0 500 1000 1500 2000 2500 3000 3500 4000
X Dispersion, mm ~_Dx Invariant, arb. units

Betas start, x, y 12,500 cm Energy drop 13.25eV

D, start 48 cm Bunch length @30V 19.9 cm

Tunes, X, y 5.42, 3.42 Energy spread 1.06 E-4

Mom. comp. -0.0165 Sync. Tune @30V 5.6 E-5

Emittances, x, y 1.44 E-7 cm Damp. times (x, Y, S) (1.9,1.9,1.1)s
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Second order path lengthening A. Romanov

55

Two families of sextupoles are necessary to compensate
second order path lengthening, to keep high amplitude

electrons in phase with radiation when they receive cooling
Kick:

As, =%j(9x(s)2 +0,(s)°)ds

Necessary gradients produce strong nonlinearities and
chromaticity that must be corrected

Regions with small betas are the main contributors to the
integral

For the stability, path lengthening should satisfy:
|As*k|<2.4 rad

2& Fermilab
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Second order path lengthening for 12 sigmas

A. Romanov

* Need of sextupoles for 950nm version is not so obvious

56

QOSC, 2200 nm, x-ds for 12 sigmas at 1.4 nm emittance

3
) ds*k, rad -
1 o®® o[® 3 ° b "o..
1 * * )
0 2 ° 3 ]
‘.. ° ° .o.
_1 * ... oo ..:.
2 . TP est -
_3 . p Y Y o .
'4 L] L
. Y * L
= L [ 4 * »
-6 o" '.o
[ 3 cm
-7
-0.15 -0.1 -0.05 0 0.05 0.1 0.15

o x-ds*k, no sextupoles * x-ds*k, corrected

0OSC, 950 nm, x-ds*k for 12 sigmas at 0.5 nm emittance

3 0OSC, 2200 nm, y-ds for 12 sigmas at 1.4 nm emittance
2 uo#\, LA
1
0
A e...o.l".‘sllo...e
D) see e & ° LI
-3
-4 L
4
-5 p
-6
7 chn
-0.15 -0.1 -0.05 0 0.05 0.1 0.15

® y-ds*k, no sextupoles ® y-ds*k, corrected

* x-ds*k, zero sextupoles * x-ds*k, corrected
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3 3 OSC, 950 nm, y-ds*k for 12 sigmas at 0.5 nm emittance
ds*k, rad S
2 ] A B ST 2 -
. L] L] "
L . .
1 - P 1
. * L] L ] ..
Q v . T 0
. . ¢80 8 3 3 . e 3 8 8 8 g4,
-1 :‘. .: '1—g" ..o.:!s:'o.. "T
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2 LY} . LI ) ®e . . .
. tee bR T L O . -
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o y-ds*k, zero sextupoles * y-ds*k, corrected
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