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» first time of laser cooling at high beam energies
» high beam intensities available
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Motivation ——
Laser Cooling at FAIR UNIVERSITAT
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Laser cooling ", 5 AL

Doppler shift: \' = o Ce)
for Li-like ions:(A\, = 257 nm)
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[U. Schramm, 2004]

» first time of laser cooling at high beam energies
» high beam intensities available
» high magnetic rigidity allows cooling of heavy ions
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Cooling at High Energies

low velocity \M
N~ N 7

N
> (Appb) = hw/"" “Y2(1+B)

> @L;’a’” nearly constant
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Li-like (2p1/2 - 2s1/2):

low velocity \M
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Cooling at High Energies
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Li-like (2p1/2 - 2s1/2):
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similar cooling force exist =y : Z: lgggnzmogw -
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» adiabatic damping
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= no pre-cooling necessary : o e o
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Offset particle

Solve Vlasov-Fokker-Planck Equation: e
of af | qV(zb) of _ (ot
ot —mBcd gy + T 55 = (55)e

» use macro particles (PIC-code)

Synchronous particle

» macro particles : Nyacro = 10% — 107
» discretization of time (T,ey)
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Solve Vlasov-Fokker-Planck Equation: ofsetpegle
of _ of |, qV(z.t) of _ (of g
ar — NPCO gz + o 55 = ()6

use macro particles (PIC-code)
macro particles : Nimacro =~ 10% — 107
discretization of time (T,ey)

assume fast transverse motion is unaffected by cooling process
= 1D longitudinal problem

Synchronous particle

vV v . vYVY
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Simulation Tool TECHNISCHE

UNIVERSITAT
DARMSTADT

Solve Vlasov-Fokker-Planck Equation: ofsetpegle
of _ of | qV(zt) of _ (of e
ar — NPCO gz + o 55 = (55)

use macro particles (PIC-code)
macro particles : Nimacro =~ 10% — 107
discretization of time (T,ey)

assume fast transverse motion is unaffected by cooling process
= 1D longitudinal problem

Synchronous particle

vV v . vYVY

No direct coulomb interactions
= results not exact at very low temperatures
= concentrate on cooling process
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Modeling of Laser Force UNIVERSITAT

simple two level system in electromagnetic mode = optical Bloch equations

hwe (h%)eiiwt ).p= ( Pee Peg )

5= 1[p,H]— Lp with H=< .
p=wlp Hl =z (h%)e’wt hwg Pge  Pgg
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Simulation Tool TECHNISCHE
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Modeling of Laser Force DARMSTADT

simple two level system in electromagnetic mode = optical Bloch equations

. Q\ o—iwt
p'=é[p,H]—%p with H=< hwe (h2)e >;p=(/’ee Peg)

(h%)e"“” huwg Pge  Pgg

» spontaneous emission rate:
k(0) = 1 - pee(0)

» cooling Force:
Flaser(9) = Apiab - K(6)
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Simulation Tool
Modeling of Laser Force

, . Fiw (hd)e—iwt ) ( p
=Llp,H —1p with H= e 2 ip=| e
A [p, H] 7P ( (h%)elwt mg P Do

spontaneous emission rate:

k(0) = 1 - pee(0)

cooling Force:

Flaser(9) = Apiab - K(6)

if Uj < 2% peq(d)): AS = Apiap/po
U uniform random number

Apiap = hw'ab Y21+ ) - 2Up

Peg
Pgg
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simple two level system in electromagnetic mode = optical Bloch equations

)
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Simulation Tool
Modeling of Laser Force

=+lp,HI—1p with H=<

spontaneous emission rate:

k(8) =1 - pee(d)
cooling Force:
Flaser(9) = Apiab - K(6)

if Uy < 22 pee(5)): AS = Aprav/Po

U : uniform random number

Apap = hw'ab Y2(1+6) - 2Up

Excitation probability

simple two level system in electromagnetic mode = optical Bloch equations

Yo

(h)e™

0.4

0.3

0.2

0.1
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Slmuletlon Tool  recnische
Modeling of Laser Force UNIVERSITAT

DARMSTADT

simple two level system in electromagnetic mode = optical Bloch equations

/ - fwe  (hg)e™™! ) ( pee P )
=1lp,H —1p with H=< e 2 ip = ee Peg
wle = (hg)e™! hawg P Pge  Pgg

> spontaneous emission rate: pulsed laser:
k(0) = 1 - pee(d) 1
» cooling Force: 08
Flaser(6) = Aprap - k(9)

g o6l
- At, : g
> ifU < szee(éj)- Ad = Aplab/po S o4l
Uj: uniform random number é
o b
0.2

> Apjap = hw'ab' V(1 +8) - 2Up

\ |
0 02 04 06 0.8 1 1.2 1.4
time /
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relative momentum rms

time [s]
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Cooling at Low Intensities
Cooling Process
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Cooling Process
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Cooling at Low Intensities
Dependence of Synchrotron Tune

dp/p [1e-4]

et At

-2 -1 1

0
dz [m]

» verified in storage rings

» symmetric reduction of
momentum spread and
bunch length
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Dependence of Synchrotron Tune DARMSTADT

0.5

0.0]

dp/p [1e-4]
dp/p [1e-4]

“

N pa // "
M S At NI
-Lo ’ 3 /‘Wz'm 1

-2 -1 0 1 -1 0
dz [m] dz[m]

» particles are captured

» verified in storage rings
by laser force

» symmetric reduction of
momentum spread and
bunch length

> non-symmetric
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Cooling at Low Intensities
Dependence of Synchrotron Tune

dp/p [1e-4]

M s At/

-2 -1 0 1
dz [m]

» verified in storage rings

» symmetric reduction of

momentum spread and
bunch length
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0.5

0.0]

dp/p [1e-4]

“

dp/p [1e-4]

el
= -1 0
dz [m]

» particles are captured
by laser force

> non-symmetric

» laser position is fixed

» laser counteracts rf kick

» particles are rotated

into laser force
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Cooling at Low Intensities

Required Cooling Time

100 F
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Texcitation = 107

Apwim = 1077

10
Synchrotron Tune

§=10"*
z2=25m

dpip [1e-4]
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Space Charge

Intra Beam Scattering

£ «/ \
\ /‘. f

» transverse oscillations heat
longitudinal motion
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Intra Beam Scattering Space Charge
£ «/ } \
§ e i/

» transverse oscillations heat
longitudinal motion

» described by diffusion in FPE
5/88 = Qj : 2Dzzl§7;
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Intra Beam Scattering

£ «/ } \
\ /‘. f

» transverse oscillations heat
longitudinal motion

» described by diffusion in FPE

5/88 = Qj : 2Dzzl§7;

» non-Gaussian distribution = local

diffusion model (BETACOOL)
D.. = &7 A2
2z 128ﬂm,?egcg'y3ﬁ3<ﬁ‘/2>s

3/2 -n
s
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Space Charge
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Intra Beam Scattering Space Charge

£ «/ }
¢ e

» describes interaction of particle
with electric field of the bunch in
perfectly conducting pipe

» transverse oscillations heat
longitudinal motion

» described by diffusion in FPE

5/88 = Qj : 2Dzzlgig;
» non-Gaussian distribution = local
diffusion model (BETACOOL)
Dzz = > 284324/\\/5 3/2 ° n
1287 m; eoco'y3ﬂ3<ﬁ‘/2>eL
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Intra Beam Scattering Space Charge

£ «/ }
¢ e

» describes interaction of particle
with electric field of the bunch in
perfectly conducting pipe

» space charge impedance:

» transverse oscillations heat
longitudinal motion

» described by diffusion in FPE

Lacc
Oms = Q- 1/ 2Dzz 55 Zeo = —i- 5. ez with
» non-Gaussian distribution = local g=1+2log(b/a)
diffusion model (BETACOOL) » potential:
4 >4
DZZ = 2 2esz - 3/2 ° n Usc(z) =
1287 m; eoco'y3ﬁ3<ﬁ‘/2>eL

Zion - q+ IFFT{Zsco(w) - FFT{A(1)}}
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Intensity Effects

Intra Beam Scattering (IBS)

high synchrotron tune Qs ~ 103

dp/p [1e-4]

min. relative momentum deviation

T T

: -3
sim: Q=107, ——
sim: Qg=10"* ——

Il
108 107
Number of Particles

108
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bunch length [m]
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Intensity Effects
Intra Beam Scattering (IBS)

high synchrotron tune Qs ~ 103

rms rate equilibrium:

4e-09

2e-09

0

-2¢-09

4609

-6e-09

relative momentum kick of laser

-8-09

-1e-08

averaged laser kick

laser kick --------

-26-07

-1e-07 0 1e-07

relative momentum deviation

2007

min. relative momentum deviation

T T
sim: Q=103 ——
sim' Qe=10* ——

rms rate equil?brium semmes

Il
107
Number of Particles

108
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bunch length [m]
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Intensity Effects
Intra Beam Scattering (IBS)

high synchrotron tune Qs ~ 103

rms rate equilibrium:

4e-09
2609
0
-2e-09
4609

-6e-09

relative momentum kick of laser

-8-09

averaged laser kick

laser kick --------

-1e-08
-26-07

-1e-07

0 1e-07

relative momentum deviation

B
Tigs * Traser = 0

—1
Tiaser =

1

Trev

(A8) g =1 [y coS(0) -

syn

Apos

d(AS)

0

10 \ \ T 10"

s sim: Q=108 ——

= sim: Q=10" ——

s 5 rms rate equil?brium semmes

2 10° | 5

©° 710

S

>

5
| £ 10° 1

g 10
1 (]

2
1 & 7

o 10

© 1 02
2e-07 < 10

S

10—8 1 1 1
10° 108 107 108 10°

Number of Particles

A(S(CSpos : COS(¢))d¢
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bunch length [m]
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Intensity Effects
Intra Beam Scattering (IBS)

high synchrotron tune Qs ~ 10

relative momentum kick of laser

4e-09

2e-09

0

-2¢-09

-4e-09

-6e-09

-8e-09

-1e-08

rms rate equmbnum

k\ck SR
averaged laser kick

-26-07 -1e-07

1e-07

relative momentum deviation

B
Tigs * Traser =

—1

1

TLaser = T, °

(D8) g =1 Jo cOS() - Ad(dpos - cOS(¢)))d¢p

syn

min. relative momentum deviation

10—5 -

10°®

sim: Qg =103

sim' Qe=10* ——
rms rate equnsbnum semmes
fi

Number of Particles

fit: <5IBS> = f(Sjaser) =
IBS
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Intensity Effects _ TECHNISCHE
Intra Beam Scattering (IBS) 23 Darmerapr

low synchrotron tune Qs ~ 10~°

c 0.0001
s
©
0.5 QS)
o
= = 1e-05 E
3 09 3
S 5
s £
T -05 g 1e-06 | E
[0
>
~1.0 =
®  1e07 7
S
£
€
E 1e-08 L
0.1 1 10
(Bjaser - OrF)/<dips>
> limit: Qase=01 ~ 4 (changed N, -> (dss))

)
— Barrier of laser has to be higher than IBS kicks

» longitudinal density increases only by factor 2
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Intensity Effects
Space Charge

high synchrotron tune Qs ~ 103

05

dpip (1e-4]
3
g

!
°
&
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high synchrotron tune Qs ~ 103

dplp [1e-4]

dp/p [1e-4]

dz(m]

kind of two stream instability:

» perturbation in one stream produces bunching of second
= bunching increases amplitude of perturbation

» in progress = comments are welcome
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Intensity Effects
Space Charge

medium synchrotron tune Qs ~ 104

1.0

0.5 \
5
» 0.0
3 "
e
£-05

-1.0 -
E—
-6 -4 -2 0 2 4
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medium synchrotron tune Qs ~ 104

1.0 30le-8
—— line density
— Ch,
251 T {fVerse R Kick
05 \
20
= 3 15
9 0.0] " :
= 5 10
o 5
S g
5-0.5 g os
0.0
-1.0 o
-0.5
—
-6 -4 -2 0 2 4 1% s = 0 3 3
dz [m] azm)

» space charge compensates Rf-kick
= synchrotron oscillation is stopped
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Intensity Effects
Space Charge

low synchrotron tune Qs ~ 10~°

1.0

dp/p [1e-4]

. "

0.5 ‘
ﬁ
-1.0 ) M“"M

A
4

-3

» space charge deforms bunch

=2

-1

0 1 2
dz [m]

relative momentum rms

TECHNISCHE
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with Space Charge
no Sgace Charge‘ fffffff

0.1 0.2
time [s]

0.4
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Intensity Effects

Space Charge

low synchrotron tune Qs ~ 10~°

1.0
0.5 .
;
S 00 . i
) s ]
o § Z
$-0.5 A
-1.0
T T A
-3 -2 -1 o0 1 2

dz [m]

» space charge deforms bunch

» if deformation too strong = space charge exceeds laser force (not stable)

relative momentum rms

with Space Charge
no Sgace Charge‘ fffffff

0.1 0.2
time [s]

0.3
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Conclusion and Outlook TECHNISCHE
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laser force implemented successfully in tracking code

laser cooling looks promising at high beam energies

cooling time and efficiency depend strongly on the way of laser scan
IBS limits the beam intensity

space charge effects seems to be more complicated

vV v vy VvVYyy
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laser force implemented successfully in tracking code

laser cooling looks promising at high beam energies

cooling time and efficiency depend strongly on the way of laser scan
IBS limits the beam intensity

space charge effects seems to be more complicated

vV v vy VvVYyy

define intensity limits for space charge
add longitudinal coupling impedance
influence on transverse motion

study pulsed laser system

combine everything for realistic conditions

vV v vy VvVyy
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Conclusion and Outlook TECHNISCHE
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laser force implemented successfully in tracking code

laser cooling looks promising at high beam energies

cooling time and efficiency depend strongly on the way of laser scan
IBS limits the beam intensity

space charge effects seems to be more complicated

vV v vy VvVYyy

define intensity limits for space charge
add longitudinal coupling impedance
influence on transverse motion

study pulsed laser system

combine everything for realistic conditions

vV v vy VvVyy

Thank you for your attention!
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