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https://indico.cern.ch/event/802131/
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What is the effect of radiation emission on the ion beam dynamics?

Longitudinal cooling: because energy loss grows with ion energy.

Transverse cooling: because all components of ion momentum are lost due to the photon
scattering but only the longitudinal component is restored in the RF resonator.

Longitudinal heating: because energy loss per emission is random due to the random
direction of photon emission in the ion’s frame of reference.



The LHC H-like Pb example:
lon charge Z = 81, mass A = 208, y = 2719, p, = 526.5 TeV/c,

ho' =69 keV (Lyman-alpha line), laser Am = 12 eV (98 nm),
emitted gamma A, ,,,= 373 MeV, typical angle of emission 8, ~ 1/y ~ 0.3 mrad.

Typical transverse kick due to gamma emission:
p,/p,~ ho'/p,c ~ 69 keV / 527 TeV ~ 10~ mrad.

Typical transverse beam parameters at the LHC interaction point for example:
Transverse beam size = 0.026 mm, angular spread = 0.026 mrad (10° times higher).

Typical energy spread in the beam is Ap/p ~ 10—+, while the average op, due to the
photon emission is 200 MeV/c => 6p,/ p, = 200 MeV /527 TeV = 3.7- 107 => Ap/dop
~ 300, and even with one scattering per turn the longitudinal effects will be
significant in ~100-1000 turns.
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Longitudinal laser cooling is important to stabilize the ion motion:
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The important effect of photon emissions on ion beam dynamics is
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The synchrotron oscillations can be stabilized by a small change in the spectral distribution of the
laser beam (or by adding another low-power laser):
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Simulation details: http://www.inp.nsk.su/~petrenko/misc/ion_cooling/animations/



http://www.inp.nsk.su/~petrenko/misc/ion_cooling/animations/

The longitudinal beam dynamics is quite sensitive to imbalance of energy radiated at Ap>0 vs Ap<0:

Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.5Ap/p)
Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.
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Black dots — excited ions, blue dots — not excited ions.



The longitudinal beam dynamics is quite sensitive to imbalance of energy radiated at Ap>0 vs Ap<0:

Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.5Ap/p)
Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.
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The longitudinal beam dynamics is quite sensitive to imbalance of energy radiated at Ap>0 vs Ap<0:

Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.5Ap/p)
Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.

Turn: 11500 (1sec.) Turn: 11500
A
0.04 [ + 10.8% of ions excnted] 0.04 | « 45 6% of ions excited
> > WGy S’y
LAY .
4 .A'.-.’A ~e Y - o L ]
a 0.02 n’f;" '_.?. T4 A ;.:?.:? a 0.02 . a L
3- ‘J' :’0 s e ‘:" ..“;i 'g- '-i' ot A . )
% 000 a8 e Nt ., sk o o W % 000 i o
e 000 JANGEA" e ST LA X 0004 g per.
(=] . s'v\ A % o §. T Lo . S8 =] L &
S & AR Vo Trs ~ DRt o) (ﬂ =] :
-0.02 [ - 3 ,-;‘."%{.,“,; by -0.02 -
- 'ﬁi‘ .02“ ) 2 ;;.\'&, .
-0.04 - —0.04 4
-200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 50 ] 50 100 150 200
z (mm) Z (mm}
B 60 - 60 -
50 4 to
40 a0 4
g 30 7 E 3'] 1 fh\
20 Y 20 1 j \
10 10 -
P e — e 0 . . : ——j \& : : . .
-200 -150 -100 -50 0 50 100 150 200 200 -150 -100 50 o 50 100 150 200

z (mm)

Z imm}



The longitudinal beam dynamics is quite sensitive to imbalance of energy radiated at Ap>0 vs Ap<0:

Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.5Ap/p)
Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.
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Maybe a good approach would be to introduce heating in the middle while limiting the Ap growth with a
barrier. This can be done by alternating the cooling and heating regimes or using a laser with a

complicated frequency profile (or two lasers).



Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.05Ap/p)
Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.
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Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.05Ap/p)
Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.

Turn: 30000 (2.7 sec.)
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Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.05Ap/p)

Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.
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Fourier-limited Gaussian laser pulse with o(Aw/w) = o(Ap/p) centered on p,(1+0.05Ap/p)

Laser walist size W, = 24, , = 40 pm, energy = 42 uJ.
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Transverse COO“ng IS much slower: Turn: 0 https://anaconda.org/petrenko/lhc_psi_beam_vs_laser
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Cooling time ~ time to radiate the full ion energy: 530 TeV / (0.5 * 190 MeV) = 5.6e6 turns (8.5 min) 45


https://anaconda.org/petrenko/lhc_psi_beam_vs_laser

Beta x,y (m)

http://accelconf.web.cern.ch/accelconf/ipac2013/papers/mopwo046.pdf

Interaction region: Beam Interaction  Half crossing B
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https://apetrenko.blob.core.windows.net/Inc/LHC optics.html
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https://apetrenko.blob.core.windows.net/lhc/LHC_optics.html
https://accelconf.web.cern.ch/accelconf/r06/PAPERS/MOHP01.PDF
https://accelconf.web.cern.ch/accelconf/e04/PAPERS/WEPKF024.PDF
https://lhc-machine-outreach.web.cern.ch/lhc-machine-outreach/collisions.htm
http://accelconf.web.cern.ch/accelconf/ipac2013/papers/mopwo046.pdf

Interaction region:

Angle-energy plot of emitted gamma-photons:

Angular divergence of the laser beam 6 = M 0.78 mrad.
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https://accelconf.web.cern.ch/accelconf/r06/PAPERS/MOHP01.PDF
https://accelconf.web.cern.ch/accelconf/e04/PAPERS/WEPKF024.PDF

Interaction with 1 degree crossing angle:
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Interaction with 1 degree crossing angle:
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Interaction with 1 degree crossing angle:

¥ (mm)

Turn: 100000 (9 sec.)

0100
0.075 1
0050 -
0025 1
0.000 1
—0.025 1
—0.050 1
—0.075 1

| = 19.7% of ions excited

—0.100
—200

1440 1

120 1

100 1

I [A)
=

=

20 1

—-150

-100

=50 o 50 160 150

200

o
—200

-150

~100

50 0 50 100 150

200

18



Interaction with 1 degree crossing angle:

¥ (mm)
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Fast longitudinal cooling allows to compress the bunch and increase the geometric overlap.
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Conclusions:

Understanding and control of the fast longitudinal cooling/heating is critically
Important for the stable operation of a Gamma Factory.

Transverse cooling can help to reduce the laser power requirements.
Longitudinal cooling can be helpful with laser crossing at some angle.

Questions to study next:

1) Collective instabilities

2) Intra-Beam Scattering

3) Detailed laser-ion beam interaction region including laser
Input and gamma-radiation output.
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