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Relative Gain

Bandwidth limited amplification
of ps CO, laser pulses

Gain Spectrum
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Strongly modulated rotational
line structure of the CO, gain
spectrum modifies the frequency
content of picosecond pulses,
changing their temporal structure.

At 10 atmospheres, collisional
broadening produces overlap
of the rotational lines into the
1 THz wide quasi-continuous
gain spectrum, and pulses as
short as 1 ps can be amplified
without distortion.
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ATF Laser Success Story
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Benefits of using long-wavelength (A=10um) CO, laser

for non-relativistic processes:
« Combines advantages of high-quality conventional RF

accelerators and high-gradient optical accelerators with A =~1 um

«favorable phasing
estructure scaling.

lllustrated by STELLA - the first
two-stage laser accelerator

« Number of laser photons
per Joule of energy
IS proportional to A.

lllustrated by Thompson
scattering experiment — presently
the brightest Thomson x-ray
source.
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Solid state lasers help with
picosecond pulse generation at CO,
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BNL/ATF CO, laser system delivers
1 TW, 5 ps pulses every 20 seconds

3-atm preamplifier




Part of the laser system operates
"micro-bunch factory” at 0.3 Hz
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Focusing with Parabolic Mirror ...
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Characterizing the laser focus
produced with f;=2 parabola
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The importance of condition ay=1
and importance of A=10 um for reaching this
condition:

‘Dimensionless laser amplitude

a,=eA/mc?

‘Electron quiver energy

Ezaoz X mCZ/Z

‘Electron motion becomes relativistic when

a,=1 — | A?=1.37x10'8 W um?/cm?



Proof of attaining ay=1 in ATF experiments:
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Ponderomotive force

1l e ,
The ponderomotive energy of the electron in Poond = — E;|°

the optical field that controls plasma wake dmw?
=mc?

generation, ion acceleration and other strong- a,=1 when @
field phenomena is proportional to A2

pond

dU

: m— = —e Vb
An electron experiences a force, called dt pond;

the ponderomotive force, which is
proportional to the gradient in the
amplitude of the wave-field.

Ponderomotive force
generates plasma waves



Near-term plans for a; enhancement
will bring ATF laser on line for such popular
applications as LWFA or ion acceleration

- Using twice shorter focal length parabola (F=75 mm)
gives factor of X2  ag~2

» Shortening the pulse length to 1 ps gives another
factor of x2  ag~2

» Cumulative x4 ap~4

»Shortening pulse length has an additional benefit for
LWFA as it allows using x25 higher resonance plasma
density increasing maximum accelerating gradient
proportionally.



Pulse shortening will be achieved with
a femtosecond fibre laser
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Directions for ultra-fast
CO, laser improvement:

‘Femtosecond pulses (few cycles)

* Higher energy per pulse
* Higher repetition rate

- Higher average power



CO, femtosecond pulse
generation and amplification

» Ultra-fast slicing

» Amplification in multi-isotope mixture

» Pulse chirping and dispersive compression
 Raman backscattering

- Power broadening



Ultra-fast slicing and amplification
in multi-isotope mixture

Paul Corkum demonstrated in
1986 semiconductor slicing of

130 fs CO, pulses

Generation of 130-tsec midinirared pulses
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Direct amplification in a 4-atm
CO, amplifier containing a
mixture of molecular isotopes
with 12C, 13C 14C 160 180,

Gain bandwidth 7 THz
sufficient for 150 fs pulse
amplification.
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Pulse Chirping and Compression

¥ 250 ps
UCLA ", Plasma I | Amplifier | /\
shutter ” ”
MM LT VAVAN 40 ps
o :1<')P'(24'1)' s | e o aordh ] Laser-induced ionization shifts the
2 2 phase of the wave resulting in a chirp
5 and subsequent pulse compression
% 15 :éi
B k)= y1-ng(x,t)/ng,
c_g 500.00 o O
g . m, O
Aw =2 —[n(t,x)dx
28200 28240 2828|(;re2ct:1;2;n;;3€2(23|_|2;;00 28440 28480 ﬂ/ncr at
Measured blue shift 40 GHz Can be used to compress 1 ps to 100 fs
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Raman backscattering
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hanosecond pump infto the
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Hypothetical combination of PITER-I with MARS (UCLA)
provides Petawatt capability @ 1 ps
Use power or Stark broadening in laser field

Avg = uE/f . at 10°W/cme Avg =37GHz

10 MW (3ps) 1PW E = 0.8 PW output
] A input pulse - // - N from MARS
| =

0 20 46 66 86 - [/]\ 0 20 40 60 80
0 10 20 30 Time (ps)

g, X L

1 TW output
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| | \
0O 20 40 60 80 100 120
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Rutherford Appleton Laboratory's
Central Laser Facility

Nd:glass Petawatt VULCAN laser
I=-1020 W/cm?  a,~10




...but A=1 um permits tighter focusing (assuming w ~A) !

However:

¢ _Interacting with e-beam you do not want to focus
laser tighter than e-beam (decreases acceleration
quality and x-ray yield). CO, laser focusing is
sufficient to interact with low-emittance e-beams.

¢ In laser/matter interactions ten times tighter focus
of the 1 um laser results in 100 times smaller area and
1000 times smaller interaction volume where we can see
an equivalent effect. This will proportionally reduce the
process yield.

¢ Thus, 1 PW CO, laser in certain cases is equivalent to
100 PW solid state laser!



High-pressure CO,:N,O laser optically pumped
by HF chemical laser

| o | " 1 " ] " 1
10.0 10.2 10.4 10.6 10.8 11.0 112 Bm

Demonstrated: Pumping Efficiency 20%, SSG 10%/cm

Another possibility is direct energy transfer via reactions
F+D,=DF*+D, D+F,=DF*+F, DF* + CO, =DF+ CO,*

Courtesy of M. Azarov
Russian Academy of Science



High-pressure CO, laser amplifier

Optical pump
converter

Courtesy of M. Azarov
R ¢ Russian Academy of Science

Capabilities of compact 1.4 liter optically pumped high-pressure CO, amplifier:
*Qutput energy: 30J/pulse

*Repetition rate: >10 Hz (limited by a pump laser)

Many ATF laser components are compatible to this speed




200 fs, 150 TW can be achieved at ATF;

this allows a,=10, potentially at linac's repetition rate

Pockels cell OSCILLATOR
100 ns { @

10 ns
X 1MW

\1&)0 GW

I REGENERATIVE AMPLIFIER

6AspIpE 200 fs

.~ < OPTICALLY-PUMPED
PITER-I AMPLIFIER MULTI-ISOTOPE
: ' AMPLIFIER




Commercially Available High-Pressure
High Repetition-Rate CO, Lasers

SCIENTIFIC DEVELOPMENT & INTEGRATION (PTY) LT w

Repetition Rate 20 -500 Hz
Pulse Energy 157

Beam Size 13 x 13 mm?
Average Power 750 W




Current Positron Source Proposals for ILC

Conventional
non-polarized
positron source

Polarized
gamma source
by spontaneous
wiggler radiation

Polarized
gamma source
by Compton
scattering

6 GeV e Drive Linac

250 MeV Capture
4.75 GeV e* Booster Linac

-
20 MeV/m, ~300 m 20 MeV/m, ~240 m
¢” Gun e to et To Positron Damping Ring
Conv. Target
200-m wiggler
e-gun 150 GeV linac

NENENENEEN
——_I target

Presented in ACFAS

Conceptual Design CO2 laser
A=10.6 pm
Q) E=0.117 eV
¢ beam W"I/\ Thin conversion
5.8 GeV target -

y-ray @V\’V\ =
Emax =60 MeV = .

- 4 . »
€ e pair creation



Polarized y source requirements

Parameter Symbol | Value Unit
Pulse repetition rate frep 150 Hz
Bunches per pulse N, 100

Bunch Spacing Aty 12 ns
Laser energy E icer 1 J
Size at focus Oluser 40 p1m
Laser pulse length 1 iuser 5 ps
Number of y per electron M/ n, 1

e” per bunch n, 6x104

Number of lasers N cor 10

Number of y per bunch MxN,,., 6x1012

Needed: 15 kHz, 15kW, picosecond,
sub-terawatt CO, laser
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Kerr generator
COZ Laser - 2 x200ps CO, oscillator
system

Ge [—"
for

ILC PPS

PC from YAG laser

D

’ «  2Xx300mJ 5 ps
lniniat
1 | 2x30mJ 1 §

2x10mJ
5ps

intra-cavity pulse circulation :

- pulse length 5 ps

- energy per pulse 1J 2x1J
- period inside pulse train 12 ns

- total train duration 1.2 ps

- frain repetition rate 150 Hz

- Cumulative rep. rate 15 kHz

- Cumulative average power 15 kW
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Conclusions

CO, laser offers fundamental advantages due to the 12-proportional
ponderomotive potential and A-proportional number of photons per 1J.

5-ps, 5-J, 1-TW CO, laser has been demonstrated and used in ATF
user's experiments.

Demonstration of a;~1 in nonl
acceleration experime :

Near-term possibiliti
1 ps with a new fit

Available resource:
ultra-fast slicing al
chirping and disper:

Power broadening a ows to reach | watt | ower in a big medium-
pressure CO, amplifier such as UCLA MARS.

Multi-terawatt, femtosecond CO, laser with optical pumping can
operate at the linac's and higher repetition rate.

attering and ion

3 and shortening to

r
-

aind amplification:
cture; pulse
ering.

Commercially available high-pressure CO, lasers can provide 1 TW
output at up fo 500Hz and 0.75 kW average power.

Non-destructive in‘rra-cavi‘r?l process, such as Compton scm"rer'ing,
allows to utilize a ferawatt laser beam more efficiently at multi-kHz
rate and >10 kW average power (potential application for ILC).



