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Laser Stripping of Relativistic H− Ions
With Practical Considerations

R. Tomlin

This paper describes laser stripping of
H- ions. Some applications are suggested
for HEP including stripping 2GeV ions
circulating in an accelerator with radius
75 meters where laser meets ion head on
in a three meter interaction region.

P h o t o i o n i z a t i o n

Broad & Reinhardt calculated the
photoionization cross section of H- ions.1
Their work shows a broad photoelectric
peak for 1.5 eV photons with a reaction

cross section or area of 4 ×10−17 cm2 f o r
each ion. This is roughly half the area
which can be calculated from the Bohr
radius. In Joules it is:

1.5eV ×1.602 ×10−19 J eV = 2.4×10−19 J
That is the quantum energy required by
a photon to kick the electron loose in the

reaction H− + λ → H0 + e . Note that the
binding energy is 0.75451 eV but a more
efficient reaction takes place at 1.5 eV.
The "rest frame" wave length is hc/E:

λ = 6.626 ×10−34 J⋅s × 2.998 ×108 m s

2.4 ×10−19 J

λ = 826nm  for resting H- ions. Two GeV
ions travel at  0.948 c. The wavelength
required in the lab or laser frame for
colliding beams is:
λ ion = λ laser ⋅γ(1 − β cos θ)

where cosθ = 1

β =v c, γ =1 1 − β2

826nm = λ laser ⋅(3.132)(1 − 0.948)

λ laser = 5042nm

    Laser power calculation

Power calculation is a statistical game.
Making something of the analogy to dice

on a table, let σ = 4×10−17 cm2,

the photo ionization cross section of an
H- ion. If the die were n-sided, each side
with area σ , and the area of the table
top was A = n σ (analogous to the cross
section of the interaction region) , the
probability of the one photon landing on

the one ion is: P = σ
A

, Nγ = 1, H = 1

Lots of photons increases the odds of

ionizing one H− ;  P =
σ Nγ

A

Lots of H−  ions increased the odds of
interaction even more;

P =
σ H Nγ

A
The longer one throws the dice, the more
throws one gets and the better the odds;

P =
σ H Nγ

A
dt

Still one photon. Meanwhile the laser is
delivering photons per second evenly
over ion beam cross section A;

P = σ H
Nγ
Adt

dt

But laser power is defined as

I = Nγ ⋅cm−2 ⋅s−1

So: P = σ H I dt     is the probability of

stripping. The number of H−  r e m a i n i n g
at any given time is proportional to the
probability of stripping;
dH = −σ Hinit Idt rearranging:

dH

Hinit
= −σ I dt

To get from point a  to point b :

H = Hinit H = Hinit − dH
t = 0       t = 10 ns

a b

with H = H−  left at any time t, integrate .
. .



1
Hinita

b

∫ dH = −σ
a

b

∫ I dt

ln H = −σ It +C

H = e−σ It ⋅ ec ions remaining
Hinit  is about the only constant around,
so:

H

Hinit
= e−σ It , ln

H

Hinit







= −σ It

H is ions remaining. For 90% stripping
H Hinit =0.10 . Nothing left to do but

solve for photons per cm2 second needed
to strip 90% of the ion beam.

I = ln 0.10( )
−σt

= −2.303

−4×10−17cm2 ⋅10×10−9 sec

I = 5.77 ×1024 photons

cm2 second

To maintain that flux over

Area = πcm2, I =πIinit

I = 1.81×1025  photons /cm2 sec

required  to strip 90% of an ion beam
with cross section pi cm squared.

At 5 µm  each photon has energy E:

E = hc

λ
= 6.626 ×10−34 J s ⋅ 2.998 ×108 m / s

5 ×10−6 m

E = 3.97 ×10−20 Joule / photon

Joule / sec =  Watt

Watts =  3.97 ×10−20 Joule

photon
⋅1.81×1025 photons

second

Peak Power = 720 KW

Average power =720,000 J / s ×10 ×10−9 s

= 7.2mJ
That means that the laser must deliver
720KW at 5 µm  for the 10 nsec that a
bunch is in the 3 meter interaction
region to get 90% stripping.

There are so many more photons than
ions that photon depletion is not a
problem.  This photon flux will strip 90%
of any  intensity ion beam obtainable.
The intensity profiles of the colliding
laser and ion beams are assumed to be
similar. The same flux of chasing
photons would be required to strip 90%
of the ions. The wavelength required is
133 nm.

Care must be taken to define the
interaction region and pulse length so
that ions don't see photons in magnetic
fields.

Power can be reduced by lengthening
the IR or increasing the number of
times the ion beam comes round through
the IR.

Power levels required vs % ions stripped

per  πcm2are given in the following
table :

     Table I
Watts Joules

Peak power % stripped Avg power

15 ,871 5 0.00015871
32 ,602 1 0 0.00032602
69 ,048 2 0 0.00069048

110 ,367 3 0 0.00110367
158 ,067 4 0 0.00158067
214 ,484 5 0 0.00214484
283 ,532 6 0 0.00283532
372 ,551 7 0 0.00372551
498 ,016 8 0 0.00498016
712 ,500 9 0 0.007125
926 ,985 9 5 0.00926985

1 ,425 ,001 9 9 0.01425001
2 ,137 ,502 99 .9 0.02137502
4 ,275 ,005 99.9999 0.04275005

Total power over area

How to Generate The 5 µm  Light

In a practical application up to 50% of
the beam power could be lost in optics
and overhead needed to maintain 90%
stripping power level for 10 nsec.  High
average powers requirement arise
because there may be 84 to 100 bunches
every 67 milliseconds. Even more
average power is required if one wants
to extract any combination of bunches,



or do 99% stripping. Experts 2  who build
big custom lasers say these power levels,
PW = 500 usec, PRF = 15 Hz, are
achievable.  The long PW is made
possible by enriching the gas mixture
with nitrogen to enhance the nitrogen
tail.  Output is not flat over long pulses so
some power overhead must be built in.

The generation of very fast pulses3  with
good rise and fall times is possible and
mirror/shutter pulse string generation4

schemes exist. The pulses are best
manufactured at low power. Pockels cells
with pulse divers exist which can gate in
18 nsec and run continuously at 20 MHz
at 1 to 2 microns. 100MHz units are
expensive. 5 µm  units should be
achievable. The seed pulses are then fed
to a large CO laser. Much work has been
done on gas lasers. There are several
usable articles in the literature5 ,6  ,7 ,8 .
LSDI people say that LN2 would be used to
cool a CO laser9. Pulse lengths of 2 to 4 ms
have been observed1 0 . An amplifier
might look like this:1 1

Loss
Output

SeedPower
Leveling
Pockels
Cell

Q-switch
Pockels
Cell

M1 M2
wave/4

Gain
Cell

Brewster
Plate

Output

The whole system might look like this:

CO laser
amplifier

M3

Gain CellBrewster

A-O

7 Watts
25 MHz

15 KV
10KA

   50 MHz
Pulse Train

500 usec
15 Hz

Mode locked
Seed laser

M1 M2

M4

Pulse
Picker

Brewster

Intermediate
Amplifier

A more efficient system may be a mode
locked  seed driving an amplifier.

The seed oscillator would be programmed
to provide only the pulses required. The
high power stage does not need to
sustain megawatts for 500 usec. Pulses
can be shaped with EO devices or mirrors
whose reflectivity is altered with a
second laser.

While an IR laser works for colliding
beams, 135 nm is required to chase a 2
GeV beam.  While some work is being
done there12  and into X-rays13 , no one is
generating  30MW peak power. CLBO can
be used to generate 190 to 266 nm14. 150
nm Lasers seem to be the limit in 1995.

The laser beam must collide or chase the
proton beam at zero degrees in order to
pick the portion of particle phase space
desired. If the laser crossed the proton
beam  all of some space would be
stripped.  A µm  laser could be used but
would require 187mJ per bunch.
The 5 µm  laser requires only 7.2 joules
per bunch (90% stripping)

        Laser Practice

Applications for laser stripping of ions
exist at FNAL today.

Quality of 400 MeV beam can be
determined with a laser. We don't have
an easy or accurate way to assess LINAC
beam quality today.

Partial Booster batches could be created
by stripping at 750 KeV.

Beam diagnostics are possible at the 66
MeV NTF port.

Beam synched laser pulse provides the
ability to kick out any bunch in the
machinebefore injection to make a hole
for extraction kicker rise time. We
presently smear 1.5 bunches on the
extraction septa, limiting the integrated
beam which can be provided to MR while
staying within RAD safety limits. This
can be accomplished with a commercial
1 µm  10 ,15 ,16  laser at a cost less than gap
preserving RF cavities.



Lasers can be applied to these four
applications at a cost less than a high
end oscilloscope.

Development of  one of the smaller
systems would train us to manipulate
light in a bigger way.  Many techniques
and modes of thinking developed at 1 µm
can be applied at 5 µm . Big differences
appear in performance of materials.
1 µm   is mature and cheap. 5 µm  has seen
very little developement.

    Is emittance carving possible?

Stripping a single bunch is easy; 14 mJ.
Stripping 84 bunches can be done at
some expense; 1.2J.  Stripping 84
bunches in any combination (every 7th)
at 15 Hz needs power levels not easily
attainable at 5 µm .
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