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FUTURE PROSPECTSFOR LASER STRIPPING INJECTION IN HIGH
INTENSITY MACHINES*

V. Danilov”, ORNL, Oak Ridge, TN U.SA.

Abstract

With the increase of average power of present and
future high intensity proton rings and rapid progress of
laser technology, laser-assisted stripping become a real
aternative for carbon foils that are used for charge-
exchange injection. High efficiency laser stripping,
achieved experimentally at Spallation Neutron Source in
Oak Ridge, TN, paved the way to full scale devices of
such type. This paper presents overview of machines and
choices of parameters for future powerful accelerators
with possible laser stripping use.

INTRODUCTION

After years of theoretical investigations of a laser
stripping feasibility, the first high efficiency |aser-assisted
conversion of H™ beam into protons was demonstrated at
SNS in Oak Ridge, Tennessee [1]. It was shown that it is
possible to overcome the main difficulty of the method —
to excite hydrogen atoms with very large spread of
transition frequencies between the ground and some upper
level of the hydrogen atomic beam. A level with quantum
number n=3 is used in the experiment; the upper level
choice for the SNS, as well as the other projects with
possible laser stripping applications, is covered in detail
in the next section.

The hydrogen beam was obtained from an H™ beam
after its transfer through a 2 Tesla magnet. Since the
process of one electron detachment produces a negligible
energy change for the atoms, the resulting H® beam
inherited the SNS linac relative energy spread of the order
of 10° Due to the Doppler dependence of the light
frequency on the ion energy, the energy spread resulted in
a large absorption line width as compared to relative
bandwidth of lasers with values around 10°-10°°. Even
though the atomic level’s excitation was investigated at
the dawn of quantum mechanics, the conventional
methods, such as Rabi oscillations, couldn’t provide an
excitation efficiency close to 100% for the typical linac
beams.

We utilized the Doppler dependence of light frequency
on incident angle and a convergent laser beam. By
focusing the laser beam in the plane of the two beams, the
angle of incidence of the laser light changes along the
hydrogen beam path in the laser-particle beam overlap
region. The laser frequency remains fixed, but because of
the Doppler dependence of the rest-frame laser frequency
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on the incident angle, the frequency of the light in the
atom’s rest frame decreases as the angle increases. This
introduces an effective frequency “sweep” as the
hydrogen beam traverses the laser interaction region. This
spread can be made large enough that all atoms within the
spread of energies will eventually cross the resonant
frequency and become excited. The excited electron is
stripped by the second 2 Tesla magnet of the stripping
device.

The resonant excitation in two-level quantum systems
has been a very developed area in application to spin
physics. For a linear frequency dependence on time the
problem was analytically solved by Froissard and Stora
[2]. However, in spectroscopy this method is quite new
and we will give an analytical formula for the probability
of excitation in the next section. In addition, we review
other suitable excitation methods.

After this, we will present briefly the results of a proof-
of-principle laser stripping experiment that was carried
out last year at SNS, as well as the plans to build a
prototype of the real laser stripping device and the
challenges, associated with this.

The last sections cover different choices of upper levels
and magnetic fields for projects with higher energies.

THEORY OVERVIEW

The laser frequency, an, in the H° atom rest frame is
related to the light frequency, @, in the laboratory frame as
follows:

wy = y(1+ pcosa)w, (D)
where o is the angle between the laser and H® beam in the
laboratory frame. For the n=3 upper state the required
wavelength is 4, =102.6 nm, and the frequency is
0=21c/ A5=1.84* 10" Hz.

To check the degree of excitation we solve the quantum
mechanical problem with the laser frequency linearly
changing in time. The equation for thisis derived in, e.g.,
[3], but is modified here so that the difference between
the laser and transition frequencies is a linear function of
time:

C'l _ WLEC ei(At+l’T2/2),

n
2 @
Cn _ IIL[ZH;E Cle‘i(A”nz/Z),

where C,; and C, are the electron amplitudes for being in
state 1 or n, respectively, E is the amplitude of the
oscillating electric field, A is the laser and transition
frequency difference at zero time, I'=dm/dt is the

frequency sweep rate, =g =—J.d3r u; (Feau,, (F)
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(assuming the light is polarized and the electric field is
parale with the z axis, perpendicular to the plane of
interacting beams), and u; and u, are the normalized wave
functions of the ground and the upper excited state,
respectively. In the case where the reference energy
particle matches the laser and transition frequencies, the
difference A is proportional to the relative energy offset
from the reference energy and can be obtained from (1):

A= o(y(L+ feosa) + 2% o ©)
B

where wisthe laser frequency.
The problem was analyzed in [4] and here we present
only the peak laser power estimation for high efficiency

stripping for the relativistic case of 5~1:
_In(l/ 8)h*eCPxwy sina h

24tipy(L+ Beosar)?

where 8<<1 istheratio of unexcited to excited atoms, his
the vertical half size of the beam, ay isthe laser frequency
in the rest frame of the atom, related to the laser
frequency by (1), xis the full relative frequency change
along the beam path, which, as follows from numerical
simulations, has to be 3 times larger than the FWHM
relative spread of energies (or around 6 times larger than
Sy(rms)

(4)

the relative rms energy spread) x = 6 in order to

reach the stripping efficiency above 90%.

Other methods were proposed to excite the levels with
a large absorption line width. For example, it was
proposed to use the frequency sweep using the
dependence of magnetic field on longitudinal coordinate
and the associated Stark effect [5]. The other possibility
to excite all atoms using narrow band laser, suggested in
[6], is to widen the upper level with a magnetic field such
that the level width is made to cover the transition
frequency spread due to the Doppler effect, i.e,

Aol @y =6yl y, where Ayis the width of the upper level.

Substitution of x = 6A,/wyinto (4) yields amost the
exact formula for the stripping efficiency in this case (see
[7]) if coefficients £, are the same. In redlity, though,

these coefficients get lower for the Stark broadened levels
and the required laser power is a few times larger for that
case [7]. But, in principle, formula (2) is a good

estimation for all cases after substituting x = 6m .

The main facts we need from it for the remainder of the
paper are:

1) The laser peak power is proportional to the spread
of upper level frequencies;

2) It is aso proportional to the vertical size
(assuming the ion and laser beams interact in
horizontal plane);

3) There is strong dependence on the dipole

transition coefficients 14, , .
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For the SNS linac parameters (assuming 6=0.1 or 90%
of dripping), p=0.875 o0=40°, Kk=3- 10‘3(00,

ay ~18410°Hz, h=~1mm,
) 3eq,
—_1q° P ) = )~
Mz = Id r uy (Mezu,(r) N 0.298ea, for the
transition between the 1% and 3™ states, the formula (4)
yields approximately 10 MW of peak laser power. For
comparison and for the next material, we present here the
dipole transition coefficients for the n=2 and n=4 levels:
\ 2ea,
=— 3 r r = =
Mo = jd ruy (Mezu, (1) 50 0.372eg,,
211660
=~0.17 .
5045 %
Now we briefly describe what determines the choice
for the upper level.

n=3, and

o =—[ & u; (P)em, () =

Upper Level Choice

The upper level choice depends on beam energy. The
laser excitation and the consequent magnetic stripping
strongly depend on relativistic # and y via the Doppler
Effect and the electromagnetic field transformation from
the laboratory to the beam rest frame. At the same time,
the probability of the upper state excitation decreases with
the increase of the upper level main quantum number (see
the dipole transition coefficients above). The optimum for
medium energy beams range from n=2 to n=4. We
describe the particular optimal choice for the SNS and
future accelerators in the last section.

STATUSOF LASER STRIPPING
PROJECT AT SNS

We briefly describe the first developments of laser
stripping at SNS. Some of the ideas can be useful in
application to the future projects laser stripping.

The laser stripping program was started at SNS 5 years
ago, culminating in successful proof-of-principle laser
stripping experiments. We had a total four experimental
runs:

In the 1st experimental run (December 2005) - no
stripping was seen. It failed, probably, due to loss of the
laser power in the laser transfer line which had a length of
approximately 100 meters.

In the 2nd experimenta run we had some
rearrangement of the equipment. The laser (Q-switched
Nd:YAG Continuum Powerlite 8030) was moved to the
optics table adjacent to the magnet assembly. This tripled
the laser beam power. The laser beam incident angle and
beam parameters (energy of the ions) were more carefully
measured. This run (March 2006) led to the first success
with about 50% stripping efficiency.

The 3rd run (August 2006) was successful with around
85% stripping achieved, and additional effects were
studied.

In the 4th (and final) run in October 2006, we obtained
a record 90% stripping efficiency (with roughly 10 MW
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peak laser power available) and studied the additional
effects. Details of the experiments and the results can be
foundin [1].

A simple multiplication of 10 MW laser peak power,
used in the first experiments, and the duty factor of the
SNS beam (equal to 0.06) yields the average power of 0.6
MW needed to strip the entire ion beam. Obvioudly, the
power is too large to make the device practical. It shows
that the used Q-switch laser is not suitable for the task of
stripping the entire SNS beam. That is why we stripped
only a few nanosecond of beam in our proof-of-principle
experiment. Now, our team has a plan to demonstrate the
long pulse stripping with mode-locked lasers, more
suitable for the task.

To build a working laser stripping device, we need to
take a few steps to reduce the required average and peak
power of the laser to be able to use existing laser
technology. These steps, ordered according to their
importance from most to least important, are listed below:

1) Matching the laser pulse time pattern to ion beam
one to reduce the laser beam idle time;

2) A dispersion derivative introduction to eliminate the
Doppler broadening of the absorption line width for the
laser peak power reduction;

3) Laser beam recycling to reduce the average laser
power;

4) The ion bunch length reduction for the average laser
power reduction;

5) The ion beam vertical size reduction for the laser
peak power reduction;

6) The ion beam horizontal angular spread reduction
for the peak laser power reduction.

These steps were described in detail in [8]. The new
developments in beam recycling schemes were made
since then. We describe these devel opments below.

Laser Beam Recycling Devel opment

Typically, only a very small portion (~107) of photons
is used for the hydrogen excitation. To further reduce the
average power, we want to reuse the same laser beam
10 times, either by bouncing the light between mirrors or
by using a Fabri-Perot resonator. Figure 1 shows the
Fabri-Perot cavity ordered for tests.

3724 mm , 50 mm
( Rigz m m

3 PZTsfor alignment, length adjust

Figure 1. Drawing of Fabri-Perot cavity for the SNS laser
stripping intermediate experiment.

The reflectivity of the mirrors for 355 nm light is chosen
to be 92%. We would like to test the amplification of the
light in the cavity this summer. The 50 ps light pulses will
be sent to the cavity with a 402.5 MHz repetition rate.
These tests are aimed at checking if the laser is stable
enough to produce the interference between pulses. The
mechanical stability and lens position feedback will be
tested as well. If the tests are not successful, we move on
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to testing another light recycling scheme. Figure 2 shows
the outline of the cavity with the third harmonic crystal
inside.

Spherical mirror

= .
~ Spherical mireor
Flstmirtor

Figure 2: Cavity with the third harmonic crystal.

In this scheme we plan to inject the first and the second
harmonic of 1064 nm light through the flat mirror, shown
in the left bottom corner, which has to have very low
reflectivity for these two harmonics. The crystal converts
the light into the third harmonic. All the mirrors should
have very high reflectivity for the 355 nm light, so that
the laser pulse gets trapped in the cavity. A similar optics
but with the second harmonic crystal inside has been
tested successfully before [9].

LASER STRIPPING FOR FUTURE
PROJECTS

Future projects with H beams tend to have higher
energy than that of the SNS. Thisis driven by the need to
reduce space charge effects at the ring injection energy.
We focus on two future projects: the 4 GeV linac for the
LHC new booster, and the Fermilab Project X with 8 GeV
beam.

Upper Level Choice for Future Projects

Fortunately, the two mentioned above future projects
have energy above 3.23 GeV — thisis the minimal energy
when the most convenient 1064 nm light can reach the
n=2 level of hydrogen in head-on collision. For 4 GeV
beam the incident angle has to be 47.5 degrees for this
upper level; for n=3 state the angle is about 9 degrees.
This small angle can pose difficulties in building Fabri-
Perot cavity, but we still may consider this option. The
other states are not accessible by 1064 nm light at 4 GeV
energy. At Project X 8 GeV energy n=2 and n=3 states
don’'t have much difference. The accident angles are 95
and 85 degrees, respectively. Even though the n=3 level
requires 50% more laser power for the same stripping
efficiency, it can be the choice if one wants to use weaker
magnets for second electron stripping.

Project X team may want to consider using lasers with
the 2 um wavelength. There is a 4-fold laser power
decrease for the same stripping efficiency due to
geometrical factors — the incident angle for n=2 becomes
43 degrees. But the lasers at this wavelength may not be
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as powerful and developed as for the 1064 nm. This topic
requires a further analysis and is omitted below — we
cover only 1064 nm wavelength light.

Laser Peak Power for High Efficiency Sripping

Looking at formulas (4), one can see that the laser
power needed for stripping goes down with energy, with
dipole coefficients increase and the decrease of the
vertical size. For the SNS POP experiment parameters
high efficiency stripping was achievable at 10 MW level.
That is why we are going to introduce the dispersion
derivative at IP (see previous section) to reduce the
needed peak power to 1 MW level. Dispersion derivative
introduction is more difficult choice for both Project X
and the new LHC linac because their transfer lines don't
plan to have the strong bending magnets. But taking into
account higher energies, larger dipole transition
coefficients, and possible vertical size reduction to, e.g.,
0.3 mm size and below, the peak power for high
efficiency (above 95%) stripping drops below 1 MW.

Figure 3 shows the excitation probability for n=2 level
as a function of time for the 1064 nm light and 4 GeV H’
beam. Three lines correspond to a reference particle (red
line), a particle with 1 rms energy offset (the rms energy
spread is taken to be 0.6* 10 that corresponds to a typical
SNS beam spread) (blue line), and a particle with three
rms energy offset (green line). The rest of parameters of
the Gaussian laser beam are: its peak power is 0.5 MW,
the Rayleigh range is 4.6 mm, the waist at IP is 0.6 mm,
and the distance of IP from the laser beam waist is 7 cm.
The beam is very diverging for two reasons: the first is to
have spread of frequencies to cover the Doppler width of
the 2" level; the second is to have large size of the beam
at the laser window to avoid its damage by the laser.

One can see that even for 3 rms energy deviation, the
excitation probability is above 95%. The overall
efficiency is close to 100%, but we have to point out that
the vertical rms size as to be smaller than 0.3 mm, and the
linac beam halo is negligible in the estimate. The
stripping inefficiency in this case will be determined by
how close is the magnetic field to the IP (we cover this
topic below where we discuss the general [P
configuration).

Reducing the Average Laser Power

Even though the needed laser peak power is moderate, it
is very hard to extend it to 1 ms pulse width to strip the
entire linac beam. Here we propose to use Fabri-Perot
cavity to amplify the laser pulse to a MW peak power
levels. The infrared diapason is the best for this option.
The mirrors with 99.99% reflection are common for this
range. If one gets coefficient Q.=1000 of peak power
amplification in the Fabri-Perot cavity, and uses mode-
locked laser with linac beam repetition rate of LHC linac
that is 352 MHz, the average power P,, of the laser for the
new LHC linac becomes

WGC06

Figure 3: Excitation of n=2 level as a function of time for
4 GeV beam for 3 various particle energy.

Pa=2Hz*50ps* 352MHz* 0.6ms* 0.5MW/ Q,=0.01W,

where we assumed 2 Hz repetition rate for the new LHC
booster, 50 ps linac bunch duration, and one pulse
duration of 0.6 ms.

Choice of the Laser

In light of this low numbers for the average laser
power, one can consider not using mode-locked lasers,
but CW laser that work only when the linac bunch train is
coming to the ring (in other words, having its duty factor
equal to that of the accelerator facility). In this case the
average power will grow by factor 60, and there is a
serious problem related to whether the Fabri-Perot cavity
can withstand this power during 1 ms pulse. The cavity
has to have amplification of 1000 in order to use available
kilowatt CW infrared lasers (the list of the powerful solid-
state fiber laser can be found in [10]). In any case, the
parameters of the laser light should be achieved in along
pulse (600 us for the LHC linac, and 1 ms for the
Project X) —thisis an area of future R&D laser stripping
projects.
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Magnetic Sripping of Excited Level

The upper levels in our case, except for the principle
guantum number n, have two others quantum numbers
fixed with I=1 and m=0 with respect to the axis of electric
field polarization (in the above material, it is called the z
axis) . We consider here the case with n=2 as being the
most ssimplest and promising for the LHC power upgrade
linac and for the Project X (even though n=3 level is also
an attractive option).

The quantum numbers for this level are related to the
polar coordinates. The eigenvalues of the levelsin the rest
frame electric field, resulting from the laboratory system
magnetic field, are calculated in the parabolic coordinates
and are different from ones of the polar system.
Therefore, in the adiabatic process of excited atoms
entering the field, the initial excited state splits, in
general, into some number of the Stark eigenstates
depending on the angle between the laser polarization and
the electric field in the atom rest frame that is
perpendicular to the laboratory frame magnetic field.

We consider for simplicity two opposite cases: the laser
electric field is parallel, and perpendicular to the electric
field (the other cases can be obtained in the same
manner). For the laser and the electric field parallel, the
projection of angular momentum on this axis (z axis) is
equal to zero (m=0). The excited state in the field-free
region has quantum numbers n=2, I=1, m=0. We denote it
as §2,1,0). The parabolic quantum numbers, other than
m, are n, nl, n2 (n=nl+n2+m+1). We denote the
eigenfunctions as P(n,n1,n2,m). These eigenfunctions are
related to each other in the following way (see, e.g., [11]):

1 1
S(2,1,0) = — P(21,0,0) - — P(2,010), 5
(l)[z(]")fz(l) ®)
if the laser is perpendicular to the magnetic field that is
the same as being parallel to the rest frame electric field.

For m=1 case (the laser polarization is perpendicular to
z axis of rest frame electric field from magnets, or laser
electric field is paralld to the second magnet magnetic
field), therelationiis:

S(211) = P(2,0,01). (6)

It tells us that if the laser polarization and the stripping
magnetic field are perpendicular, the excited state will be
split into two parabolic states; if they are parallel, there
will be no split.

Figure 4 shows how the lifetime of the n=2 states
depends on the magnetic field for LHC Power Upgrade
case (the data for the upper states lifetime is taken from
[12]). If we use this data for the angular spread
calculations (the method of calculations can be found in
[4]) in the field of a 2 Teda magnet with a5 cm gap, we
get an rms angular spread of 0.07 mrad for the state
(6) and arms angular spread of 0.12 mrad for (5). The big
difference isrelated to the split of the upper level into two
states when the polarization is perpendicular to the
magnetic field.
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Figure 4 Lifetime of the three n=2 eigenstates as a
function of magnetic field (in Teda) for 4 GeV neutral
hydrogen atom. The blue dotted line corresponds to n1=0,
n2=1, m=0, the green dashed line — to n1=0, n2=0, m~1,
and the solid red line —to n1=1, n2=0, m=0.

These egtimations are valid only if the excitation
happens in the field-free region - the level shifts from the
Stark effect have to be smaller than the resonant Rabi
frequency. If they are of the same order, the excitation
gets more complicated and it is necessary to consider
transitions between parabolic states in the magnetic field
— they are, in general, a superposition of polar eigen
states. The only one-to-one correspondence happens for
case (6). In this case the laser polarization is parallel with
the magnetic field and the excitation occurs in the same
manner as described before until the inverse lifetime
become similar to the Rabi frequency — after this, the
excitation drops rapidly as the upper level widens [7].
There exists possibility to use I. Yamane method [6] that
utilizes the Stark broadening as opposed to the laser light
frequency sweeping, but it is not demonstrated yet — for
the n=2 level there should be not much difference in
required laser power [7], but the choice of the other laser
parameters might be different from the one in our case.

For n=3 level the situation is more involved. The laser
power for the excitation is higher due to reduction of the
dipole transition coefficients. It can be partiadly
compensated by the decrease of the incident angle. But
special precautions have to be taken to avoid a large
broadening of the levels by magnetic field. In addition to
broadening, the levels split and shifted. Therefore the
resonant frequency may miss the levels and the
excitations may disappear. This topic is a matter of
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optimization and development at SNS and will be covered
in the next papers on the laser stripping method.

Injection Region Requirements for Laser
Sripping

There are a few special requirements, imposed by this
method of laser stripping on the configuration of magnets
and values of beta functions at the laser stripping point.

Firg, the laser stripping point has to be as close as
possible to the second magnet for the second electron
stripping. This requirement comes from the need to avoid
undesired decay of the excited state into the lower states
that leads to a stripping efficiency decrease. For example,
each centimetre of the distance between strong stripping
field (for 4 GeV it is around 1.5 T) and the Interaction
Point leads to 0.4 % loss of efficiency for the n=2 state at
4GeV.

The second important requirement comes from
emittance increase due to the second electron stripping
(here we assume the first electron stripping emittance
increase is much smaller). For the state (6) the angular
rms spread is 0.07 mrad. If one wants to keep the
resulting emittance increase much lower than the fina
ring emittance (for LHC booster the normalized emittance
has to be 3 microns [13]), then the beta function in
direction of the second magnet bend should be much
lower than a certain limit. For estimations we assume the
beta derivative is small and the emittance increase is
given by 0.07*10°*p. This has to be much lower than the

booster emittance 0.07-1073 8 <<3-107°/ ythat results
inf<<120m.

There exist one interesting opportunity with the laser
stripping injection — one can arrange the first, the second
stripping magnets, and the beta functions such that the
resulting emittance is the same as the required ring
emittance. It would mean that the injection painting is
unnecessary in this case — the painting will be done
automatically by stripping magnets. This topic requires
more studies and is a subject of future work.

CONCLUSION

After experimental demonstration of high efficiency
laser stripping the study has been done to build prototypes
of real stripping device. The developments of the
prototype, as well as possible solutions for future projects
are discussed.
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