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Abstract
A realistic full duty factor laser stripping charge exchange

injection scheme for a future 1.3 GeV beam at the SNS is
considered. Different schemes of laser stripping involving
combinations of photoexcitation, photoionization and mag-
netic field stripping are calculated. The laser power and
magnetic field strength needed for different approaches are
estimated and compared. The most practical scheme of laser
stripping is selected for development.

INTRODUCTION
Laser assisted charge-exchange injection of H− beam has

been studied theoretically and experimentally at the Spalla-
tion Neutron Source (SNS) in Oak Ridge. This novel method
can replace foil assisted charge exchange injection. High
beam power destroys stripping foils quickly due to beam
heating [1].

A detailed review of laser stripping development can be
found in a recent paper [2]. The first proof of principle
experiment has been carried out at the SNS for a 900 MeV
beam energy [3] using a three step laser stripping scheme
[4]. A proof of practicity experiment has been performed
for 1 GeV energy [5]. The main goal of laser stripping
development is to optimize lasers, magnets and other tools so
it would be practically reasonable to build the system. Lasers
must have small average power and stripping magnets must
be preferably non-superconducting. Recently we developed
a sequential scheme of laser stripping that could reduce laser
power by a factor of 10 and simplify the project [2]. J-PARC
is considering using lasers only without stripping magnets
for their low energy 400 MeV beam [6].

The choice of laser stripping scheme and its optimization
depends mainly on the beam energy and other parameters of
the beam. SNS is planning to upgrade the beam energy to
1.3 GeV within the PPU project [7]. In this paper we present
all possible schemes and parameters for the 1.3 GeV beam
using realistic expected parameters of the beam distribution.
Based on these schemes we will select the most simple and
practical method to consider for further development.
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MAGNETIC STRIPPING
High energy H− ion beam as well as H0∗ excited state

beam can be easily stripped/ionized in a strong magnetic field
through Lorentz ionization. The first and the last step of the
three step laser stripping have been performed by using non-
superconducting electromagnets [3] or permanent magnets
[5] of 1.5-2.0 Telsa. The beam energy was 0.9-1.0 GeV and
H0∗ was excited into the 3p state for easy magnetic field
stripping. The first step H− → H0 + 𝑒− for 1.3 GeV ion
beam can be performed by a simple permanent magnet with
field of the order of 1 Tesla. The 3s, 3p and 3d excited states
of the Hydrogen beam H0∗ → p + 𝑒− can be stripped by the
same order of magnetic field.

In this section we will estimate stripping of the 2p excited
state in a 1.3 GeV beam. The magnetic field profile B𝑥(𝑧)
along z-direction of a beam for a typical magnet can be
characterized by a Gaussian shape:

𝐵(𝑧) = 𝐵0 exp (− 𝑧2

2𝜎2 ) (1)

The ionization lifetime of the 2p excited state of the hydro-
gen atom in electro-magnetic field has been calculated from 
this work [8]. The stripping efficiency of single particle is 
calculated by integrating the stripping probability over B(z) 
Eq. (1). Figure 1 represents the stripping efficiency of the 
beam as a function of B0 and 𝜎.
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Figure 1: Stripping efficiency of 2p excited state in a 1.3 GeV
hydrogen beam in a magnetic field (1).

From this picture it is seen that magnetic field of normal
longitudinal size 𝜎=1 cm requires 4.0-4.5 Tesla to strip more
than 99% of the beam.
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PHOTOIONIZATION
J-PARC is considering using only lasers for photoioniza-

tion of the H− beam and H0∗ excited states without using
any stripping magnets because of their small beam energy.
Using a superconducting magnet of 4.5 Tesla seems to be
complicated so it is good to estimate and compare stripping
of the 2p excited state by direct laser photoionization. The
photoionization crossection is very small for a hydrogen
atom and has a maximum value when the photon energy
𝐸𝛾 matches a ”resonance” of photoionization from 𝑛𝑡ℎ ex-
cited state into continuum i.e. 𝐸𝛾 = 1/2𝑛2 [9]. Using this
factor and assuming that a realistic bunch and laser pulse
have Gaussian density distributions we can formulate three
criteria for the most optimal photoionization scheme that
requires minimum laser power (see Fig. 2):

• The transverse H0 beam size 𝑟𝑏 and corresponding laser
beam size be as small as possible in order to provide
the highest power density and photon flow for the most
effective photoionization.

• The incidence angle 𝛼 between the laser and H0 beam
must be optimal in order to provide the highest pho-
toionization crossection for the photon energy ℎ𝜈 =
1/2𝑛2 a.u. in the particle’s rest frame accounting for
relativistic Doppler effect.

• The H0 beam must be tilted at the optimal angle 𝜑
due to the beam dispersion in order to provide the best
overlap with the laser beam for highest photoionization
efficiency. This scheme is called the Crab-Crossing
scheme [10].

Figure 2: Crab-crossing scheme of H0 beam photoionization
by laser pulse.

1s Photoionization
Here we estimate photoionization for a non-excited hydro-

gen atom in 1𝑠 state. The photoionization energy in the parti-
cle rest frame is 0.5 a.u. or 13.6 eV which requires UV laser
with 355 nm wavelength for a 1.3 GeV beam. The photoioni-
ation crossection for the 1s state equals 𝜎 = 6.3 × 10−22 m2.
We will use an elliptical Gaussian H0 beam with realistic
achievable size parameters for the SNS accelerator. We
assume transverse size 𝜎𝑥 = 𝜎𝑦 = 𝑟𝑏=0.5 mm, longitu-
dinal size 𝜎𝑧 = 𝑙𝑏=100 ps and an incidence angle 𝛼=450.
The photoionization efficiency can be calculated by numer-
ical integration of two Gaussian beams. Optimization of
the laser pulse for photoionization of the 99% of the beam
gives the optimal transverse size of the laser pulse to be:

𝑟𝑙 = 𝜎𝑙=0.85 mm. The laser pulse energy is 𝑄=35 mJ. The
photoionization efficiency does not depend much on the
longitudinal laser pulse width because of the integration
properties but the shorter laser pulse is preferable. The to-
tal laser pulse energy has a quadratic dependence on H0

transverse beam size 𝑄 ∼ 𝑟2
𝑏 .

2p Photoionization
The photoionization crossection for the 2p excited state of

hydrogen equals 𝜎 = 1.7×10−21 m2 which is only 2.6 times
bigger than for the 1s state but smaller ionization energy will
allow us to use an infrared laser 𝜆=1064 nm that is much
more powerful than UV laser. The optimized transverse
laser size in this case equals 𝑟𝑙 = 𝜎𝑙=0.8 mm and the pulse
energy equals 𝑄=4 mJ. The optimal angle is 𝛼=75.5 deg.
Figure 3 shows the photoionization sensitivity as a function
of the incidence angle of laser. The photoionization crossec-
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Figure 3: Photoionization efficiency of 2p state as a function
of incidence angle of laser 𝛼.

tion drops down for smaller angle 𝛼 because the photon
energy increases in the beam frame due to the relativistic
Doppler effect. In any case, the photoionization efficiency
does not change much because of the increasing power den-
sity and photon flow in the beam frame due to the relativistic
transformation.

Photoionization Option for J-PARC
J-PARC uses a low energy 400 MeV beam for which it is

difficult to employ magnetic stripping both for H− and H0∗

beams. Here we estimate pure laser photoionization of the
3p excited state [6]. A preliminary estimate has been done in
[11]. The crossection equals 𝜎 = 3.37×10−21 m2. For 𝜎𝑥 =
𝜎𝑦 = 𝑟𝑏 = 1.5 mm transverse and 100 ps longitudinal rms H0

bunch size we calculated the laser pulse energy to be 15 mJ
for 99% efficiency assuming the crab-crossing scheme of
interaction. The transverse laser size equals 𝑟𝑙 = 𝜎𝑙=2.2 mm.
The most optimal angles of interaction are 𝛼=970 and 𝜑=590

but can be made smaller if needed.

RESONANCE EXCITATION
Here we consider different schemes of resonance excita-

tion of an H0 atom by laser for a 1.3 GeV beam in order
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to figure out what is the most optimal and feasible scheme
that requires the lowest laser power. Table 1 represents the
optimal achievable parameters for a 1.3 GeV beam. The
laser beam lies in the horizontal plane with the H0 beam.

Table 1: Emittance Parameters for 1.3 GeV Beam at the SNS

Parameter Vertical Horizontal

Emittance 0.4 mm×mrad 0.4 mm×mrad
𝛼 (Twiss) 0 0
rms size 0.5 mm -
rms angle - 0.3 mrad
Dispersion 0 m 0 m

We represented the transverse Twiss parameters of the
beam in terms of the vertical rms size and horizontal angular
rms spread because the minimization of these two parameters
provides the maximum efficiency of excitation. The emit-
tance at the SNS is a given value and cannot be minimized
without reducing the beam current. Longitudinal momentum
spread can be minimized down to 𝜎𝑝/𝑝=1.5×10−4.

One Step Excitation
Here we consider one step 1s→3p excitation [4]. In this

case we can use only UV laser with 355 nm wavelength
with incidence angle 𝛼=60.20. Table 2 shows laser peak
power needed for beam excitation for different parameters of
horizontal dispersion derivative D′=𝜕𝐷𝑥/𝜕𝑧 and different
excitation efficiencies.

Table 2: Laser Peak Power for 1s→3p Excitation

D′ = 0 D′ = -1.62 Excitation efficiency
8 MW 6 MW 90%
12 MW 9 MW 95%
37 MW 25 MW 99%

Sequential Excitation
Here we consider scheme of [2] for 1s→2p→3d sequen-

tial excitation. Table 3 shows laser peak power for different
wavelengths and different parameters D′ of the beam. The
bold highlighted values denote the minimum laser power
required for the beam excitation with the most optimal D′.
It is seen from the Table 3 that the beam dispersion deriva-
tive cannot be optimized for both steps 1s→2p and 2p→3d
simultaneously. Anyway, it is possible to choose some in-
termediate value -1.0 < D′

𝑧 < -4.7 that would be optimal for
excitation 1s→2p by a green laser and 2p→3d by an infrared
laser. The laser peak power for each step is about 1MW
which corresponds to a 0.25 mJ pulse energy for 𝜎=100 ps
laser pulse width.

SUMMARY
We considered different schemes and methods of laser

stripping for a 1.3 GeV beam at the SNS. Among all meth-

Table 3: Laser Peak Power in MW Required for 99% Excita-
tion of the 1.3 GeV Beam with Emittance from Table 1.

D′ 0 -0.1 -1 -1.2 -2 -3 -4 -4.7

1s→2p
355 nm 9 9 7.5 7.5 8.5
532 nm - - 1.3 1.1 0.6 0.4 0.35 0.3

2p→3d
355 nm 6 6 7 7 13
532 nm 3 3 3 3 3.5 5
1064 nm 0.6 0.6 0.6 0.6 0.8 1.0 1.3 1.5

ods the most realistic and practical scheme seems to be the
sequential excitation scheme 1s→2p→3d by using a green
laser with 𝜆=532 nm and 𝛼 = 22.80 for 1s→2p step and
an infrared laser with 𝜆=1064 nm and 𝛼 = 110.60 for the
2p→3d step.
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