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Abstract

This paper presents a scheme for 3-step stripping of H ~beam. First, H ~ atoms are converted to H° by a magnetic
field, then H° atoms are excited from the ground state to the upper levels by a laser, and the excited states can be
converted to protons by a magnetic field. The laser excitation encounters difficulties, related to the energy spread of the
beam. The Doppler broadening of the absorption line width due to momentum spread is so large that a narrow
bandwidth laser can excite only a small fraction of atoms to the upper levels. For the broad laser spectrum it is not
evident how to excite all the atoms simultaneously. A special solution is found to overcome this problem. The
experimental setup to satisfy the solution and to reduce the average laser power is presented.

l. Introduction

Thin carbon foils are used as strippers for charge exchange injection into high intensity proton
rings. However, the stripping foils become radioactive and produce uncontrolled beam loss,
which is one of the main factors limiting beam power in high intensity proton rings.

The U.S. Spallation Neutron Source Project (1 Gev, 1.4 MW) [1] relies on carbon stripping
foils for H™ charge exchange injection into the ring. Though the foil assembly is well optimized, it
requires an involved maintenance. The foil mechanism itself may represent a large impedance for
the beam, and the lifetime of stripping foils impacts the reliability of the facility. Besides, foil
manufacture for high intensity operation is expensive. The other projects (e.g. Japan Atomic
Energy Research Insitute ring for the neutron source (1.5 GeV, 5 MW), European Spallation
Source (1.334 GeV, 5 MW)) encounter even more serious problems from the standpoint of
residual radioactivity.

The laser stripping has many potential advantages over the stripping foil:
1) the light beam is easy to operate with;
2) it doesn’t produce radioactive elements;
3) the laser stripping could be turned off and on in nanoseconds, leading to a possibility to

clean the residual beam in gap (10 — 10 of the regular linear density) and to clean the
tails left by slower LEBT chopper (if they were not lost in the linac), therefore one can



eliminate H" beam chopper, which will be built to clean the beam gap after the Radio
Frequency Quadruple (RFQ);

4) uncontrolled losses due to multiple traversals of the stripping foil by stored protons are
eliminated;

5) foil lifetime issues are eliminated;

6) the laser stripping employs the resonant method of the hydrogen excitation, which
depends on particles energy. This automatically provides the possibility to measure the
beam energy with good accuracy after the acceleration in the SNS linac.

A charge-exchange injection method without stripping foil was proposed by Zelensky et al.
[2]. A more feasible scheme, which consists first of a magnetic stripping of H', followed by laser
excitation from n=1 to n=3 state of hydrogen, second, and, finally, magnetic stripping of n=3
excited hydrogen atoms, was proposed by I. Yamane [3]. In the next sections we present a
scheme, which differs from the latter one by a different laser setup for the hydrogen excitation.

I1. Lorentz Stripping of H™ ions and H° excited states by a Magnetic Field

A transverse magnetic field in laboratory frame produces an electric field in the rest frame of H-
ions according to the Lorentz transformation of the fields:

|E. = B¢|B, |, 1)

where p=v/c, y=(1-p%)¥% v and c are the velocities of ion and light, respectively. B is the
magnetic field in Tesla. The electric field in the rest frame essentially modifies the potential well
for the electrons, leading to their possible escape from the region of potential minimum. For
1GeV H ions only several kilogauss field is enough to sufficiently strip one electron, because the
binding energy of this electron is rather small (0.755 eV). As for the H° ground state, the
magnetic field of the order of 40 T is needed to sufficiently strip the remaining electron.
Therefore, some additional measures should be taken to facilitate the hydrogen atom stripping. It
was suggested in [3] that one possible way to strip the last electron is to excite it to n=3 state by a
laser through optical-nutation process (we discuss the process in the next section). The excited
states of the hydrogen are much easy to strip by a magnetic field — for 1 GeV atom energy the
required field for the stripping is of the order of 1 Tesla (for n=3 state) and even less for upper
states.

If we don’t use complicated nonlinear magnetic fields for the injection, we have an increase of
the transverse angular spread due to probabilistic nature of the Lorentz stripping process. To
choose the needed magnetic field configuration, we use simplified criteria — the magnetic scheme
is satisfactory, if the spread of H angles after the stripping is about the same or less than the
initial spread from the linac. Now we estimate the needed magnetic field using the above criteria.

The average angle deflection ¢ in any arbitrary magnetic field B(s) (assuming small change in
transverse coordinate and exponential conversion of H to H) is given by:
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A exp( A ) is the lifetime of H™ in the rest frame of the ion (see
prlB(is)  Brl|B(s)]
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e.g. [4]), with A;=2.47+0.09 10™ MVs/cm, A,=44.94+0.10 MV/cm, and p(S) = 7;:2 ) is the
eB(s
curvature radius for the H™ ion trajectory in the given magnetic field B(s). The rms spread o, of
the angles is:
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If we take 2 Tesla magnet with the gap 10 cm (which is equal to the gap of the SNS ring
septum), we can approximate the field linearly within the edge as B(s)=B*s/0.05 (with B, =1
Tesla). After substituting into equation (3) we get 0¢:10'3, and the linac angular spread for the
B=1m is about 10” also. Therefore, without any optimization, room temperature magnet of 2
Tesla will do the job. All the stripping should occur in the fringe field of the magnet, but in order
not to decrease this field the length of the magnet should be about 20 cm.

It was noticed in [3] that n=3 state of H® atom has about the same dependence of the lifetime
on the magnetic field (even more steep dependence), therefore the excited hydrogen atoms can be
stripped with similar 2 Tesla magnet. One can chose n=4 or higher excited states for the hydrogen
(it requires shorter wavelength laser). In this case the required field drops to 0.5 Tesla. This
possibility will be discussed later. In the next section we consider the laser excitation process.

I11. Laser Excitation of Hydrogen from Ground to Upper States

When a Hydrogen atom is placed in the laser beam with frequency equal to the transition
frequency between the ground and any other state, the electron wave function starts to oscillate
between the two states with frequency (called Rabi frequency) proportional to the amplitude of
the laser electric field. Appendix 1 presents the mathematical description of the process. We
duplicate the result from Appendix 1 for the Rabi frequency for states n=1 and n=3:

O~ 3’ea, [2Q,
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where g is the permittivity of free space, Qq is the laser power density in W/m?, a, is the Bohr

radius. The excited state has quantum numbers n=3, I=1, m=0, if the light is polarized in the
vertical direction.

Ih, (4)

The advantage of this method of excitation is that in the resonant case all the laser spectral
density effectively interacts with the atom, compared to the case of electron photodetachment,
where the process has broad spectrum of interaction but requires orders of magnitude higher
power density. But a laser excitation process has its own drawbacks.



The first drawback is that the process requires transition frequencies larger than the inverse time
of the upper state decay. The lifetime of the n=3 state, for example, is about 5 nanoseconds. This
means that the device for excitation should be much shorter than the decay length, equal to
5ns *c = 1.5 m. For our laser parameters the interaction region will be about 1 cm, therefore this
is not a significant limitation.

A more serious problem is the Doppler broadening of the Hydrogen absorption line width. The
laser wavelength 1, in the H® atom rest frame is related to the wavelength A in the laboratory
frame by the following formula:

A

=, (5)
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where o is the angle between the laser and H® beam in laboratory frame. For the n=3 upper state
the required wavelength is 4, =102.6 nm. Since the hydrogen beam inherits the energy spread of
the H™ beam (of the order of 10®), each individual atom has its own laser frequency in its own rest
frame. The relative spread of frequencies is about the same as the spread of particle energies —
about 10" sec™. The achievable Rabi frequency is about 10* sec™. The formula (8a) in Appendix
1 shows that the upper state is not excited if the difference between the laser and the transition
frequency is larger than the Rabi frequency. But in our case the spread is much larger than the
Rabi frequency and the narrow band laser can excite only small fraction of the atoms into upper
state. Paper [3] suggests that we should have a broadband width laser to cover the whole range of
the hydrogen transition frequencies. If this is done by a laser with many lines in its spectrum, it
can excite more atoms, but we need about 100% of the atoms to have simultaneously r phase
advance of Rabi oscillation, which is problematic. The solution for this problem was not
presented. Now we want to show how to excite all of the atoms with various energies to achieve
the excitation efficiency about 100%.

We present a novel solution to this problem that consists of two major elements. The first part is a
special method (based on quantum Froissart-Stora problem) to excite all the atoms almost
simultaneously. The second new element is the method of significant reduction of the
absorption line width due to the particle energy spread by the dispersion function derivative
introduction.
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Figure 1 Experimental setup for the laser excitation of the hydrogen beam (top view).

Now we consider the slowly varying frequency system. This can be achieved by introducing
the divergence of the laser beam so that the angle of the H’ beam and the laser beam along the
beam path is decreasing. Because of the Dopler dependence of the laser frequency in the atom’s
rest frame on the angle (see equation (5)), the frequency of the light as seen by the atoms will
decrease as the angle increases. Figure 1 shows the experimental setup to get needed frequency
sweep in the rest frame of the H® beam. Since the atoms are distributed in energy, the laser
frequency will differ for different atoms, but if the “frequency sweep” range is large enough, all
the atoms will eventually cross the resonant frequency and will be excited. To check the degree of
excitation we need to solve quantum mechanical problem with the laser frequency linearly
changing in time. The equation for this is derived in Appendix 1 (see eq (4a)) except for the fact
that now the difference of the laser and transition frequencies is a linear function of time:
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where C;, C, are probability amplitudes to be in the state 1 or n, respectively, I'=dwo/dt is the
light frequency derivative with respect to time, 1, = u, = —J.d *r u, (F)ezu, (F) (assuming the

light is polarized and the electric field is parallel with the z axis), and u; and u, are the normalized
wave functions of the ground and the upper excited state, respectively. Marcell Froissart and
Raymond Stora obtained the full solution to this problem [6] in connection with the electron spin
motion. The initial conditions for the problem are C,;=1, C,=0. The equations are integrated from
t = —oo toat t = oo . The probability C,’ for the system to finish in the upper state is:

2
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where Q = u,. & / his the Rabi frequency, Qo is the laser power density in W/m?. One can
C&,

see that if the frequency derivative I" is small, the atoms are excited to the upper n state, and vice
versa. The exponential dependence of the excitation probability on the parameters makes it easy
to approach 100% effectiveness of the excitation. Now we present the calculation for realistic
laser and hydrogen beams.

The parameters of the beam are taken from the baseline design values for the SNS Super
Conducting Linac (SCL) output. The parameters may be different by a factor of 2 in real life;
therefore we need to provide some flexibility or contingency in our experimental setup. We take
the kinetic energy of the beam equal to E=1 GeV, the emittance of the beam equal to £&=0.6*10
m*rad, the B-function is about £=5 meters, the beam size is A=1.7 mm rms radius, the relative
rms energy spread is 5=0.2*107, the interaction time is chosen 100 times less than the n=3 state
decay time, namely T=0.05 nsec. To complete the laser power estimation we need to choose the
laser wavelength. We consider a powerful Excimer (XeCl) laser with the wavelength 2=308 nm.

With this wavelength the angle between the hydrogen and the laser beam equal to a=58.8° in
order the light to have 102.6 nm wavelength in the hydrogen atom rest frame. The first step is to
determine the Rabi frequency. It comes from equation (7). If we require 99 percent efficiency, the
exponent in (7) should be equal to —5:

Q% QT
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where k=10 is the relative frequency change along the beam path, which is taken to be five
times as big as the relative energy spread of the beam to cover all the particles. This is achieved
by making intersection angle 0 (see Figure 1) change of the laser beam along the hydrogen beam
path from —0.0005 to +0.0005 radian. For our parameters this gives a value for the Rabi
frequency: Q=1.08 10" sec™®, the power density of the laser beam Q,=2.703 10° W/cm? in the rest
frame of the beam is needed. In the laboratory frame the laser density is smaller by about factor
of 10 and is given by:

Q, =Qr*(L+ fcosa)’. ©)



The total area of the laser beam is S = Tj)c2Asin(a)z /4 =~ 0.84cm?. Now the peak power of

laser is P=Q*S=25.4 MW. Therefore without any optimization we get peak power, which is
available at this moment in Excimer lasers. Figure 2 shows a simulation of the excitation of the
n=3 state excitation for the above parameters. The horizontal axis is time in the rest frame of the
hydrogen atom (t=0 corresponds to exact resonance between the laser and the transition
frequencies). The vertical axis shows the probability of the excitation. The red line represents the
solution of equation (6) for the finite time from — 3 10 to +3 10™ seconds. The blue line shows
the Froissart-Stora asymptotic solution.
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Figure 2 Simulation for the n=3 state excitation in the field of the laser with slowly
increasing frequency.

Laser beam recycling can reduce the average power. For example, one can use optical
resonator with the quality factor 10%-10° to store the laser beam for 1 ms of the ring injection
time. It will reduce the average power by factor 10*-10°. Also, the duty factor of the SNS facility
is 0.06, so that one may require only about 200 W average power if the system is well developed.
There exist even more optimized scheme that will be discussed at the end of Section V. It will
require power less than 100 W.

Other ways to optimize the power usage may include vertical size reduction (a factor of 5 is
available), and introducing the dispersion derivative to eliminate the Dopler broadening of
the absorption line width. The idea is the following. The rest frame frequency of the laser light is:

v, =vy(l+ fcosa), (10)

where o is the angle between the laser and H® beam in laboratory frame, v is the laser frequency
in the laboratory frame. Let’s assume now that the particle angle depends on the energy. We use

the following well-known dependence of the angle on the relativistic gamma Z—a =-D'Iy.

When we equate the derivative of expression (10) with respect to the y to zero, we find the
appropriate
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If the dispersion derivative satisfies (11), all the hydrogen ions have the same laser light
frequency in their rest frames. Figure 3 shows the experimental setup in this case.

Elimination of the Dopler broadening of the hydrogen
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Figure 3 Interaction region setup for the Dopler broadening elimination.

The final problem to overcome is the betatron angular spread. One can increase the
horizontal beta function to decrease the angle spread, e.g. to increase the beta function to 3000
meters. However, in this case the horizontal beam size becomes 3 cm rms, which is comparable
to the circulating beam in the ring. It may be possible to introduce a special insertion with the x-y
coupling to produce low vertical size and low horizontal angular spread beam with acceptable
horizontal size. These possibilities will be explored at a later stage of the experiment.

For the first stage, a 20 MW peak power laser (average power can be in the 100 Watt range) is
sufficient to make proof of principle experiment.

V. Laser requirements for the first stage of experiment

It turns out that if we decrease the horizontal beam size while keeping constant the total
power of the laser beam, the probability of the excitation stays constant also (see equations (7-8)).
It is shown in Appendix 2 that the Gaussian beam doesn’t have diffraction limitation; therefore
the horizontal size could be set equal to the vertical for convenience. The angle between the laser
and the hydrogen beams should be again varying from —0.0005 to +0.0005 radian along the
hydrogen beam path. This solution gives the first option for the experiment.
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Option 1 For this option we need to have about 20 MW peak power Excimer (XeCl) laser. It
should produce the round Gaussian beam with sigma 1.36 mm and the intersection angle should
cover £ 0.0005-radian range. The parameters for the Gaussian beam for about 90% stripping are
calculated in Appendix 2: round beam with the waist W,=7.2*10">m, the distance from the waist
z=2.0 m, the Gaussian beam parameter z0=0.053 m, the laser beam rms size 1.36 mm, and total
needed power is integrated over the laser beam cross section and equal to 12 MW.

As we further squeeze the laser beam horizontally, the Rabi frequency overcomes the Doppler
spread of the transition frequencies. In this case we don’t need the angular convergence for the
laser beam, but it should be made very small in horizontal size. It turns out that this option also
requires approximately the same peak power from the laser to excite more than 90% of the
hydrogen atoms.

Option 2 For this option we need to keep same power, but squeeze the laser beam horizontally to
100 um or less and eliminate any laser beam convergence at the interaction point. As it
mentioned in Appendix 2, this should give also high probability of the excitation.

In order to have these options, we must have variable beam size.

Besides, the laser beam angle should be controlled with accuracy much better than 10 rad — it
looks like 107 radian accuracy in the laser beam direction is needed to achieve the reliable

stripping.

The laser beam angle should be controlled with accuracy much better than 10 rad — it looks
like 10™ radian accuracy in the laser beam direction is needed to achieve the reliable stripping.
The main requirements from laser system: (a) short wavelength, (a) high power, (c) narrow
bandwidth, and (d) controllable beam divergence. We designed an optical system that is capable
to deliver the required beam. In the first stage, we are planning to use a single laser (to
demonstrate the feasibility of the ionization process). Later on, frequency and phase locked
(synchronized) array of lasers will be used to cover the required beam area and to increase the
power (if necessary).

Our proposed optical design is demonstrated in Figure 4. It include the following main optical
components:

(1) XeCl excimer laser (possible product LPX210) wavelength 308 nm, pulse width ~20ns,
repetition rate <100Hz, energy ~400 mJ, peak power 20 MW.

(2) Injection laser: wavelength tunable dye laser (possible product SCANmate 2E C-400 dye
laser) Nd:YAG pump, wavelength 370-860 nm, bandwidth 0.3 pm, pulse width ~5ns, energy <90
mJ.

(3) Second harmonic generation (SHG) system to convert the injection laser output wavelength to
308 nm nonlinear crystal (e.g.Lithium-borate (LBO)), optics.

(4) Beam-forming optical system to achieve a certain beam divergence angle

(5) A ring resonator for trapping of optical pulse.
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Figure 4 Laser setup for the first stage of the experiment.

Fig. 4 shows the schematic of the light source proposed for the first stage of experiment. We
use a pulsed XeCl excimer laser with optical injection. The XeCl excimer laser has the center
wavelength 308 nm, the pulse width 20ns, the pulse repetition rate <100Hz, and the peak output
power about 20 MW. To achieve spectrum narrowing and single mode behavior, we propose to
use injection locking. Injection locking has been successfully applied to narrow spectrum of the
excimer lasers. For example, spectrum narrowing to 1pm in a high power ArF excimer laser
injection locked by an all solid state fourth harmonic (193.4 nm) seed source of 773.6 nm
Ti:sapphire laser radiation was reported [8-9]. The proposed injection laser is tunable dye laser
pumped by Nd:YAG laser. The wavelength of the dye laser is tunable over the range of 370-860
nm and will be operated at the wavelength of 616 nm with the bandwith of 0.3 pm. A second
harmonic generation system (SHG) will be used to convert the injection laser output wavelength
to 308 nm to fit the wavelength of the excimer laser. We will use a nonlinear crystal (e.g.
Lithium-borate (LBQ)) as a second harmonic generator. With the successful injection, we expect
to achieve a single mode Excimer laser at 308 nm with the spectral bandwidth 0.3 pm (1 GHz)
and the peak output power up to 20 MW.

We assume the laser beam has an elliptical profile and a Gaussian beam distribution in both
horizontal and vertical direction. We need to have a variable beam size — two examples are: the
round beam with the waist W,=7.2*10"° m, the distance from the waist z=2.0 m, the laser beam
rms size 1.36 mm, total power is 12 MW. If we squeeze the horizontal size to rms 50 um, we get
the second example for the high efficiency stripping. With having about 10 MW power, we get
the beam with the same vertical parameters, but horizontal parameters become: the waist W,=100
um (which is equal in this case to the double rms beam size), the distance from the waist z=0.0
meters. In calculations it gives approximately same efficiency of the stripping — about 90 %. We
need to vary the beam size from one option to another in order to investigate the most optimal
way of stripping.
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V. Laser setup for the second stage of the experiment

The second stage aims on developing the laser scheme for full 60 Hz SNS facility cycle. The
main goal of this stage is to show that the required laser beam can be obtained with the moderate
average power of the laser.

Since it is relatively simple to match the laser pulse repetition rate with the SNS facility cycle, the
essential point in the second state of the experiment is to expand the pulse width to 1 ms that is
equal to the ring injection time. A high-Q optical ring resonator is proposed as a possible solution.
Figure 5 schematically shows how such resonator works. The pulsed light output from the
injection-locked XeCl laser is linearly polarized (p-polarization) and will be transmitted into the
resonator through the polarization beam splitter (PBS). The resonator length is designed

. . cT, . o
according to the laser pulse width T,,as L = 2—W where n is the refractive index of the resonator
n

and c is the light speed. A Pockels cell is mounted in the resonator to control the polarization state
of the light inside the resonator. When the control signal of the Pockels cell is appropriately set to
cause a half wave retardation, i.e., V=V, the injected p-polarized light will be changed to the s-
polarized light. The control signal is reset to 0 after a time interval that is exactly the same as the
pulse width. As a result, the injected light is totally changed to the s-polarization and will stay in
the ring resonator since the PBS completely reflects the s-polarized beam. Figures 5(b)-(d)
illustrate the timing of the input optical pulse, the control signal of the Pockels cell, and the
resulted optical signal inside the resonator. Here, T, is the period corresponding to the SNS
operation cycle and T 7, is the time duration where the light intensity decreases from Pyto Py, a
limit level for achieving the expected stripping efficiency. T, is related with the Q-value of the
resonator as well as resonator parameters in the form

,_ Q T
T =T, =—"
Y2 |in(é-n)

where £ is the total mirror reflectivity of the resonator and 7 is the loss.

To increase the pulse width from 20 ns to 1 ms, one needs a resonator with the Q value as high as
10°!

Two techniques are proposed to soften the requirement of high Q. One way is to reduce the Q
value by expanding the laser pulse width. But this results in the decrease of the peak power. A
possible way is to shrink the vertical size of the H beam and hence the laser beam so that the
peak power requirement can be reduced. If one can squeeze the vertical size of the laser beam to
50 um, the pulse width can be expanded to the order of 100 ns while keeping the enough peak
power. As a result, the requirement on the Q value of the resonator can be reduced at least one
order.
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Figure 5 Schematic of ring resonator for trapping of optical pulse.

Another technique is to use a synchronized laser array. The principle is based on friendly
operated moderate power lasers. Non-coherent addition of laser beams is of marginal
advancement in power concentration and the challenge is to synchronize lasers and to combine
them into a coherent unit. The lasers included in the array are, in principle, identical in frequency
and amplitude. By definition, the total output power, Py, increases proportionally to the number

of lasers forming the array, (N), i.e. Pt oc NPy, where P, denotes the output power of each
array element including dissipative losses. The total output intensity, I, (power per unit area)

12



depends though on the degree of coherence among the lasers. If emissions from all the lasers are
not coherent, the beam intensity produced by the array scales as |yt oc Nlg, where Iy is the beam

intensity of a single laser. However, if emissions from all the lasers are in-phase, lq; oc N 2 lo.

Clearly, such a high intensity will be observed only over a very narrow area, since the total power
is preserved. For a non-coherent beam, the "bright™ area will be much broader. The proposed
effort discusses a novel scalable laser-array concept that utilizes the nonlinear dynamics of the
array with the focus on Excimer lasers. This concept translates to significant improvement in
energy that can be deposited on a target, and consequent savings in laser dimensions and power
requirement. The concept will be validated through prototype development.

Injection locking has been successfully used to obtain single mode emission in high power
diode lasers or laser arrays. Figure 6 illustrates the general methodology used to illuminate the
facet of a slave laser array by an external, single frequency, master laser beam. The incident
angle can be adjusted to stimulate a specific mode, which could generate high coherent output
power. An alternative approach is to feedback part of the output beam through grating, etalon, or
phase conjugate mirror.

Highpower | gl Arrayoptics| gl Collection | 5
laser array phase shifter System

) l Output

Array optics

Measurement
Array phase ;
modulators & Analysis ‘
< Control
System
Single Mode
Laser

Figure 6. A general methodology used to injection lock laser array.

After all the possible schemes and scenarios for the laser stripping device, we come up with the
most optimal scheme (at this moment) that has least average laser power and looks feasible.
Figure 7 shows the general setup for the stripping device. The linac beam is coming to the ring
with 400 MHz frequency. Each bunch has about 30 ps duration. The laser beam should have
bunches about 100 ps to cover the linac bunches. The repetition frequency should be equal to the
ring revolution frequency, which is about 1 MHz. Each laser bunch is injected to the laser beam
recycler (see Figure 5) and it should circulate there with 400 MHz frequency to strip all incoming
linac bunches. The Laser Recycler should have quality factor Q about 1000 in order to have small
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light damping during the ring revolution time. When the proton bunch gap arrives at the point of
the stripper, the circulating in the Recycler laser bunch is extracted, and the entire linac beam
goes to the linac dump, providing clean beam gap in the ring. When the head of the ring proton
beam arrives at the stripping point, the laser bunch is injected to the recycling system and the
stripping resumes. The laser system should work for 1 ms, then be at rest for 15 ms, and so on, to
match the linac beam time structure. If we take into account this 6% duty factor, and assume the
peak power of the laser beam to be 10 MW (approximately same as in the above cases), we come
up with the average power: P=60000 (number of pulses per second)x 10 MW (peak power)
%100 10" (pulse duration)= 60 W! This number is below all expectations! It looks like if the
laser recycler and the laser with 1 MHZ frequency are developed, the problem of laser stripping
will become solvable in straightforward manner.

Optimal setup for laser stripping

laser beam-

1 MHz, bunch
duration — 50 ps,
light revolution
in the recycler —
400 MHz, duty
factor — 6%

linac beam — 400 MHz
bunch length — 30 ps

Pockels cell
with fast
control

proton beam
revolution -1 MH

Figure 7 Optimal setup for the laser stripping.

Analytical and Computer Modeling

To support our experiments, analytical and computer modeling will be performed. The
motivation for these studies is to optimize injection and laser performances and to achieve robust
and stable behavior of the laser (laser array). The injection control model for pulsed Excimer
lasers is reported in [10]. We will modify this model for our experiment and determine parameter
values based on the collected data.

The ORNL Center for Computational Sciences (CCS) houses three massively parallel
supercomputers with a total capacity of 5.5 teraflops. "Falcon" is a Compaq AlphaServer SC
system of 64 nodes, 4.5 TB disk space, 128 GB memory with peak performance of .5 teraflops.
"Eagle" is an IBM RS/6000 SP system of 184 nodes, 9.2 TB disk space, and 369 GB memory
with peak performance of 1.08 teraflops. "Cheetah™ is an IBM Power4 system of 24 nodes with
32 processors each, 40 TB disk space, 1020 GB memory with peak performance of 4 teraflops.
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ORNL is a co-developer of and customer for the computer industry's leading data storage
system. The High Performance Storage System (HPSS) leads the computer industry in data
capacity and transfer speeds: more than 70 terabytes are stored in the production installation and
12,000 new files a day can be placed into storage. From distributed locations, calculations
generating terabytes of information can be stored and retrieved in chunks of 250 megabytes using
a high-speed llink, ESnet, DOE's semiprivate portion of the Internet.

VI. Required beam and interaction region parameters. Diagnostics.

The interaction region must have small vertical beam size in order to save laser power. The H’
stripping should be made in vertical direction in order to have a small horizontal angular spread.
The first stripping magnet should be of undulator type with the steepest achievable horizontal
magnetic field. The second magnet (after the hydrogen excitation) should have the same
parameters. It is also desirable to maintain the average bend angle equal to zero. This makes the
commissioning much more simple compared to the case when the hydrogen medium trajectory
varies with the magnet strength.
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RMS Beamsize (mm)
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0.00E+00
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‘—0— Horizontal Beamsize —=— Vertical Beamsize‘

Figure 7. Horizontal and vertical RMS beamsizes in the linac dump line. The proposed interaction
point is indicated.

By modifying the optical functions in the linac dump line, appropriate interaction region beam
sizes can be achieved. Figure 7 shows the beam sizes in the line in which the optical functions
have been adjusted to produce a beam waist in the vertical plane at a location equidistant from
nearby quadrupoles. This solution achieves a waist with 1 meter of free space on either side of
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the interaction point. In addition, the angular divergences have been minimized as well. The
interaction region RMS beam sizes are 0.54 mm and 6.9 mm for vertical and horizontal,
respectively.

Another important detail is related to the residual magnetic field at the interaction point. The
magnetic field transforms into an electric field in the rest frame of the hydrogen atoms. This, in
turn, produces Stark energy level shifts. The maximal energy level spread due to the electric field
is:

c_3En(-1) 3 BT)n(n-1)

= Ry ~ 2107°B(T)Ry,
510"V /m 510"V /m g (DR
for the n=3 state. In order to limit the Stark effect to about 10 of the level energy level
difference, one must maintain the residual magnetic field to less than 5 Gs in the region. This
requires building one additional magnet, which is used to cancel the residual field, as measured
by a field probe at the interaction point.

The diagnostics must measure the proton current to H™ current ratio with percent accuracy
within 20 ns — the duration of the laser pulse at the first stage of the experiment.

VI1. The choice of the upper state main quantum number discussion

One possibility is to make experiments with n=4 or even higher states. The Rabi frequency for
this transition is equal to:

2Y3ea. [2 2
Q=23 12 ;4 1760a, (2% /h.
5.5 | c&, c&,

It means that in order to maintain the same frequency as for the n=3 state, the power should be 3
times larger. But the angle of the laser a should be reduced to produce the resonant frequency
with the same Excimer laser. It give some increase in the efficiency. For a 1 GeV beam and
308nm laser, two times more power is needed to excite the n=4 state than the n=3 state.
Nevertheless, this option should be considered if we use more sophisticated excitation of the
hydrogen with possible use of the Stark effect to produce energy shifts with the particles angles in
order to eliminate the angular dependence of the hydrogen excitation probability.

VI1II. Conclusion

The paper presents feasible method for laser stripping injection. It is found how to eliminate the
major problem, reported in [3], namely, the Dopler broadening of the absorption line width due to
the particle beam energy spread. Two left problems to overcome are the angular horizontal spread
of H beam and efficient recycling of the laser beam. Both problems look solvable — the possible
solutions are discussed in the paper.

16



REFERENCES

1. J. Wei, et al, “Design Optimization and The Path Towards 2 MW Spallation Neutron Source”, PAC
2001, Chicago, June 2001

2. A. N. Zelensky, S. A. Kokohanovsky, V.M. Lobashev, N.M. Sobolevsky, and E.A. Volfert, Nucl.
Instrum. Methods Phys. Res., Sect. A 227, 429-433 (1984)

3. L.Yamane, PRST-AB, 1, 053501 (1998)

4. A. Chao and M. Tigner edts., “Handbook of Accelerators”, World Scientific (1998) p. 438

5. R. Boyd , “Nonlinear Optics”, Academic Press, INC. (1992) p. 214

6. M. Froissart and R. Stora, Nucl. Instrum. Methods Phys. Res., 7, 297-305 (1960)

7. B.E.A Saleh and M.C. Teich, “Fundamentals of Photonics”, John Wiley & Sons, INC. (1991) p. 173

8. T, Kasamatsu, M. Tsunekane, H. Sekita, Y. Morishige, and S. Kishida, “1pm Spectral Narrowed ArF
Excimer Laser Injection Locked by Fourth Harmonic Seed Source of 773.6nm Ti:Sapphire Laser”, Appl.
Phys. Lett., 67, 3396 (1995).

9. S. Yamaguchi, T. Hoffman, C. B. Dane, R. Sauerrey, W. L. Wilson, and F. Tittel, “Repetitively Pulsed
Operation of an Injection-Controlled High-Power XeF (C—A) Excimer Laser, IEEE Journal of Quantum
Electronics 27, 259 (1991); C. B. Dane, S. Yamaguch, T. Hoffman, R. Sauerbrey, W. L. Wilson, and T.
Tittel, “Spectral Characteristics of an Injection-Controlled XeF (C—A) Excimer Laser, Appl. Phys. Lett.,
56, 2604 (1990).

10. C. B. Dane, T. Hoffman, r. Sauerbrey, and F. Tittel, “Optimization of an Injection-Controlled Excimer
Laser Guided by Analytical Modeling”, IEEE Journal of Quantum Electronics 27, 2465 (1991); N.
Hamada, R. Sauerbrey, and F. Tittel, “Analytical Model for Injection-Controlled Excimer Laser
Amplifiers”, IEEE Journal of Quantum Electronics 24, 2458 (1988).

Appendix 1 Rabi oscillation calculations

For hydrogen atoms in the rest frame, dominant interaction with the laser light comes from the
electric field. We neglect spin and electron Lorentz force interaction with the magnetic field of
the light (which is about a~1/137 times weaker than the interaction with the electric field).
Follow [5], we start with the Shrodinger equation for electron in the field of the proton and an
alternating electric field:

2

Oy o _, e . =
ih—=(—V° " ———er-E(t , la
ot ( om, , )y (1a)

where E(t) = (Ee™ +c.c.)/ 2is the electric field from the laser beam. We consider only two
states 1 and n and the transition between them in the first approximation assuming the electric
field term is small. The atomic function can be represented as:

w(F,t) =C,(t)u, (Fle™* +C, (t)u, (e, (2a)
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where uy , correspond to the ground and upper state (n=2,3...) wave functions (orthonormal and
normalized to unity in our case), respectively. We substitute (2a) into (1a) and multiply by u;*,
then integrate over the whole space to obtain the first equation for the coefficients. The same
manipulations with u,* yield the second equation. The equations for C; and C,, are the following:

C, = _ic:nvme-‘%‘,
'i‘ (32)
C, = EClvnle""l"t,

where V,, =V, = —Id 3ru; (F)ef - E(tu, (F), o= -ony =03-on. Taking into account electric

field dependence on time E(t) = (Ee ' + E"e')/2 and keeping only slowly oscillating terms,
we get from (3a):

i, E° i
L — ;]h Cnelm,
: (42)
Cn — IIunlE Cle_iAt,
2h
where A=®-ony, iy, = fy, = —J.d *r u, (F)ezu, (F) (assuming the light is polarized and the
electric field is parallel with the axis z). If the coefficients were constant, complex exponents
C; =~ exp(-iAt) would give the solution to this equation with
A, = _A + ﬁ (5a)
h 2 2

where Q'=(|Q*+A%)™, and Q = Ep,, / 7 stands for the Rabi frequency. The Rabi frequency is

proportional to the amplitude of the electric field oscillation E. The Rabi frequency can also be
expressed in terms of the energy density of the laser:

12
Q =, %/h' (62)
0

where g, is the permittivity of free space, Qq is the laser power density in W/m?. For the
particular case of the n=1 and n=3 state

., 3
th, = [ & U} (P)ezu, (F) = ij‘g, (72)
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_r 867a o (1 _ L)

a, 6a,
Jar 27/64r

wave function corresponds to n=3, I=1, m=0 state. The other states with n=3 are not excited in the
first approximation.

. The latter

where & is the Bohr radius, z=r cosé, u, = ,and U, =

The solution for the population C,? of the excited state, for atoms initially in the ground state
(Ci=1, C,=0), is:

2
c _lo]

n Q!Z

sin? (%Q’t), (8a)

where again Q'=(|Q*+A%)", and Q = Eu,, /.

Appendix 2 Upper level excitation for realistic Gaussian beam

The realistic laser beam has the Gaussian shape and is described with the help of function U(r)

[7]:

W, ot T
W(z)eXp( Wz(z))eXp( k2 = Jk 2R(2)

U(r) = +J¢(2)), (1a2)

where r is the transverse coordinate, z is the longitudinal coordinate, k=wic,
2

2
W (z) =W, (l+Z—2)”2, R(z) = z(1+ Z—g) () = tant 4 @, 20,0 are the arbitrary
z z z

0 0

constants, and W, = (

Az . i - . .
ZZ9)Y2 This function satisfies the Helmholtz equation and it can be used
T

to express electromagnetic field. If we choose the electric field direction in vertical y direction,

omitting the time dependence exp(jot), the expressions for the electric and the magnetic fields
are:
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E, =0,

E, =-EU(F),
E, =E,——U(P),

Z+ jz,

(2a2)
H, = E, [ 22U (7),
Ho

H, =0,
H, =0.

To describe the fields in the rest frame of the hydrogen atom, we must transform the fields and
coordinates into the new system. Figure 1a2 shows the coordinates notations. The expressions
(2a2) for the fields are given in the laboratory frame xyz, the new system x’y’z’ is shifted in the z
coordinate and rotated around the y-axis by n/2-a angle. The third system x”’y”’z”” (the hydrogen
rest frame system) is moving along the x’ axis with velocity V. The resulting transformation
from the third to the first system is:

X=y(X"+Vt")sina + 2" cosa,
z=S+2z"sina—y(x"+Vt")cosea,
y=y" (3a2)

t=p(t"+ LX),
C

where S is the shift of the interaction point from the laser beam waist, a is the angle determined
by the Dopler effect and the 3-1 transition frequency; a=58.8° for the A=308 nm.
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Figure 1a2 Coordinates notation for the hydrogen atom in the field of the Gaussian
beam.

Taking into account rotation and Lorentz transformation of the fields, neglecting the
longitudinal electric field in (2a2) under assumption that z>>x, neglecting the longitudinal
coordinate z change during the interaction, and choosing the coordinates x’” and z’” equal to zero
for the hydrogen atom in its rest frame, we obtain the electric field in the rest frame of the
hydrogen atom:

n2 AWA "2 " 2
E(t") = Eoy(L+ poosa)exp(- L) L jotry s eosa) - jk L)L o)
W7 L+ >5) zsa+;2)
Z

0

where ¢ is the almost constant phase of the oscillation,  is the laser frequency, and Ey is the
electric field amplitude at the interaction point in the laboratory frame. The vertical coordinate
Gaussian dependence hints that the laser beam vertically should cover the hydrogen beam. For
our next calculations we, having this in mind, put y”’=0 for simplicity. Now we take equation (4a)
and substitute the electric field. We obtain:

2

_ i, By (Lt foosa) L g

Cl n !
2h . (422)
Cn _ iﬂnlEO}/(:;;; pcosa) Cle_zo‘z_m,
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W, (L+ S—2)“2
J’eq, 22

26\/5 \/57)\/ >
I't

2
A= wd—7(1+ @+ iz) cosa)+—, I'= kM) and the transition frequency ay is
Y v

where 1, = —I d’r u; (F)ezu, (F) = for n=3 state, o, =

2 b

z
S(1+S—°2)

expressed via laser frequency w by the Dopler expression@, = @1+ (1 - iz) CoS ) .
Y

. . 2 S
For the simulation we take o, = £% 12000 equal to 12000 oscillations in the rest frame of the
W,

@
atom. I = 0.0005—2, which corresponds to 0.0005 frequency sweep over the laser beam rms
Oy

size. For this set of parameters S>>z, l"o-f ~ i =127, z0=0.053 m, S=2.0 m, the laser beam
ZO
rms size 1.36 mm, W0=7.2 10°m.

Figure 2a2 shows the result for the given parameters and for the Rabi frequency
Uy Eoy(L+ Bcosa)l i =2.510%s™. The red line shows the particle with 5*10 frequency

deviation from the transition frequency, which is about 2.5 rms design linac energy spread. The
final number for the probability is about 80% that means that even particles at the distribution
tails will be efficiently stripped. To obtain the precise number for the average stripping efficiency
one needs involved simulation for the energy and angle distributions. We anticipate this
efficiency to be better than 95%.
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Figure 2a2 Probability of the n=3 excitation versus time for reference energy particle
(blue line) and the particle with the relative energy deviation 0.0005 (red line).
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As for the laser power, for the round beam with 0.136 cm rms (for the electric field distribution
rms is 1.41 times larger), the peak power is 12 MW, similar to what was estimated in section 3.

It turns out that if we squeeze the beam horizontally to 50 um while keeping the laser power the
same, the excitation probability also exceeds 90% - in this case without any angular spread. The
reason is that the power density becomes so big that the Rabi frequency for all the particles
becomes larger than the Dopler spread of the absorption line width. In this case all the particles
excited in the same manner. But the required power density needed is still around 10 MW.
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