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1 Introduction

Interaction of fast hydrogenic species H*, H®, H~, Hf and H3 with foils is of great interest
from experimenter’s viewpoint. Fast (even relativistic) beams of protons H* with energy
E = 800 - 1300 MeV /u are required to produce intensive neutron fluxes using operating
800 keV/u or planning 1.3 GeV/u regimes [1, 2, 3]. According to the Liouville’s Theorem
(see, e.g., [4]) applied for acceleration problems, the phase-space acceptance area of an
accelerator ring can only be filled once, limiting in the classical multi-turn injection scheme
the number of turns of the ratio of ring acceptance over linac beam emmitance. The
Liouville’s Theorem can be circumvented by a charge changing of passing incident beam
through a thin foil applied, hence converting H=, Hf, H into the HY charge state for
subsequent acceleration. The main problem arising in stripping of hydrogenic species in
foils is creation of significant fraction of neutral hydrogen (about 5 - 10%) which can be
ionized by external magnetic (electric) field in the late stage inside the bending magnet.
The protons, formed by field ionization of these "late” atoms, can spoil the original proton
beam and produce unexeptable hard radiation after hitting the walls.

Recent development of intense H™ ion sources made it possible to consider the H~
injection as the preferred scheme for most high-intensity proton machines. However, the
use of HY ions as initial beam, can be alternative to H™ case because the former is more
stable under stripping by external electric fields and it has a higher production rate in the
ion source compared to H™ ions.

Besides acceleration problems mentioned, fast ion-foil collisions constitute a unique
possibility for studying atomic collisions processes in solids such as foil-induced dissociation
of molecular ions, creation of neutral hydrogen atoms, correlation between target electrons
and projectiles, Coulomb repulsion of the nuclei in the foil and other effects. We note, that
the majority of these processes are still poorly understood from both experimental and
theoretical points of view.

Experimental investigations of ion-foil collisions started in early 1970s, cover two main
energy ranges: low energies, E = 1 - 30 MeV/u, and relativistic energy range E = 800 -
1300 MeV/u. To our knowledge, there is no publications on measurements having been
performed in the middle-energy range E = 30 - 800 MeV/u.

Our aim in this work is to consider two main aspects:

a) atomic collision processes occuring when the hydrogenic species passing through thin
foils and, especially, a production of emerging fraction of excited neutral hydrogen atoms
H*(n);

b) a possibility of using H- and Hj ion beams for producing the dense fast proton
beams.

Problems a) and b) are closely related each other because the main losses in H™ and
H} beams passing through foils are caused by creation of neutral hydrogen atoms in the




ground or excited states.

2 Atomic Processes in Ion-Foil Low-Energy Collisions
(E=1- 30 MeV/u)

Collisions of ions with foils in this energy range are investigated in many papers experi-
mentally [5, 6,7, 8,9, 10, 11, 12] and theoretically [12, 13, 14, 15, 16, 17]. Here, we consider
the atomic processes arising in collisions of neutral H® atoms and HF and H- jons with

thin, 1 - 100 pg/cm?, carbon foils ( thickness of 1 pg/cm? corresponds to approximately
50 A).

2.1 Collisions of H’ Atoms and H- Ions with Foils

To understand the physics of ion-foil collisions, we start with the simple case of the inci-
dent neutral hydrogen beam. Typical experimental scheme employed to produce a neutral
incident beam and to measure the neutral fraction ®(H°) in the transmitted beam is shown
in Fig. 1 for a 2 MeV H°® beam (corresponding velocity v =~ 10 a.u., 1 a.u. = 2.28x108
cm/s) colliding with a carbon foil of a thickness z = 2 - 10 pg/cm?.
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Figure 1: Experimental arrangment for measuring a fraction ®(H®) of neutral atoms with
an incident neutral beam. From [8]

In this range of velocities and thicknesses, a change of projectile velocity inside the
target is negligible and the dwell time {p, i.e. a time spent by progectile inside a foil,
is given by a simple relation ¢tp = z/v and lies in the 1 - 40 fs range. Although almost
all hydrogen atoms are converted into proton beam (96-98%), these is a small fraction of
neutral atoms (~ 5%) still emerging the foil.
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Figure 2: Measured fraction ®(H°) of neutral atoms emerging from the carbon foil as a
function of the projectile dwell time. From [8]

A measured emerging neutral fraction ®(H°) as a function of ¢p is displayed in Fig. 2.
There are two different regimes seen in the Figure: the equilibrium regime at tp > 2.5
fs where the fraction @, is independent on tp but depends on the projectile velocity v,
and non — equilibrium regime, tp < 2.5 fs, with a fraction of created neutral atoms ex-
ponentially increasing (~ ezp(—tp/7)) with tp decreasing, where 7 is experimental time-
dimension constant independent on v: T(H°) = (2.12 £0.18) x 10~!% 5. The quantity 7
can be prescribed to the distruction or electron — loss cross section a7 of hydrogen atom
in a solid:

T = (Nvoy)™t, (1)

where N is the foil density. The fact that T does not depend on velocity means that in
the energy range considered, the cross section o; ~ v™!, as predicted by Bohr {19] for light
ions in a solid matter.

According to experimental data, the incident H° atom looses its electron after passing
first few atomic layers in the foil, hence a neutral H atom is formed via a capture of a
foil-electron by a proton with a certain cross section o.. The standard calculations show
that the fraction of protons and neutral hydrogen at the foil thickness z can be written,
respectively:

Q)(H+) _ ol n (1 _ op ) e—(aﬁ—ar_)Nl" (2)

g+ o g+ 0.
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In the equilibrium regime, the neutral fraction is a constant value defined by the ratio of
the capture and loss cross sections:

Oc¢

®(H®) = P x~ o./o1, and (4)
+y = 9 . _ =
do(HY) = prd oo, (3)

since in the energy range considered o. < ;. From experimental values of 7 and ®,(H?)
and eqgs. (1, 5) it is possible to estimate cross sections 0. and oy; they are in agreement
with the cross sections meausured for hydrogen atoms in gases [18] (see Table 1).

Table 1: Electron-loss (H + C) and capture (Ht + C) cross sections as obtained from
experiments in foils (8] and gases {18)

Proton energy a,jo" af™ o og%
MeV/u (107 cm?) (107" cm?®) (107%' cm?) (107%' cm?)
1.2 3.7+ 03 5.0 1.7+ 22 13.0

1.8 3.1 +£025 4.1 27+£05 3.2

2.4 27+£025 3.1 08+015 1.2

We note that these data are well described by the formulas by Brandt and Sizmann
[14] for protons moving with the velocity v inside a solid target of atomic number Z7:

21873

0c = Spg(vf + 2040712 ) e (6)
z7® ([ 4z"(Zr+1) \
o = —7 73 Tag (7)
27 +v \4Z;/7(Zr+ 1) +v

where a¢ is the Bohr radius and a velocity v 1s in atomic units.

In gas targets, the loss and capture cross sections are quite easy to measure and cal-
culate; at v = 10 a.u., they behave as oy ~ v™! and o, ~ v™® We note that in usual
case of binary ion-atom collisions, dependence of o; and o, on v is much more stronger:
o1 ~ (Inv)/v? and o. ~ v™'? (see, e.g., [20]).

It is well known that in the velocity range v ~ 10 a.u., the electron capture occurs
mainly to the states H(nl) with the principal quantum numbers n = 1 and 2; for higher




Table 2: Relative initial population of foil-excited hydrogen states created by incident H
atoms and Hi molecules (from [22])

Population Statistical Experimental results Present

ratio (21 +1)/n® Protons Molecules paper (protons)
N3 IND, 0.125 - - 0.125

N3, /N3, 3 - - 0.74

N3, /N3, 3 0.608 £ 0.033 1.08 £0.11  0.73

N3/ NS, 5 0.422 £ 0.022 1.29 £0.11  0.30

ng/ng 0.296 0.211 £ 0.007 1.234% 0.016 0.296

states, n > 3, the cross section o, falls off according to a n™2 law. In the proton-atom
electron capture, the states H(n!) with { = 0 and 1 are mostly populated (see Table 2).

The last row of the table reflects the n™* dependence. In the present paper, a population
of the nl-state in hydrogen was estimated using theoretical results [21] for charge-exchange
cross sections, gives the following n/-dependence

20+ 1

n3

<I>0(nl) ~

exp(—1.41) (8)

and also presented in Table 2 in the last column.This law was also confirmed by experiments
for fast ions penetrating through carbon foils (see, e.g., [22, 23, 24, 25]). The total fraction
of neutral hydrogen in collisions of 1 MeV H-atoms with 1 - 8 ug/cm? thickness carbon is
about 8x10~* as shown in Fig. 3.

In ion-foil experiments, a creation of a neutral atom is related with different processes
taking place inside the foil and at its surface. According to Brandt and Sizmann [14],
in proton-foil collisions, two main processes are responsible for formation of a neutral
hydrogen. The first one occurs in the bulk and is a collision in which a target electron
gains correlation in speed and direction with the moving proton. The second one takes place
at the exit surface and is an electron capture into a bound state provided the correlation
has not been lost. Therefore, collisions of ions with foils are more complicated compared to
binary ion-atom collisions. However, in practice, the quantitative description of the ion-foil
collisions, a hydrogenic scaling for the effective cross sections are used, hence the processes
in solids are treated similar to those in gases.

Collisions of H™ ions, having two bound electrons, reveal similar behavior as H inci-
dent atoms. For example, the measurements with carbon foils at MeV regime show similar
transmitted fraction and neutral fraction as for H® projectiles (Fig. 3). Using this exper-
imental fact, the authors in [9] make more general assumption that in the energy regime




10" lH'deoonC; 4
-2

10 - 4
L
0’

T

FRACTION
3

T rrrTTT

CHARGE

YT

LM AR E AR

YT T

Dwell Time (fs)

Figure 3: Transmitted fraction of incident H® and H~ and the H° fraction from incident
H~ ions. From [9]




considered, the emerging fractions arising in collisions of light ions H?, H~, He?, He*, H},
H¥ can be described by hydrogenic scaling within the Born approximation. In this respect,
the projectile is represented with an effective charge Zesg corresponding to the hydrogenic
wavefunction and energy. The Z.;; values of 1.0, 0.7, 1.7, 2.0, 1.1 and 1.5 are used for loss
and capture cross sections. In other words. inside the solid these loosly bound systems can
be described by a free ion approach. The difference is that processes in solids have higher
collision frequency due to a higher density of target atoms in solids. However, we will see
in Section 2.2, that the effective charge Z.;; of the molecular ion depends, in general, on
the internuclear distance R.

2.2 Transmission of Hj Ions through Thin Foils

The H3 ions have one bound electron but two protons that makes the problem much more
complicated as compared to the incident H® or H™ simple projectiles. Collisions of hydro-
genic molecules with foils are characterized by the following features [23]:

1. Penetration of the projectile into the foil before loss of original electrons;
2. Coulomb repulsion of protons, created in the foil by stripping;

3. Polarization of the target electron plasma by protons (wake forces) which affects the
repulsive motion of protons.

Atomic processes arising in collisions of H} ions with thin carbon foils, seem to be
well understood experimentally [8, 9, 17, 26] and theoretically [12, 13, 17, 27). These
investigations include transmission yields, stopping and scattering-angle distributions of
molecular ions traversing carbon foils in a wide thickness range (z = 1 - 15 pg/cm?) and
incident projectile energies (E = 0.4 - 1.2 MeV /u).

Fast (~ MeV) light ions colliding with a foil loose their binding electrons within the first
few atomic layers of the target because of the characteristically large electron-loss cross
sections (~ 107'® em?). As was shown experimentally, lifetimes of incoming projectiles H°,
H3,H~ and HJ depend only on number of bound electrons and constitute, respectively,
[26]: T(H®) = (2.1 £0.1)x 107'¢ s, 7(H}) = (1.9 £ 0.2) x 1071 s, 7(H™) ~ 7(H}) = and
(1.18 £ 0.13) x 10716 s,

One of the important subject arising in investigations of ion-foil collisions is a trans-
mission of fast ions through thin foils and creation of neutral hydrogen. A measured [17]
transmission factor for H in carbon foils for incident HJ ions as a function of a dwell time
tp is displayed in Fig. 4.

At tp < 1fs, a transmission yield of H} is exponentially small ~ exp(- tp/7) with 7 =
0.17 fs and is independent on the projectile velocity. This exponential fall can be related
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Figure 4: Transmitted fraction of incident H from incident Hj ions. From [17]




to the electron loss in a solid state with the corresponding electron-loss cross section given
by eq 1. This region is characterized by the survival of the incident projectiles that come
through the foil with their own (original) electrons. A previous measurement of H° vield
with incident Hj [8] also shows the exponential decay with increasing tp, that correlated
with Hj transmission yield, and can be viewed to originate from the dissociation of the
incident HJ ions being mostly in the ground 1so, state:

Hf — H* + H(nl). 9)

The region tp > 1 fs is characterised by a strong dependence on the projectile velocity
v when the incident ion molecules pass through a foil with other (reconstituted) electrons
captured from the target. After loosing its electron, two rest protons exhibit the Coulomb
repulsion in the foil with characteristic time for the Coulomb explosion ( a few fs) generally
compared to the dwell time. The capture occurs at the exit of the foil and can proceed
into molecular orbits either bonding or dissociative depending on the internuclear distance
R at the exit and relative internal kinetic energy Fj of diproton. Excited molecular states
dissociate into a proton and a hydrogen atom in the ground or excited states (see Fig. 5;
for example:

Hf (3s0,) — H* + H(3s), (10)
Hf (2p7s) — H* + H°(2p), (11)
Hf(2po,) — HY +H(1s), (12)
Hi(1so,) — HT + H°(Ls) (13)

The only one reaction leading to creation of the ground state H°(1s) from excited molecular
state is reaction (12). The reaction (13) takes placeif Ex + U(1soy) >0. If Ex + U(lso,) <
0, it means that the original electron of the incident molecule is not lost after passing
through the foil.

The question arises about how these excited molecular states are populated.It was seen
that the probability of creation of the bound (or not bound) molecular state strongly
depends on the internuclear distance R and relative energy of two protons u(dR/dt)?/2
where p is the reduced mass of two protons (Fig.6).The initial separations Ry in H} and
Hj ions are 1.3 and 1.1 A, respectively.

At present, there is no satisfactory theory of electron capture into molecular-orbital
states. However, a good estimation of the molecular capture cross section is given by the
hydrogenic scaling relation suggested in [17]:

a7 (v) = Zna(R)o (v), (14)

where of(v) is the capture cross section for atomic hydrogen at the same velocity v and

Zmoi(R) is the effective charge of the two nuclei for the capture into molecular states. For
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Figure 6: Coulomb repulsion of two formed protons after stripping H} ions in the foil

ls g-state it reads [28]:
Z4(R) =1+ ezxp(—0.76)R, (15)

with R in atomic units.

The scaling (14) follows from experimental results, for example, as shown by experi-
ments [22], the population of H(nl) levels of high angular momentum is 2 - 3 times larger
in the case of Hi molecules as compared to protons (Table 2) because of influence of two
main processes:

1. Dissociation carrying out original (molecular) electrons,

2. Electron capture of the target electrons into molecular excited states followed by
dissocoation into protons and H*(nl) atoms.

There are a few experimental meausrements [29, 30, 31] indicating that the n=3 law
is valid only for low principal numbers of resulting hydrogen atoms, n < 5; for higher
10 < n < 14 these experimental data follow n~?-law with p = 8.0 £ 1.0.

A probability of having a bound molecule at a given inter-proton distance R is then
given by

Umol
= —c ] < = puV? 1
Pb(R) (OZ""I n (J'lH)’lf Ey + U(R) <0, B =pV /2, ( 6)
P,(R) = 0, otherwise, (17)
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where y is the reduced mass of dicluster and V' is their relative velocity in the foil; off is
the loss-cross section of hydrogen from 1s-state which is found (experimentally) being the
same for H and HJ at the same velocity. The fraction of neutral hydrogen @, H? is given,
as before, by eq.(4). The mean value of the probability P,(R) is obtained by averaging
(16) over R-distribution (see [27]). Due to the similarity of the velocity dependence of the
molecular and atomic cross sections for electron loss and capture, the following ratio is
plotted for transmitted H} fraction through the carbon foil

UH

®(H)/®(H) = ‘D(HZ’)/UH—;UI,;, (18)

which is nearly universal curve as a function of the dwell time ¢tp independent on the
incident ion energy.

At present, the sophisticated theories take the following effects into account to calculate
fractions of Hf and H(nl) within accuracy of a factor of 2:

1. Initial distribution of HJ over vibrational states,

2. Coulomb repulstion of protons inside the foil.

3. Electron capture into excited molecular states.

o

. Wake (polarization) effects of the target electrons by the cluster.

5. Scattering of protons by target electrons.

Fig. 7 shows a universal dependence of the ratio of emerging fractions Hj and H(nl)
particles as a function of the dwell time corresponding to a wide energy range (E = 0.4 -
1.2 MeV/u) of the incident Hf ions and dwell time ( tp = 0 - 30 fs).

In the end of this Section , the following conclusions can be made:
1. Incident ions can penetrate a foil being unchanged with their own (original) electrons.

2. Fraction of neutral H(n) can be quite large (about 107)and is caused by electron
capture from the exit surface of the foil.

3. The processes of transmitting and emerging of the particles are described in terms
of the ion-gas interactions.

4. Yield of neutrals H(n) is independent on the foil thickness.

13
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5. In the case of incident molecular ions, the Coulomb repulsion of the nuclei in the
bulk plays a key role at low-energy regime.

3 Relativistic Energy Range (E = 800 MeV/u - 1.5
GeV /u)

3.1 General Features

Experimental and theoretical data on collisions of relativistic ions with foils are very scarce
(see, e.g., [32, 33, 39, 38]) and are known mostly for H™ ions colliding with 15 - 300 ug/cm?
carbon and Al,Oj; foils. Although the size of H™ ion is about 4 A and that for a solid carbon
about 2 A, quite a finite fraction of H™ ions is survived after passing through a foil.

04 nm

D=

Carbon Foil

Figure 8: The relative sizes of the outer electron orbits for the H™ ion and the carbon
atoms from the foil. From [32]

Experimental data have shown a significant difference of relativistic ion-foil collisions
as compared to those at low-energy energies (Sect. 2.1). Briefly, they can be formulated
as follows:

1. Interaction time of relativistic ions with foil is very small: tp < 0.5 fs.

2. Electron capture cross sections are negligible (v=¢) at these energies, hence another
mechanisms take place. For creation of H(nl) the most probable one is a stepwise exci-
tation or simultaneous ioniation-excitation processes caused by chaotic collisions with the
target atoms.

3. At these energies, highest orbital [-states are mostly populated (not low as in gases)




with the following law for the principal quantum numbers: ®(nl) ~ n? with 1.3 < p < 3.5.
4. Excited states are created inside the foil, but not at the exit, therefore the bulk effects
dominate the surface effects.

5. The approximation of ion-gas interaction, which is more or less acceptable at low ener-
gies, is not valid any more. More probably, this interaction constitutes a chaotic process.

At present, there are three main approaches used for description of high-energy ion-foil
collisions: a quantum chaos when an electron in the hydrogen atom exhibits stochastic col-
lisions with the target atom, so-called microwave-field approximation [41], 2 high-frequency
laser-pulse model [42, 43] and a calssical stochastic dynamics treatment [33, 40]. The latter
employs a stochastic version of Newton’s equation of motion, i.e., a miscroscopic Langevin
equation:

dv/dt = —VV, + F,(t), (19)

where V, is a screened potential of a proton and F(t) is the random fluctuating force
described by a sequence of sudden, impulsive momentum transfers ("kicks”),

F(t)= Y Y AP(t - ), (20)

a=1,2 1

where AP is the stochastic momentum transfer to the electron per collision at time ¢
being a random sequence.

This model seems to be providing some insights into the nature of relativistic H--foil
collisions. Fig. 9 shows a quantitative agreement of calculated fragment fractions with
absolute experimental data in the case of relativistic H™-foil collisions; same calculations
for n-distributions of resulting hydrogen atoms on n are shown in Fig. 10.

3.2 The use of Relativistic H~ and Hf Ion Beams for Non-
Liouvillian Injection

In a classical high-energy proton accelerator, the beam, generated by a H* ion source, is
preaccelerated by a rf linac and then injected into the synchrotron ring. The revolution
time of one turn is only a fcw y-seconds, hence the number of delivered particles is low. One
aims at injecting more turns, usually about 30 + 10 turns. This is called the multiturn
ingection. It is problematic in the following sense: the phase space acceptance of the
ring, which actually can be made much higher than the emittance of the linac beam, can
only be filled once due to Liouville’s Theorem. This holds true also for any subsection of
the phase space. The injected turn is magnetically moved away sequentially in the ring
vacuum chamber to make room for the next injected turn. This requires a thin electrostatic
septum inside the ring, separating the injection orbit from the already circulating beam.

16
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Figure 9: Caculated yields of H™ and H(n) with n = 1 - 4 (solid curves) incomparison with
experiment (symbols) at energy £ = 800 Mev. From [33]

This method involves unavoidable beam losses of 20 4+ 10 % due to the shadowing of the
septum.

The demand for higher and higher beam intensities arouse in the last three decades
since the elementary partice research concentrated more and more on rare collision events.
The intensity increase became a problem of beam losses and hence an activation of the
synchrotron. The losses, unfortunately, are not localized, rather than distributed around
the ring due to scattering effects at the septum. In the very early machines this situation
was not a concern, because this effect occured at the internal production target anyway.
The only sheme for a nearly loss-free injection proposed and experienced until now is the
circumvention of Liouville’s Theorem by accelerating H™ ions and injecting them accross
a thin stripping foil in a corner of the vacuum chamber, thus converting the H™ beam into
a circulating high density H* beam with a theoretically unlimited number of turns.

Space charge constraints limited the intensity of the circulating beam: around 100 turns
are usual and 1000 turns are possible. Beam losses are around 2% by conversion of H~
into H? in the foil, but these neutral particles leave the ring straight ahead from the foil
and are dumped locally. The challenge of increasing the turn number allowed for modest
source currents. The present state of source development is typically 35 mA for low duty
cycle operation. A further concern with the H™ ions is its subceptability to stripping-off
the very loosely bound electron. This is not a problem considering residual gas collisions
in the linac. It is a problem, increasing with energy, considering Lorenz stripping in the

17
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Figure 10: Same as in Fig. 9 for n = 1 - 10 (theory). From [33]

18




many magnetic elements. This effect can be reduced to tolerable values by reducing the
magnetic field strength. The consequently longer dimensions of the magnetic elements
results in difficult design constraints.

This paper reconsiders the atomic physics issues of using HJ ions instead of H™ ions for
the non-Liouvillian injection into a high energy accumulator ring, which is instrumental in
the context of future pulsed spallation sources, presently under study in Europe and the
USA. The design value of the average beam power involved amounts to 3 MW, which is 30
times higher then record values achieved so far. The outlined increase is a combination of
a slight increase of beam energy and a considerable increase in beam intensity in the full
energy linac (the accumulator ring does not accelerate). Most notably a further reduction
of the beam losses at injection is imperative.

The use of HY in this context was proposed several times in the past. It was rejected
because for the same final energy a H} linac would have been twice as long as a H™ linac
and would require twice the rf power for the ohmic wall losses of the rf accelerating cavities
(but not for building up the required beam power!).

This argument has nearly disappeared, since superconducting (SC) cavities are strongly
under consideration anyway. SC cavities allow for a considerable increase in the energy
gain per unit length, while still demanding zero wall current losses. The expensive rf power
entirely goes into the beam power. The possible favourable reduction of the electrical
beam current by a factor of two, when doubling the linac voltage, is highly desirable. This
reduction of the electrical beam current eases the particle dynamic problems, encountered
in the evaluation of space charge effects.

On the technical side a different situation persists for H™ beams: no ion source is
available or even is considered for the required 140 mA beam current. It is presently
proposed therefore, to combine at the low energy end of the linac two beams from 70 mA
H~ sources. Some scepticism is expressed, whether even this value can be attained for
high duty factor (6%) sources. In addition, the beam combination, termed funneling can
impair the transversal beam properties, hence leading to untolerable beam losses in the
high energy section of the linac, if the system is not ideally tuned and aligned.

However, the beam transport architecture at injection, the Hf beam now coming from
the same side as the curculating H* beam, has not been worked out yet.

In reconsidering the Hi case, for which ample of beam intensity can be produced in
a single source (nearly same value as in the well experienced H* sources), the following
questions have to be adressed to the atomic physics side:

a. the fraction of H° leaving the foil after stripping the incident Hf beam,

b. susceptibility for Lorentz stripping of Hf compared to H™,

c. the fraction of H® beam in excited states and decaying to H* in time intervals short
enough that the created H* particles still stay in the aperture of the beam pipe. It then
would be subject to undesirable oscillations around the central orbit, hence eventually
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leading to unacceptable beam losses around the ring,
d. the loss associated with inelastic scattering,
e. the negative momentum tail and emittance increase due to foil scattering.

3.3 Creation of Neutral Hydrogen

The most experimental data on stripping relativisitc H~ ions have been carried out at
the Proton Storage Ring at the Los Alamos Meson Physics Facility (LAMPF). The main
losses are caused by the ring bending magnets field-ionizating excited-state H® atoms not
stripped by the foil. These protons can soon collide with the walls of the ring because they
are produced at a point where their trajectories are outside the clean acceptance of the
ring (45, 46].

The foil thickness is chosen to provide a high stripping efficiency without introducing
appreciable scattering and spread of beam momenta. Typically, the strippig efficiency is
96% with 4% remaining mainly as neutral H® atoms which have to be removed efficiently
from the ring. However, many of H® atoms exist in an excited states and may strip
to protons in the magnetic fields of the ring, becoming lost before being removed. The
question arises on how best to design the injection system to minimise this effect. The
lifetimes 7 of excited n states of hydrogen atoms are given in Table 3.

Table 3: Lifetimes of excited H*(n) atoms. From [47]

T, S n 7,8

2.1x10™° 10 1.9x10°7
1.0x10"% 15 1.2x10°®
3.3x107% 20 4.6x10°¢
8.6x1078

3L BT OCRNC R

These lifetimes have to be compared with the time o spent by ions after passing through
the foil in the flight pass (before the magnet) with a length L. For 1.334 GeV H- ions,
corresponding to ion velocity v = 0.9 ¢ = 2.7x10"%cm/s and L = 2.5 m,one has to = L/v =
9.2x107% =~ 107%s. As seen from Table 3, that the neutral H*(n) atoms with the principal
quantum numbers n > 3 have lifetimes larger than time required to reach the first dipole
magnet: T > tg = 1078, In going some distance inside the magnet, these atoms will be
stripped and protons arising from H*(n),n > 3 will not be deflected as much as protons
that were created at the stripping foil and thus will have an angular displacement with
respect to the central trajectory of the proton beam (Fig. 11). These losses (also called
"first-turn” losses) caused by production of excited H*(n) atoms, constitute about 0.2-0.3%
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in the Proton Storage Ring (PSR) at the Los Alamos Meson Physics Facility (LAMPF)
(see [1, 32, 33, 38)).

H'and H®
Stripper Foil / Excited HO(n) Stripped Here
_LI H Q ...... a—— H° To Dump
incident H ™ Ring Dipole

Proton from H°(n) Lost Here

Normal Proton Central Trajectory

Figure 11: PSR injection region and the origin of the first-turn losses. From [1]

In the case of H™ collisions, the H(nl) atoms can be formed by two main processes:
stepwise excitation and simultaneous ionization-excitation caused by collisions with the
foil atoms, namely,

H™ — H(ls) - +H*(nl) + e, (21)
H™ - H'(nl)+e. (22)

With account fOr these processes, the sophisticated calculations [38] of the neutral H
fraction show a good agreement with available experimental data. A typical distribution
of the resulting particles, H*, H™ and H*(nl), for the incident H™ ions at energy E = 500
MeV passing through a 200ug/cm? foil is given in Table 4. One can see that in this case
the fraction of neutral hydrogen is about 5%.

3.4 Dissociative Lifetimes of Electronically Excited Hj Molecu-
lar States

To our knowledge, there is no experimental and theoretical data available for processes
occuring on foils bombared with relativistic Hf molecular ions. In principal, one can
consider two main processes leading to creation of neutral H*(n) atoms due to interaction
of Hf ions with foils: dissociation in the foil with simultaneous excitation of H atoms, and
excitation of HJ ions into electronic states followed by dissociation, respectively,
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Table 4: Probability per one incident H™ ion of an energy £ = 500 MeV for creation
different fragments after passing a 200ug/cm? thickness foil. From [33]

H* 0.95 H(n=1) 1.5x1073

H- 1.0x10™* H(n=3) 7.0x10*

H(n=1) 3.5x107% H(n=6) 5.0x107*

H(n=2) 1.2x107* H(n=7) 2.5x107*

H(n=3) 3.0x10~® H(n=8) 1.7x10
Hf — H+He(n) (23)
Hf — (Hf) > H'+H'(n) (24)

In process (23), we assume that the fraction of neutral H(nl) atoms will be approxi-
mately the same as in H™ case because they are created by stochastic collisions of atomic
hydrogen with the target atoms similar to process (21). The processes (24) can also con-
tribute to the neutral fraction production because, at dwell times tp = 1 fs the fraction of
Hj ions (about 5%, Fig. 4) can come through the foil unchanged but excited into electronic
states. (Some decays of excited molecular ions are shown by eqs.(10 - 13)). These states,
in turn, can dissociate into protons and hydrogen atoms in the ground or excited states.
For the latter processes, one has to know the dissociative lifetimes 7 of excited H} ions
in order to compare them with the flight time of protons before they pass through the
first magnet (to = 10® s). Corresponding calculations have been performed in [44] using
a quasi-classical approach for under-barrier transitions in H} ions with molecular energy
terms approximated by the Morse potential. The calculated values of T are presented in
Table 5 together with energy depth D of the bound molecular state and corresponding
equilibrium internuclear distance R, for the lowest molecular terms.

Calculated lifetimes, 7 &~ 3 x 107'* s, are found to be very short as compared to the
proton flight time before a bending magnet, ¢, & 108 s, which means that the excited H}
ions will decay much earlier before reaching the first magnet. There is no sophisticated
calculations of the neutral hydrogen fraction in the case of Hf molecularions. Using results
and conclusions of the present paper, we can only estimate this fraction of about 2 times
larger than in the case of H™ ions provided equal velocities and foil thicknesses.

3.5 Electric-Field Stripping of H’, H- and Hj

Excited H*(n) atoms can be stripped at relatively low magnetic fields B, i.e., forn > 3, B =
0.5 T that corresponds to an electric field of 0.9 MV /cm, Table 6. The behavior of excited
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Table 5: Calculated dissociative lifetimes of electronically excited states of Hf ions. From
[+4]

State D,eV R.,ag 1,107"s

lsoy, 2.7 2

2po, 0.0015 12.0 3.4
2pm,  0.26 8.0 4.4
3dog, 1.4 9.0 3.0
4do, 0.089 18.0 3.2
4fr, 0.42 18.0 3.2
ifo, 0.15 20.0

Sfrg 0.028  28.0

Table 6: Critical electric field, F' = 5.7x10%/n* V/cm, and corresponding magnetic B field
(E = 800 MeV/u, 8 = 0.84) for ionization of hydrogen atoms in the n-state

n F,V/em B(T) n F,V/em B(T)
1 5.7x10% 121 6 4.4x10° 0.093
2 3.6x107 7.6 7 2.4x10°  0.050
3 7.0x105 1.5 8 1.4x10° 0.030
4 22x10% 047 9 87x10* 0.018
5 9.1x10° 0.19 10 5.7x10* 0.012
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H*(n) atoms in a magnetic (or in an electric field in the rest frame of the atom) is well
understood and can be described by different approaches (see, for example, (34, 35, 36]).
The one which is the most often used is the 5th-order perturbation theory developed by
Damburg and Kololsov (34, 35].

The survival of the high-enery ions in accelerators is an important problem related with
the static electric field induced in the ion’s center of mass by the magnetic field used in
the ion optics. In H™ ion, a loosely bound 1s-electron with the binding energy I = 0.754
eV can be stripped by static fields of about 6x108 V/cm [48]. This electric field is close to
ionize neutral hydrogen H(n) from the states between n = 3 and 4 (Table 6). The H{ ions
are supposed to be much more stable to electric fields (about two orders of magnitude)
as compared to H™ because of the higher distruction energy (2.7 eV). Field-ionization of
H™ ions was considered theoretically elsewhere (see, e.g. [49, 50]). It was found [50] that
the H ions can be stable up to electric fields of about 2x108 V/cm which is still small to
ionize H atoms in the ground state. The results of comparison are presented in Table 7.

Table 7: Comparison of characteristics of H™ and Hf Ion Beams

Characteristic H- HY

Ionization energy 0.75 eV 31.67 eV (H* + H* + ¢)
Dissociation energy - 18.08 eV (H* + H(ls))
2.7 eV (depth of 1sa, state)

Production rate in ion source low high

Stripping electric field 6 x10% V/cm 2 x10® V/cm
Stripping magnetic field 1.28 kG 425 kG

Fraction of H° 0.05 0.10 (estimated)
(E = 800 MeV/u, z = 250 pg/cm?

Source current 35 mA (70 mA required) 140 mA
Intensity 1.25 x10'3 proton/cycle

Electronic band structure of H] for parallel internuclear and external magnetic field
axes is considered in {37)].

4 Conclusion

We have considered the ion-foil collision processes in relation with both fundamental el-
ementary processes occuring in foils (loss, electron capture, excitation, dissociation etc.)
and with application to the accelarator problems such as injection of protons formed by
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stripping of relativistic Hf and H~ ions in thin foils. In general, ion-foil collisions belong
to unique domain of interactions because to understand and to describe the properties of
these interactions, one has to apply principles of atomic, molecular and solid state physics
simultaneously.

The problem of using relativistic Hf molecular ions instead of H™ ions for spallation-
neutron sources was reconsidered again. Because of higher ion production rate and higher
stability against ionization by induced electric field, H} ions seem to be more perspective
to be used in the future as compared to H™ ion beams. A fraction of neutral hydrogen
created after H] ions passing through the foil, is estimated to be 2 times higher than
for H™ ions because HJ ions are more complicated atomic systems and therefore, more
possible channels can contribute to formation of neutral hydrogen atoms which constitute
the main beam losses. However, this circumstance does not destroy the general picture of
advantages for using H7 ions. Certainly, to obtain a more quantitative estimate, one has to
carry out the corresponding experiments at relativistic energies or to perform sophisticated
calculations on the basis of the advanced theories as, for example, the relativistic quantum
stochastic approach as was discussed in Sect.3.1.
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UNITS RELATIONS

Relativistic factors:

1
B:v/c:\/l— (1T B/moc ) (25)

where E is the energy of the projectile, moc® = 931.5 MeV for heavy particles, and mqc?
= 511 keV for electrons; the y-factor is defined by

Electric field strength F created in the rest frame of a particle moving with velocity v in
the magnetic field By, is giben by (Lorentz force):

F[V/em] = yBcBias[T), (27)
where T is a Tesla unit. For 3 = 0.84, 1T corresponds to 4.7 MV /cm.
1 a.u. of the field strength Fy = 5.142 x10° V/cm.

1 T corresponds to 10* G (Gauss).

1 pg/cm?® = 50A= 95 a.u.
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