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Abstract

H~ stripping injection into the Fermilab Recycler Ring, comdsd with a beam
phase painting technique, has been considered. The namlitle three-dimensional
beam dynamics with space charge has been studied numerieaitg STRUCT and
ORSBIT codes, for different painting scenarios. In order ¢biave a uniform (quasi
KV) phase space distribution and to reduce the foil heatimg following parameters
were investigated: the number of turns, strengths and teahfarms of kicker mag-
nets, and foil geometry. Performance of the stripping fi&icrucial parameter of
the whole injection scheme, so that the latter has been mbitp minimize the hit
number on the foil. The temperature regime has been evdlbath semi-analytically
and numerically using Monte Carlo codes MARS and MCNPX, wditiation cooling
and transport od-electrons taken into account. That all results agreedprelles the
consistency of the models. It has been shown that the stgdpil can survive during
injection with the parameters chosen for Project X at Feximil

1 Introduction

Painting injection with a stripping foil is a well establethtechnique implemented at KEK
and other accelerator laboratories. The stripping, whenchlarge exchange occurs, al-
lows one to overcome the limitations imposed by the Liogslltheorem and the proper
strengths of painting magnets helps to form a desired phEsmedeam distribution. For
high-current accelerators, the most preferable phaseatdesis quasi-KV distribution in
the transversex( X, y, ) plane which is superior compared to other non-unifornritist
tions due to minimal tune shift. Longitudinal painting, uésg in a uniform shape of the
density in A@,AE) phase space, is also preferable.

On the one hand, it is easier to build a distribution for mamyg$, but on the other
hand, the foil heating suggests having a faster injectidh fewer turns, when the beam
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phase profiles may still be inappropriate. Therefore, thextion scheme has to represent
a compromise between the resulting beam phase distribwtioich is important for fur-
ther dynamics, and foil sustainability, defined by toleeabéating of foil material. Other
foil issues, such as secondary electrons and neuftaipdcies produced in the foil, may
seriously complicate the injection resulting in additiblogses.

Several aproaches have been used to simulate th&tripping on the foil due to mul-
tiple Coulomb scattering, nuclear interactioa; The numerical simulations agreed well
with a semi-analytical model, giving confidence that for th@sen injection scheme pa-
rameters the stripping foil will survive.

2 Painting Injection

In this section we discuss the basics of painting instruatesrt and it's numerical aspects
in application to multi-turn injection into the Recyclerigi (RR) (see Refs. [1, 2]).

For different painting cycle durations we evaluated and garad the resulting emit-
tances and the number of hits of the stripping foil. This infation will be utilized for the
detailed modeling of stripping foil performance in seci@and 4.

2.1 General Layout and Basics of the Painting Technique
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Figure 1: Painting injection scheme.

A layout of the injection scheme &1~ ions from the 8 GeV linac into the Fermilab
Recycler Ring is illustrated in Figs. 1 and 2. One can see gn BihowH~ beam hits
the stripping foil and is then merging with the closed orlbitree Recycler. The permanent
bump magnets, denoted as HBCI, I=1, 2, 3, 4 provide the offtéte closed orbit (all
bumps have a constant strength) to circumvent the body §tbe &R dipole magnet (not
shown in Fig. 1) installed upstream of the injection poinheTbump magnets HBC3 and
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Figure 2: Injected and circulating beam locations at therBfoil during painting. The
transverse dimensions of the foil are 14 mni8 mm.

Table 1: Injection magnet parameters.
Name L[m| B[kG] Half-aperture [mm]
X Y
Kicker magnets
K1 0.5 -10.981 76.2 25.4
K2 0.5 10.981 76.2 25.4
K3 0.5 10.980 76.2 25.4
K4 0.5 -10.980 76.2 25.4
Bump magnets
HBC1 0.7 -4.26010 76.2 25.4
HBC2 6.0 0.54643 200.0 38.1
HBC3 1.0 12.25700 200.0 38.1
HBC4 1.0 -12.55400 200.0 38.1

HBC4 are also designed to send a small amourti6fand HO after the stripping into
absorbers.

Only fast kicker magnets, denoted as K1 thru K4, play an actile in painting. The
magnets arrange a time-varying beam steering on the siggpil, which is called the
“painting”. The painting procedure assumes a strippingylmoed with the injection with
different coordinate$x,y) and under different anglds’,y’), to build a designated trans-
verse phase space distribution. Stripping plays a key rotkat procedure. It allows one
to increase turn-after-turn the intensity of the circuigtbeam without a significant growth
of the transverse phase volume, and also allows buildingaaepHistribution with desired
parameters. All this happens because the stripping allowgect the particles in the same
cell of the(x,X,y,y) phase space repeatedly.

The 3um (600pg/cn®) thick graphite stripping foil has the shape of a so-calleatter
foil”, where two edges of the square foil are supported aedther two edges are free.
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Figure 3: Horizontal(x,x") and vertical(y,y’) phase portraits of the circulating beam at
the first, 140-th, 290-th, 582-nd and 589-th turns of in@ettsimulated by STRUCT (top),
ORBIT with zero current (middle) and ORBIT with full currefiiottom).

2.2 Simulations without space charge

The results presented in this section were obtained witltdingouter code STRUCT [3].
The normalized emittance of injected beam at 95% level ikgu2.5 mmmrad. The
circulating beam emittance after paintingig=37.5 mmmrad. In the chosen scheme, the
painting lasts for 582 turns and after the painting the ¢ating beam is removed from the
foil over 7 turns. The horizontal bump amplitude at the fsil i

50 mm = 13 mm (painting) + 37 mm (removing from the foil) (Fig. 2

The proton orbit is moved in the horizontal plane at the begig of injection by
150 mm to the stripping foil to accept the first portion of o generated bid~ in
the foil (Fig. 1). The horizontal and vertical kickers areedgo produce orbit displace-
ment during painting. A gradual reduction of horizontalkdc strength permits painting



Table 2: Painting injection scenarios studied for accutimueof 1.47x 10 protons per

pulse (ppp) in the Recycler Ring

Scenario

Linac repetition rate [Hz]
Painting cycle duration [ms]

Number of RR turns per painting cycle
Number of painting cycles per injection

Interval between painting cycles [ms]
Total injection time [ms]

Total number of turns on foil during
injection

Injection intensity per RR turn
Average number of each proton
interaction with foil during injection

B C D
10 10 0.71
2.16 4.28 25.72
194 385 2310

6 6 1

97.84 95.72

502.16 504.28 25.72
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Figure 4: Horizontal and vertical painting bump functionsidg injection.

the injected beam across the accelerator aperture withethered emittance. The verti-
cal kicker magnets located in the injection line (not shoprovide injected beam angle,
sweeping during injection from the maximum at the beginrdog/n to zero at the end of
the painting process (Fig. 3). The vertical angle variaisoh 26 mrad. Painting starts from
the central region of phase space in the horizontal plandrandthe border of it in the
vertical plane, and goes first to the border of the beam in thizdntal plane and then to
the center in the vertical plane. This produces a so calleddurelated beam” with el-
liptical cross section, thereby eliminating particlestthave maximum amplitudes in both
planes simultaneously. Painting injection scenariosistlibr accumulation of 1.4710
ppp in the Recycler Ring are presented in Table 2. The shprttlor Linac pulse length



(1-5 ms) requires six injections to accumulate the requimézhsity in the Recycler Ring.
The dependence of kicker-magnesgrength on time (Fig. 4) is chosen to get a uniform
distribution [4] of the beam after painting both in horizah&and vertical planes (Fig. 5).
Particle hit distributions in the foil at the 1-st, 4-th and6cycle, and during all six cycles
of the 582-turn injection are shown in Fig. 6.
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Figure 5: Horizontal (left) and vertical (right) particlésttibutions after painting.

A low field magnet HBC2, located upstream of the foil (Table i4)used to separate
the proton andH~ beam at the quadrupole preceding the injection region. fiaignetic
field of ~500 G is chosen to prevent field strippingtdéf before interaction with the foil.
The second thick foil, located downstream of the third hamial magnet HBC3, provides
stripping to protons of the findli® atoms, and the fourth horizontal magnet HBC4 located
behind the stripping foil is used for removal of these prettmthe beam absorber.

2.3 Simulations with space charge effects

We benchmarked the results of the STRUCT code from Sec. thg tiee code ORBIT [5]
which simulates three-dimensional beam dynamics in aceleand storage rings. The
ORBIT code imports the accelerator lattice in MAD-forma} §d initial phase portrait
(x,X,y,Y,A@ AE) of the particle distribution, and then tracks macro-p&tichrough the
lattice, taking into account acceleration in RF cavitiesl, $tripping phenomena and lon-
gitudinal and transverse space charge forces.

Firstly, we omitted the space charge effects and made a awsopavith Sec. 2.2. In
Figs. 3 (middle plots) the transverse phase-space codediae plotted for zero current
mode, which are in a good agreement with results obtaindd SARUCT.
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Figure 6: Hit distributions in the foil at the 1st (top, leffth (top, right), 4th (bottom, left)
and during all the six (bottom, right) cycles of the 582-tinjection. In the simulations,
the particle hit number on the foil during the 1st, 4th, anld &gcles is 62,067, 162,470,
and 284,034, respectively. The total hit number during thection is 948,322. Average
number of interactions with the foil for each injected padiis 33. Hit density at the
maximum of the distribution is 1.3210* proton/mnt at 2.52< 10 particles injected at
every turn.

The next step was to take into account space charge. Thentatdder of protons cir-
culating in the Recycler after injection is5lx 10*; that corresponds to the total beam
current accumulated after injection in the Recycler Ringado 2.1 A. When we switch
on the full current the space charge effects on beam dynareaxpected to be important.
In our simulations we were tracking 2 x 10° macroparticles (after 582 turns, with 360
macropatrticles injected on each turn) and were using aamatd of 128x 128x 64 in
X, y and z dimension, respectively. In Fig. 3 (bottom plots¢ @an see transverse phase
portraits for the same turn numbers, when the beam curréil i8. Let us compare mid-
dle and bottom plots in Fig. 3. Interestingly enough, it Isdike the phase portraits in the
horizontal phase spacg, x') didn't change much. In the vertical spagey’) the situation
looks different: the phase pictures with zero and full cotrdiffer noticeably. This ob-
servation does not mean, though, that space charge marnttesf more strongly iy,y)



0.01

0.005

20 turns E
10 turns E
2turns
1 turns
0 turns

0.015

0.01

600 turns
20 turns
0 turns o

P - z : % =
0.005 | il - b

dE [GeV ]
s
—
—-"—-.

- —

0005 5 v o
7 :

\\ 0.01 -

/////"":
Z1
=
e
dE[GeV]
5,

wf W

_0.01 I L ! ' L L L 1 L 0015

. L ! ! I ! ! L I
2.5 2 15 -0.5 0 0.5 1 1.5 2 25

Figure 7: Longitudinal particle distribution after 0, 1,1 and 20 turns (left) and after O,
20 and 600 turns (right) for full beam current.

plane and the horizontal phase coordindte®’) are insensitive to the beam current.

In fact, this asymmetry depends on the way the horizontal\aamtical painting are
realized. In(x,x) plane injection occurs from the center(, for the small amplitude parti-
cles) towards outside, to the larger amplitude particleshé vertical phase spatgy’) the
painting starts from the larger amplitude particles towsdhe center, to the smaller ampli-
tude particles. Therefore, the peripheral partighey’) experience growing space charge
effects during the whole injection cycle. Of course, in tlgirontal plane the particles
are also affected by the Coulomb force. However, the perglomes(x, X') are experienc-
ing the space charge effect over fewer turns and do not hamgghrtime to demonstrate
any significant difference in comparison with the zero beamment calculations. In the
meantime, after more turns the dilution of marginal cocatis(x, x') due to high current
becomes quite noticeable.

One can see also the longitudinal beam dynamics. For zermarial beam current
the distributions in Fig. 7 are very much alike. Accordinghe multi-turn injection sce-
nario, a 325 MHz Linac beam is injected into RR over 582 tuhitting the foil repeatedly.
The 52.8 MHz RF cavities in the Recycler work with two harnowoltages of 400 kV
and -200 kV. Since the ratio of Linac vs Recycler RFs is nonéeger: 325/52.8=6.15, the
fractional part, 0.15, results in a slipping of Linac midvonches along the RF phase, as
demonstrated in Fig. 7. Although the Recycler separatrith(phaseg—rt, 11) is able to
accommodates six microbunches, in practice there are oohwfith range/—2.05,2.05]
(see [2] for more details).

3 Stripping Foil Heating

Heating and cooling of an injection stripping foil due tceidiation with a pulsed beam is
an essentially non-stationary phenomenon described hétfoilowing equation:

d_E
dx

2€0sp

dT  Nop(1—de) B
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a - pC(T) (T - TO) ) (l)




whereN is the beam hit densitg(T), p ande are the specific heat, density and emissivity
of carbon, respectively,‘é—'ﬁ} is ionization energy loss of a beam protarg is the Stefan-
Boltzmann constanfyx is the foil thicknessT andTg are the foil and ambient temperature,
respectivelyde is the ratio of energy taken away by all secondary electrioaXelectrons)
that escape the foil, to energy of all secondary electrongmged in it, andy is 1 or 0
depending on whether the beam is on or off at the given tif@me assumes a constant hit
rate within a single beam pulse. This equation is applietiédibttest spot on the foil and
heat conductivity is ignored. Temperature dependencerbboaspecific heat is taken from
Ref. [7]. The consideration is limited to foil temperaturest exceeding 2500 K which
means that foil failures due to evaporation are not takemaatount [8].

For thin carbon foils—of order a few hundred/cn?—the number of secondary elec-
trons that escape the foil is not negligible, which impligssgible reduction in foil tem-
perature. Therefore, special attention is paid to the geeérsecondary electrons and their
transport, down to the lowest possible energy. The probseimthe energy distribution of
the secondary electrons generated along the proton uaKdE dx which is well known
only for electron energies in the regibrg E < Tmaxand behaves &2, wherel is the
mean excitation energy of the target atoms @ggk is maximum kinetic energy of a sec-
ondary electron according to kinematics. At very low enesgihe distribution is barely
known and can be approximately described€a$, with n being approximately between
3and5[9].

Thus, the value ode is calculated in two different ways: (i) by Monte Carlo; (@p-
alytically with some numerical (non-stochastic) integrat This gives us the possibility
to study the sensitivity of the results to the electron epexgoff and validate the Monte
Carlo results.

3.1 Calculation of absorbed energy by Monte Carlo

The modeling of electron transport in the foil is performedivthe MCNPX code [10]
down to 1 keV and with the MARS code [11]-[12] down to 200 kev.dur model,de is
defined by the following expression:

~ Eout
~ dEpy’

AN
whereEqyt is energy taken away by all escaped electrons and definedebfollowing
expression:

de (2)

Eout:///ECDe(r,E,Q)\ﬁQ\dAdEcD, @3)

where®q(r, E, Q) is the appropriately normalized electron flux density attbet (,E,Q)

of phase spacé is a unit vector orthogonal to a surface of the foil, alAlrefers to inte-
gration over the foil surface. For protons with kinetic agyeof a few GeV, the ionization
energy loss in thin foils is approximated by the simple pridn the denominator of Eq.
(2), that can be evaluated numerically using tables of ettion energy loss [13]. The value
of Eqyt is calculated in two different ways. For the MARS code, thiewdation starts with



protons incident on the foil and ti@eelectrons that escape the foil are counted. In the code
MCNPX 2.6, secondary electrons are not generated explitprotons and other charged
heavy patrticles. Therefore, in this case the calculatiartstith the secondary electrons
themselves and one assumes a uniform distribution of getesacondary electrons along
the proton track as well as realistic dependence of argg@ergy according to kinematics

of elastic proton-electron collisions [9]. Energy distrilons of electrons that escape the
carbon foil are shown in Fig. 8. The calculated valuégfior 8-GeV protons and a carbon
foil as thin as 60Qug/cn? is 0.281 (see also Tables 3 and 4).
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Figure 8: Calculated energy distributions of secondargted@s that escape the carbon
foil as thin as 60Qug/cn? irradiated with an 8-GeV proton beam at normal incidencé.[10
Normalization is per incident proton.

3.2 Non-stochastic calculation of absorbed energy

A simple model [14], developed initially for low-energy (80eV) protons, was modified
for high energies in order to take into account relativigtitects. The differential cross
section ofd-electron production can be written as [9]:

do Kk 2

wherek = 0.153%2/(AB?) MeV cn?/g, A is target atomic mass, and one assumes that the
speed of light in vacuung, is equal to unity. The maximum kinetic energy that an etactr
can receive in a collisiorEmay iS given by

Emax= 2Mep3/ (M& + M? + 2meEy), (5)

10



wheremg is electron mas$g andpg are proton total energy and momentum, respectively.
Electrons are emitted at an angledofvith respect to proton direction, that is given by

cosp = +/E/(E +2me)(Eg+ me)/ po. (6)

If an electron is produced at a point z in a foil of thicknési will travel the distance
| = (t —z)/cogp and escape from the foil with ener§y(E,l). Kobetich and Katz [15]
proposed an empirical expression for energy depositioharidil based on a fit to experi-
mantal data. According to their model, energyeadlectrons that escape the foil is

Emax t
Eout = / dE% /O d2ZWE, (t —2) /cosl). )

Eth

Note that Eq. (4) is inaccurate for kinetic energies closengan excitation energy
(approximately 70 eV for carbon). However, such low enenggteons are produced at
nearly 90 degrees and can not escape the foil because oeitmmely low ranges. As
shown in Table 3, the results with threshold energies of 1GakdV practically coincide
for carbon thicknesses more tharm #@/cn?.

Calculated absolute values of the energy, taken awayddgctrons that escape the foll,
are given in Table 3. One studied two moddl, andM,. The modelM; means that, as
in [14], only the first term in Eq. (4) was taken into accountisTmodel overestimates the
energy yield from the foil. If two terms in Eq. (4) are usédb{, the non-stochastic model
and MCNPX simulations agree within a few percent for thickses from 10 to 1 g/cnf.

The simulations performed with the MARS code agree well thtnmodeM., for the
threshold of 200 keV. Table 4 presents the ratio of escapedygro total energy loss by
a proton. It is seen that only 70% of proton ionization endogg goes to target heating.
High treshold calculations (200 keV) overestimate the gyndeposition by about 10% for

absorbers as thin as 19g/cn? and less, but provide good accuracy for thicknesses more
than 102 g/cn?.

Table 3: Energy (keV) taken away by generadeelectrons that escape the carbon foil of
a given thickness. Normalization is per incident 8-GeV pnotThe electron energy cutoff
used in the calculations is shown in parentheses.
Thickness ModeM; ModelM, MCNPX ModelM> ModelM,  MARS
(g/cm) (1 keV) (1 kev) (1 keV) (0keV) (200keV) (200 keV)

104 0.0655 0.0579 0.0580  0.0578 0.0398 0.0385
4% 104 0.243 0.212 0.211 0.213 0.159 0.160
6x 104 0.357 0.311 0.308 0.310 0.238 0.239
8x 104 0.468 0.406 0.400 0.407 0.318 0.320
103 0.576 0.500 0.489 0.500 0.397 0.397
1072 4.94 4.18 3.99 4.18 3.88 3.84
101 39.8 32.3 30.3 32.2 32.0 32.8

1 274 202 189 202 204 208
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Table 4: The ratio of energy taken away by gener@edectrons that escape the carbon
foil of the given thickness to the initial energy of theselectronspe, according to model
M- with cutoff of O keV. Ratio of energies deposited in the foildgeenerated 8 GeV protons
according to modédi/,, calculated with cutoff energy of 200 and 0 kd&D»qo/ E Do.

Thickness (g/c) 8  EDogo/EDo

104 0.313 1.14
4x10°4 0.288 1.10
6x 104 0.281 1.09
8x 104 0.276 1.084
103 0.271 1.077
102 0.226 1.02
101 0.175 1.002
1 0.109 1.0002

3.3 Thermal calculations

Calculations of the beam hit densiti@s, were performed with the STRUCT code for
several painting scenarios (see Table 5). In Table 5 theemsitly given for all injection
cycles is for studying average foil heating and is not eqoi@um of hit densities over all
injection cycles, because location of the hottest spot cavenaround the foil during the
injection painting.

Table 5: Calculated hit density on a foil at the hottest spov/arious injection cycles and
for painting injection scenario& thru D (see Table 2).

Hit density, 184 proton/mnt A B C D

Cycle 1 0.09 0.17 0.35 5.15
Cycle 2 0.17 0.33 0.66
Cycle 3 0.22 0.44 0.86
Cycle 4 0.26 051 1.02
Cycle 5 0.31 0.62 1.25
Cycle 6 0.34 0.68 1.34
All injection cycles 1.31 258 5.14 5.15

Given the beam hit density, numerical integration of Eq. i§lperformed with the
Runge-Kutta method [16]. Calculated temperature distioins at the hottest spot on the
foil are shown in Fig. 9. Regarding the maximum temperatioea stationary foil the
painting injection scenarios andB look the most viable.

One can see in Table 4 that reduction of the foil thickness doéprovide a substantial
reduction in deposited energy. A reason for that is in theggnand angular distribution of
the secondary electrons—a significant percentage of thgeanerated with low energies
and at large angles relative to the incident proton directsee also Fig. 8). A comparison

12
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Figure 9: Calculated temperature distributions duringwgeciion cycle for several painting

cycle durationst, (see Table 2). The temperatures are given at the hotteso&iie 600-
ug/cn? carbon foil irradiated with an 8-GeV proton beam at normaidence.

of temperature profiles for two foils presented in Fig. 1Geads that one can hardly achieve
significant reduction in foil temperature by means of meaterlesign optimization.

The painting scenariD represents a relatively long injection at low intensitystich a
case one could reduce the maximum temperature by meand aitédgion. A comparison
between a stationary foil and rotating ones shown in Fig.el/gals that a tangible reduc-
tion in the maximum temperature can be achieved, so thabtigelbw-intensity injection
scenario can be of practical importance as well.

4 Efficiency of Folil Stripping

After interaction with the foil, an unstripped outgoing paf the beam may be stripped
to protons by the magnetic field of accelerator elements. urstripped part consists of
neutral hydrogen atoms both in ground and various excitessplit due to the presence
of the external field. Lifetimes of the excited atomic statea magnetic field for 8 GeV
hydrogen atoms, calculated with Eq. (72) of Refs. [17, 18}, shown in Fig. 12. The
stripping foil is located at the exit of magnet HBC2 and thé&ramce of HBC3 (Fig. 2),
very close to the edge in a fringe field of these magnets.

Detailed analysis of stripping probabilities for the erditatomic states in the HBC2
and HBC3 magnets is presented in Table 6. We assume herenthtt atom travels a
distance of at least 1 cm in the fringe field of these magnets. All atoms witk 2,
wheren is principal quantum number, are stripped to protons andogité circulating

13
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Figure 10: Calculated temperature distributions for the-g@cn? corner carbon foils of
different transverse sizes (painting scen&)arradiated with an 8-GeV proton beam at
normal incidence.

beam without changing emittance of the beam because theyrgmeed along a very short
path length behind the foil. Atoms with n=1 are left unstedp The probability for these
atoms to be stripped is less tharriBand they go to the thick foil and to the beam absorber
(see Fig. 2).

Experimental data on yields of various excited states ofraébydrogen atoms, pro-
duced by foil stripping for incident 800 MeH ~ ions [19], are presented in Table 7. The
previously calculated stripping efficiency [20] is.8%. Assuming that the fractional yields
for different excited statesdo not depend on the foil thickness and energy, one may expect
that about 90% of the total yield of the excited atoms aredhwish n=1 which go to the
beam absorber. Total power load in the absorber at normaatpe is less than.6% of
the injected beam power. The remaining 10% ofltfeatoms will be stripped to protons
by magnetic fields of HBC2 and HBC3 magnets and will go intowating beam without
increasing emittance.

5 Beam Loss in the Transverse Direction

The circulating protons pass several times through theafwil some of them can be lost
because of multiple Coulomb scattering. Particle energy (@nization loss) in the foil at
one pass is- 4 x 10720 of initial energy. The rate of nuclear interactions in thi doiring
the total process is- 8 x 10~* of injected intensity for 582-turn injection. The emittanc
of the circulating beam in the horizontal plane is small ie beginning of painting and it
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Figure 11: Calculated temperature distributions for the-g@/cn? stationary and rotat-
ing carbon foils (painting scenarid) irradiated with an 8-GeV proton beam at normal

incidence.
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Figure 12: Lifetime of various states of a neutral hydrogemain magnetic fields calcu-
lated in the laboratory frame for an atom with kinetic enenf GeV.

gradually reaches maximum only at the end of painting. Batwertical plane the beam is
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Table 6: Analysis of stripping probabilities for 8-GeN° hydrogen atoms in the fringe
fields of the bump magnets HBC2 and HBC3, and in the main fieldBE3 magnet. The
total number of hydrogen atoms in excited states is equab¥% @f the injected beam.

n| B | lifetime | mean stripped

(Fig. 6) | decay or result
length | unstripped
T sec m

injection bump HBC2| ¢(inge field =~ 0.01m, B = 0.5kG

410.05| >1.e-07| >30.0 | unstriped

5]/0.05| <l.e-11| <0.003 | stripped go to circulating beam

injection bump HBC3L ¢yinge field = 0.01m, B = 12.257kG, no particles with n-4

1] 12 >10 | >3.e+09| unstripped go to third foil

2| 1.2 | <l.e-11| <0.003 | stripped go to circulating beam

3| 1.2 | <l.e-11| <0.003 | stripped go to circulating beam

4| 1.2 | <l.e-11| <0.003 | stripped go to circulating beam
injection bump HBC3L fieig = 1.0 m, B= 12.257kG, no particles with p-1

1] 12 >10 | >3.e+09| unstripped go to third foil

stripping probability<1.e-10

Table 7: Experimental data on fractional yields of excitetes ofH® atoms due to foil
stripping for incident 0.8-GeWH ~ ions.
Principal quantum number, n  Yield, %

1,2 93.3
3 3.6
4 1.5
5 0.7
6 0.3
> 6 0.6

Total 100

close to the aperture during the total cycle of injectiorgeuse painting starts from large
vertical amplitudes. Simulations show that the rate ofiplartoss in the accelerator due to
interactions with the foil is as low as 3 x 102 of the injected intensity for the 582-turn
injection.

6 Conclusions

Multi-turn H™~ stripping injection gives the only way to reach the beamrisiiges about
1.4 x 10* protons per pulse (2.1 A) in the Recycler Ring, which fills Kain Injector for
further acceleration up to 120 GeV. The resulting beam povikbring the experimental
program at Fermilab to the intensity frontier.

Several painting scenarios were studied numerically msesf the duration and wave-
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forms of the kicker magnets. The criteria were to minimize tumber of hits and, cor-
respondingly, the foil heating. For each scenario we peréal a comprehensive analysis
of the secondary electron flux att® production as well as did energy deposition and
thermal calculations using both Monte Carlo and semi-ditalyapproaches which agreed
well. The cases of stationary and rotating foils were comgas well, and the rotation
may help to reduce the temperature further and minimize bHesses.

For the time being only the stripping foil is well-estabkshfor such accelerator ap-
plications as multi-turn injection. In the meantime, a tasteipping injection, which lacks
many problems of a physical foil [21], may become an attvactiption for future high
intensity accelerator projects. However, the strippingiofdue to electron photo detach-
ment requires at least a 10 MW peak power laser with the s$tigpefficiency of about
98%. So far, the foil stripping remains the principal optfoninjection in Project X.

7 Acknowledgments

The authors wish to thank Jeffrey A. Holmes (SNS) for dismrsson the ORBIT package,
and critical comments from Peter Lucas (FNAL) are greatlyrapiated.

References

[1] http://projectx.fnal.gov/.

[2] A.l.Drozhdin, L.G.Vorobiev and D.E.Johnson “Numeti&tudies of High-Intensity
Injection Painting for Project X”, Proc. PAC09, VancouvBC, Canada, pp.1418-
1420 (2009).

[3] I. Baishev, A. Drozhdin, N. Mokhov, X. YangSTRUCT Program User's Reference
Manual’, SSCL-MAN-0034 (1994), http://www-ap.fnal.gasérs/drozhdin/

[4] Y. Yamazaki, Y. Mori, Y. Irie, T. Kato and S. Noguchi, 'JHkccelerator Design Study
Report’, KEK Report 97-16, JHF-97-10, March 1998.

[5] J.D.Galambos, J.A.Holmes, D.K.Olsen, A.Luccio, JBseWang. ORBIT User
Manual, SNS/ORNL (1999)

[6] The MAD Program (Methodical Accelerator Design), Versi 8.21,
http://mad.web.cern.ch/mad/mad8/mad8.html (2002).

[7] Y. S. Touloukian, E. H. BuycoSpecific Heat. Nonmetallic Solidd-I Plenum, NY-
Washington, 1970).

[8] S. G. Lebedev and A. S. Lebedev, Phys. Rev. ST Accel. Bédn320401 (2008).
[9] H. Bichsel, D. E. Groom, and S. R. Klein, Phys. RB&6, 010001-195 (2002).

[10] https://mcnpx.lanl.gov/.

17



[11] N.V. Mokhov, “The MARS code system users guide versl&(95),” Fermilab-FN-
628 (1995).

[12] N.V. Mokhov, S.I. Striganov, “MARS15 overview,” Protladronic Shower Simula-
tion Workshop, Batavia, lllinois, USA, 6-8 September, 2006l. 896, pp. 50-60,
American Institute of Physics, Melville, NY (2007); httpuivw-ap.fnal.gov/MARS/

[13] http://www.nist.gov/pml/data/index.cfm/.
[14] N. Laulainen and H. Bichsel, Nucl. Inst. Meth04, 531-539 (1972).
[15] E. J. Kobetich and R. Katz, Nucl. Inst. Meffl, 226-230 (1969).

[16] W. H. Press, S. A. Teukolsky, W. T. Vetterling, B. P. Rheny, Numerical Recipes in
C++. The Art of Scientific Computing. Second Editi@ambridge University Press,
NY, 2002).

[17] R.F.Stebbings and F.B.Dunning, 'Rydberg states ahatand molecules’, Cambridge
Press 1983, pp.31-71. R.J.Damburg and V.V.Kolosov. "Tétgal studies of hydro-
gen Rydberg atoms in electric fields’,

[18] W.Chou and A.l.Drozhdin, ’Lifetime of Stark States Hpden Atoms in Magnetic
Field Calculations and Estimation of Losses at Strippingdtion’, Fermilab, Beams
Document 2202, 02 June, 2008

[19] M.S.Gulley,et. al."Measurement o —,H®, andH " yields produced by foil stripping
of 800-MeVH ™ ions’, Phys. RevA53, p. 3201 (1996).

[20] W. Chou, H. Bryant, '8 GeV H- ions: Transport and injecti. FERMILAB-CONF-
05-225-AD, PAC-2005-FPAEO11, Knoxville, Tennessee, 0aGviay 2005, pp. 1222.

[21] D. E. Johnson, A. I. Drozhdin, I. Rakhno, L. G. VorobiéWyoject X H- Injection
Design History and Challenges, Proc. High-Intensity arigh-Brightness Hadron
Beams Workshop (HB 2010), Morschach, Switzerland, 27 $apte - 1 October,
pp. 162-166.

18



