Chapter 11. Injection

C. Ankenbrandt, A. Drozhdin, C. Johnstone, O. Krivosheev, J. Lackey, C. Prior

11.1. Introduction

There are three 63.921 m long straight sections in the ring. One of them with 17 m of preceding arc, called together “utility section”, is used for beam injection and collimation [1]. Two other long straight sections are used for rf cavities and extraction. The Proton Driver beta functions and dispersion along the utility section are shown in Fig. 11.1 and 11.3. 

Table 11.1 Proton Driver parameters
Kinetic energy at injection
0.4 GeV

Injected beam normalized transverse emittance
3 mm.mrad

Normalized transverse emittance after painting
60 mm mrad

Painting injection duration
90  s (27 turns)

Protons per bunch at injection
8.25 (1.87) × 1012

Total intensity at injection
3.3 × 1013

Horizontal betatron tune
11.43

Vertical betatron tune
12.38

Horizontal beta at the foil
22.895 m

Horizontal  at the foil
-0.256

Horizontal dispersion at the foil
0.013 m

Vetical beta at the foil
9.231m

Vertical at the foil
0.002

Horizontal beam size at injection in the foil
x =3.35 mm

Vertical beam size at injection in the foil
y =2.13 mm

The beam halo collimation system [2] is used to localize proton losses in a specially shielded short section of the utility section, and so to reduce irradiation of the  part of the ring to an acceptable level. It consists of two primary, and several secondary collimators located in drift spaces of the first 50 m of the utility section. 

Painting injection is required to realize uniform density distributions of the beam in the transverse plane for  space charge effect reduction. This preserves emittance at injection. Table 11.1 represents the Proton Driver parameters [3], which are essential for the painting system design. 
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Figure 11.

Beam collimation and beam painting systems (top) and beta fanctions and
dispersion in the utility section (bortom).

Painting lasts during 27 ratns, and after painting the cicculating beam moves out of the

£oil duing 6 wens to complete particles interaction with the foil. In the simulations hot-
izontal bump amplitude at the foil is 52 mm =

6.7 mm (painting) +25.3 mm (removing



 Figure 11.1. Beam collimation and beam painting systems (top) and beta functions and dispersion in the utility section (bottom).

11.2. Painting Injection Scheme 

Painting injection is performed by using two sets of fast horizontal and vertical magnets(kickers). The proton orbit is moved in the horizontal plane at the beginning of 
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Figure 11.2. Tnjected and circulating beams location in the foil at painting.
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Figure 113, Painting injection scheme.

from the foil) (Fig. 11.2), verical angle variation is 1.835 mrad. Horizontal and vertical
phase plane of cicculating beam in the foil at 6-th, 28-st, and 33-d turns from the beginning
of beam painting ae presented in Fig. 11.6.

Horizontal kicker-magnet strength and vertical angle of the beam in the foil daring injec-
tion are presented in the top of Fig. 11.7. Paticle transvecse population and particle density




Figure 11.2. Injection and circulating beams in the

injection by 52 mm to the thin graphite stripping foil to accept the first portion of protons generated by H– in the foil (Fig. 11.2). Four 0.5 m long kicker magnets are used to produce orbit displacement (Fig. 11.3). The maximum field of the kicker magnets is 0.21 kG. The horizontal kick at the beginning of beam painting is shown in Fig. 11.4. Gradual reduction of kicker strength permits “painting” the injected beam across the accelerator aperture with required emittance. Vertical kicker magnets located in the injection line (not shown here) provide injected beam angle sweeping during injection time, starting from maximum at the beginning of injection and going to zero at the end of painting process. Horizontal and vertical kickers prduce particle betatron amplitude variation during injection. This results in a uniform distribution of the circulating beam after painting. Painting starts from the central region of phase space in the horizontal plane and from the border of it in the vertical plane, and goes to the border of the beam in the horizontal plane and to the center in the vertical plane. This produces a so called “uncorrelated beam” with elliptical cross section eliminating particles with maximum amplitudes in both planes simultaneously. 

A septum­magnet located upstream of the foil (Fig. 11.3) is used to separate the proton and H–beams at the quadrupole upstream of the foil by 700 mm. This allows the H– beam to pass outside the quadrupole body. The beam dump located behind the stripping foil is used for H0 interception. Injection kickers cause negligible perturbation of the  functions and dispersion at injection (Fig. 11.4). Horizontal dispersion in the foil at injection is equal to –0.013 m. 

Multi-turn particle tracking through the accelerator is done with the STRUCT [4] code. A stripping foil made of 300 g/cm2 (1.5 µm) thick graphite has the shape of a so­called corner foil, where two edges of the square foil are supported and the other two edges are free. The foil size is 2.6 cm × 3.8 cm.

The dependence of kicker­magnets strength on time is chosen to get uniform distribution of the beam after painting both in horizontal and vertical planes. An optimal waveform of bump­magnets[5] was simulated in the STRUCT code as presented below: 

­ in the horizontal plane 

[image: image3.png]H™ in the foil (Fig. 112). Four 0.5 m long kicker magnets are used to produce orbi dis-
placement (Fig. 11.3). Maximum field of kicker magnetsis 0.21 kG. Hotizontal kick at the
beginning of beam painting is shown in Fig. 11.4. Gradual eduction of the kickers sirength
permits to “paint” the injected beam across the accelerator apecture with tequited emitance.
Vectical kicker magnets located in the injection line (not shown hete) provide i
angle sweeping during injection time, starting from maximum at the beginning of injection
and going to zero at the end of painting process. Horizontal and vertical kickers cause par-
ticles betatcon amplitade variation during injection, that results to uniform distribution of
the citculating beam after painting. Painting starts from the centeal tegion of phase space
in hotizontal plane and from the border of it in the vertical plane, and goesto the border of
the beam in hotizontal plane and o the center in the vertical plane. This produces so called
“uncorcelated beam” with elliptical cross section eliminating particles with maximom am-
plitades in both planes simultancously.

A seprum-magnet located upsteeam of the foil (Fig. 113) isused to separate the proton
and H™ beams at the quadrapole upstceam of the foil by 700 mym. This allows for the #~
beam to pass outside of the quadrupole bods. Beam dump locared bebind the stripping foil
is used for H® components interception. Injection kickers cause negligible perturbation of
the § functions and dispersion at injection (Fig. 11.4). Horizontal dispersion in the foil at
injection is equal to —0.013 .

A muli-rarn particle tracking through the accelecator is done with the STRUCT [4] code.
A stipping foil made of 300/ e (1.5 um) thick grapbite has the shape of so-called cor-
net foil, whete two edges of the square foil are supported and the other two edges are free.
The foil size is 2.6cm x 3.8cr.

The dependence of kicker-magnets strength on time is chosen to get uniform distribution

of the beam after painting both in horizontal and vertical planes. An optimal waveform of

bump-magnets [5] was simulated in the STRUCT code as presented below:
- in herizontal plane

v /N
B=B, 04873405127 | 1-y/ > <27> N<2 ALy
N-27
B=B, [0.4873712_3127] N>27 (112
- in vertical plane
v =y 22 <27 N) ¥, = 1.835 mrad (113)

Hete N - turn number from the beginning of painting.

Horizontal phase plane of injected beam in the foil is shown in Fig. 11.5. Emittance of
injected beam at 95% is equal to dmm- mrad.




­ in the vertical plane

[image: image4.png]H™ in the foil (Fig. 112). Four 0.5 m long kicker magnets are used to produce orbi dis-
placement (Fig. 11.3). Maximum field of kicker magnetsis 0.21 kG. Hotizontal kick at the
beginning of beam painting is shown in Fig. 11.4. Gradual eduction of the kickers sirength
permits to “paint” the injected beam across the accelerator apecture with tequited emitance.
Vectical kicker magnets located in the injection line (not shown hete) provide i
angle sweeping during injection time, starting from maximum at the beginning of injection
and going to zero at the end of painting process. Horizontal and vertical kickers cause par-
ticles betatcon amplitade variation during injection, that results to uniform distribution of
the citculating beam after painting. Painting starts from the centeal tegion of phase space
in hotizontal plane and from the border of it in the vertical plane, and goesto the border of
the beam in hotizontal plane and o the center in the vertical plane. This produces so called
“uncorcelated beam” with elliptical cross section eliminating particles with maximom am-
plitades in both planes simultancously.

A seprum-magnet located upsteeam of the foil (Fig. 113) isused to separate the proton
and H™ beams at the quadrapole upstceam of the foil by 700 mym. This allows for the #~
beam to pass outside of the quadrupole bods. Beam dump locared bebind the stripping foil
is used for H® components interception. Injection kickers cause negligible perturbation of
the § functions and dispersion at injection (Fig. 11.4). Horizontal dispersion in the foil at
injection is equal to —0.013 .

A muli-rarn particle tracking through the accelecator is done with the STRUCT [4] code.
A stipping foil made of 300/ e (1.5 um) thick grapbite has the shape of so-called cor-
net foil, whete two edges of the square foil are supported and the other two edges are free.
The foil size is 2.6cm x 3.8cr.

The dependence of kicker-magnets strength on time is chosen to get uniform distribution

of the beam after painting both in horizontal and vertical planes. An optimal waveform of

bump-magnets [5] was simulated in the STRUCT code as presented below:
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Hete N - turn number from the beginning of painting.

Horizontal phase plane of injected beam in the foil is shown in Fig. 11.5. Emittance of
injected beam at 95% is equal to dmm- mrad.





Here N is the turn number from beginning of painting.

Horizontal phase plane of injected beam in the foil is shown in Fig. 11.5. Emittance of injected beam at 95% is equal to 3 mm-mrad.  

Painting lasts during 27 turns, and after painting the circulating beam moves out of the foil during 6 turns to complete particles interaction with the foil. In the simulations horizontal bump amplitude at the foil is 52 mm = 26.7 mm (painting) + 25.3 mm (removing from the foil) (Fig. 11.2). Vertical angle variation is 1.835 mrad. Horizontal and vertical phase plane of circulating beam in the foil at 6th, 28th, and 33rd turns from the beginning of  beam painting are presented in Fig. 11.6.
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Figure 113, Painting injection scheme.

from the foil) (Fig. 11.2), verical angle variation is 1.835 mrad. Horizontal and vertical
phase plane of cicculating beam in the foil at 6-th, 28-st, and 33-d turns from the beginning
of beam painting ae presented in Fig. 11.6.

Horizontal kicker-magnet strength and vertical angle of the beam in the foil daring injec-
tion are presented in the top of Fig. 11.7. Paticle transvecse population and particle density




Figure 11.3. Painting injection scheme.

Horizontal kicker­magnet strength and vertical angle of the beam in the foil during injection are presented in the top of Fig. 11.7. Particle transverse population and particle density distribution after painting at the foil location are shown in the middle and at the bottom of Fig. 11.7. Injected beam at the foil and circulating beam after painting in a horizontal phase plane are shown in Fig. 11.7. 

Average number of hits upon the stripping foil for each particle is as low as 1.98. This effects low-level nuclear interactions and multiple Coulomb scattering in the foil at injection, and because of this causes low-level particle loss at injection. 

The circulating protons pass several times through the foil and some of them can be lost because of scattering in the foil. Multiple Coulomb scattering  is very small because of small foil thickness. Particle energy loss in the foil at one pass is 2.4 · 10-6. The rate of nuclear interactions in the foil during the total process is 1.0 · 10-5 The emittance of the circulating beam in the horizontal plane is small in the beginning of painting and it gradually reaches maximum only at the end of painting. Therefore particle horizontal amplitude, in average, is sufficiently less compared to the accelerator aperture. Particles can be lost only during the first few turns after injection, and only in the region of injection kick maximum where the beam is close to accelerator aperture. At every next turn after particles were injected, they move out of the aperture restriction because of fast reduction of painting kick amplitude. Simulations shown that the rate of particle loss in the accelerator at interaction with foil is as low as 7.4 · 10-5.

11.3. Stripping Foil 

We developed and used an analytical approach for calculating the foil temperature after painting injection and after many passes of the proton beam through the foil. In this section, we describe the method of calculation of the foil temperature after it reaches a quasi-steady state.
Standard notation is applied below, namely:
· c ­ the speed of light,

· h ­ the Planck constant,

· k ­ the Boltzmann constant,

· mec2 ­ the electron rest mass,

· re ­ the electron classical radius,

· Na ­ the Avogadro number,

· SB = 2k4/60 h3c2 is the Stefan­Boltzmann constant,

· M and E are proton mass and energy,

·  ­ the Lorentz­factor,

·  ­ the proton speed in the units of c,

· N ­ the number of particles injected per turn,

· x and y are r.m.s. for Gaussian distribution of injected beam at the foil,

· A, Z and I are the mass, charge and ionization potential of target material,

·  and cp are the material density and the specific heat,

·  and  are the material thermal conductivity and the emissivity.
·  





11.3.1. Deposited Energy 

We consider that contribution from nuclear reactions are negligible. The only energy de­ 

position, and therefore heating source, would be the ionization energy loss in the foil. The 

density of energy deposited during one injection pulse is: 

[image: image6.png]distribution after paintingat the foil location are shown in the middle and at the bottom of
Fig. 11.7. Tnjected beam at the foil and cicculating beam after painting in a herizontal phase
plane are shown in Fig. 117

Average number of hits upen the siripping foil for each particle is as low as 1.98. This
effects low level nuclear intecactions and multiple Coulomb scatteting in the foil at injection,
and because of this causes low level particle Joss at injection.

‘The cicculating protons pass several times throughthe foil and some of them can be lost
because of scattering inthe foil. & multipleCoulomb scattering angle is vty small because
of small thickness of the foil. Particle energy loss in the foil ar one pass is 2.4+ 10, The
cate of nuclear interactions in the foil during the total process is 1.0+ 10, The emittance
of cicculating beam in horizontal plane is small in the beginning of painting and it gradually
ceaches the manimumm only at the end of painting. Thesefore particle horizontal amplitade,
in average, is sufficiently less compared to the accelerator aperture. Particles can be lost
only during the ficst few tarns aftet injection, and only in the region of injection kick manxi-
num whete the bearm is close to acceleraror aperture. At evety next tu after particles were
injected, they move out of the aperture restriction because of fast reduction of painting kick
amplitade. Simulations shown that the tate of particle loss in the accelecator at interaction
with foil is as low as 7.4- 1075,

113, Stripping Foil

We developed and used analytical approach for calculating the foil temperatuce aftet paint-
ing injection and after many passes of proton beam trough the foil.

Standard notation s applied below, namely, ¢ - the speed of light, i - the Planck constant,
& - the Bolrzemann constant, mmec? - the elecicon rest mass, r - the electron classical radius,
N, - the Avogado number, Gsg = 2k*/601¢? is the Stefan-Boltzmann constant, M and £
are proton mass and enecgy, ¥ - the Lotentz-factor, B - the proton speed in the units of ¢, N
- the number of particles injected pet turn, G and G, ate tm.s. for Gaussian distribution of
injected beam at the foil, A, Z and / are the mass, charge and ionization potential of target
matecial, p and c, ate the material density and the specific heat, ¥ and & are the material
thermal conductivity and the emissivity.

1131, Deposited Energy

We considet that contribution from nuclear reactions ae negligible. The only energy de-
position, and therefore heating soutce, would be the jonization energy loss in the foil. The
density of energy deposited during ene injection pulse is:

dE
dz

27 3(r) (11.4)

whete 8(z) is Dirac’s delta-funcrion. I is properly nocmalized, so that the total energy de-
position is

dE
Sporat = di‘/dzs‘,, =N 2.
o= [ &7 [asirg =u- (G-



where z is the foil thickness. From “Review of Particle Properties” [6] the ionization energy loss ­ the main energy deposition source in the case of thin foil ­ can be written as the Bethe­Bloch equation:
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Figure 11.4. Horizontal kick for beam painting (top). Horizontal (middle) and vertical

(bottom) beta functions with and without painting bump and kick.

whete Az is the foil thickness. From “Review of Patticle Propecties™ [6] the fonization en-
ecgy loss - the main energy deposition soucce in the case of thin foil - can be writien as




Figure 11.4. Horizontal kick for beam painting (top). Horizontal (middle) and vertical

(bottom) beta functions with and without painting bump and kick.
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Figure 11.5. Horizontal (left) and vertical (right) phase plane in the foil at injection.
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Figure 11.6. Horizontal (left) and vertical (right) phase plane in the foil at 6­th (top),

28­th (middle), and 33­d (bottom) turn from the beginning of beam painting.
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Figure 117, Horizontal kicker strength and vertical angle of the beam at injection in the
foil (top). Particle transverse popularion (middle) and particle density distribution in the
foil (bottom) at 33-d turn from the beginning of beam painting.



 

Figure 11.7. Horizontal kicker strength and vertical angle of the beam at injection in the foil(top). Particle transverse population (middle) and particle density distribution in the foil(bottom) at 33­rd turn from the beginning of beam painting.
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Figure 118, Tnjected beam at the foil and cicculating beam aftet painting.

11.3.2. Beam Painting and Foil Heating

Because the foil thickness is quite small, we consider the heat propagation from heated area
10 the edges where it could collected and moved away, quite small, so we concentrated oot
efforts on heat sink due to emission.

Heat Emission

The another way to dissipate heat aftet the pulse of injection is a heat emission. The energy
emission of the black body s proportional to the temperatute in the forth power, according
10 the Stefan-Boltzmann law:

Q=05 T

Stefan-Boltzmann law is applicable for any material if we define the marecial emissivity .
Therefore, the heat propagation equarion with emission as the only mechanism to cool the
foilis

9T _ SRy _ eoss
3 pe, Azpe,
We will solve (11.6) in two steps. First, consider time interval from zeto to very small e.
Emission did not change the temperature, therefore the only viable will be source term and
after integration over ¢ from zero to £ we have

(T T, (11.6)

=t LN 48
e b 2mo? dz

e (117





Figure 11.8. Injected beam at the foil and circulating beam after painting.

11.3.2. Beam Painting and Foil Heating 

Because the foil thickness is quite small, we consider the heat propagation from heated area to the edges where it could collected and moved away, quite small, so we concentrated our efforts on the heat sink due to emission. 

Heat Emission 

Another way to dissipate heat after the injection pulse is heat emission. The energy emission of the black body is proportional to the temperature to the fourth power, according to the Stefan­Boltzmann law: 

Q =  SB · T 4.

Stefan­Boltzmann law is applicable for any material if we define the material emissivity . 
Therefore, the heat propagation equation with emission as the only mechanism to cool the 

foil is 
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Figure 118, Tnjected beam at the foil and cicculating beam aftet painting.

11.3.2. Beam Painting and Foil Heating

Because the foil thickness is quite small, we consider the heat propagation from heated area
10 the edges where it could collected and moved away, quite small, so we concentrated oot
efforts on heat sink due to emission.

Heat Emission

The another way to dissipate heat aftet the pulse of injection is a heat emission. The energy
emission of the black body s proportional to the temperatute in the forth power, according
10 the Stefan-Boltzmann law:

Q=05 T

Stefan-Boltzmann law is applicable for any material if we define the marecial emissivity .
Therefore, the heat propagation equarion with emission as the only mechanism to cool the
foilis
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We will solve (11.6) in two steps. First, consider time interval from zeto to very small e.
Emission did not change the temperature, therefore the only viable will be source term and
after integration over ¢ from zero to £ we have

(T T, (11.6)

=t LN 48
e b 2mo? dz

e (117





We will solve (11.6) in two steps. First consider the time interval from zero to very small 
Emission did not change the temperature, therefore the only variable will be the source term and after integration over t from 0 to  we have: 
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Figure 118, Tnjected beam at the foil and cicculating beam aftet painting.

11.3.2. Beam Painting and Foil Heating

Because the foil thickness is quite small, we consider the heat propagation from heated area
10 the edges where it could collected and moved away, quite small, so we concentrated oot
efforts on heat sink due to emission.

Heat Emission

The another way to dissipate heat aftet the pulse of injection is a heat emission. The energy
emission of the black body s proportional to the temperatute in the forth power, according
10 the Stefan-Boltzmann law:

Q=05 T

Stefan-Boltzmann law is applicable for any material if we define the marecial emissivity .
Therefore, the heat propagation equarion with emission as the only mechanism to cool the
foilis
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Emission did not change the temperature, therefore the only viable will be source term and
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Then we solve the equation 
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starting from time point € and using T2 (11.7) as initial value. Tntegeation of (11.8) gives us
the implicit equation for T'(r) dependence:
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Tn orde to get the solution of (11.6) it s obvious we have to get the limite — 0. Such limit
only emoves from the tight part of equation (11.8). For cleatness, we provide the explicit
dependence in the next equation
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fore numerical solution is requited.

“To find the temperature behaviot at injection than pulses follow each other with T sec-
onds between them, it is easy to write down the recursive procedures for the temperature at
the given time

T(jr<e<(j+1)7)

Same scheme can be written for T{r) dependence when Ty is not equal to 0, but from (11.10)
it is obvious that Ty, and T(jT < ¢ < (j + 1)7) could be obtained only numeically.

Foil Temperature Raise

We consider the temperature raise due to multiple passage of protons through the foil to
be instantaneous. Now we have to derive expression which describe the particle and heat
distribution on the foil during painting cycle. The followingnotation ace used below: 2% and
+ being the center of injected bunch. Index & isthe tum index while n denotes the injection
index. There are some conditions on 4 and n, namely 0 <n <N, =27 andn <& <N, + Nz,
whete Ny s the numbet of tacos for beam removal fromm the foil at the end of injection. The




starting from time  and using T e (11.7) as initial value. Integration of (11.8) gives us 
the equation for T(t) dependence: 
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The same scheme can be written for T(t) dependence when T 0 is not equal to 0, but from (11.10) 

it is obvious that T jt and T( jt < t < ( j +1)t) could be obtained only numerically. 

Foil Temperature Raise 

We consider the temperature raise due to multiple passage of protons through the foil to be instantaneous. Now we have to derive the expression which describes the particle and heat distribution on the foil during the painting cycle. The following notation is used. x k n and y k 

n are the center of injected bunch. Index k is the turn index while n denotes the injection index. There are some conditions on k and n, namely 0 # n #N c = 27 and n # k #N c +N f , where N f is the number of turns for beam removal from the foil at the end of injection. The circulating orbit position (11.1, 11.2):
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Figure 119, Proton hits distribution upon the stripping foil at painting injection.
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Figure 11.9. Proton hits distribution upon the stripping foil at painting injection.
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where p0 and p1 denotes orbit position at the end of painting and amplitude of the closed orbit bump during the painting process. Obviously, p0 + p1 # 1. As was mentioned early, painting starts from the center of the beam in the horizontal plane and from large amplitude in a vertical plane, producing an elliptical cross section for the circulating beam. The beam is injected to the ellipse with current transverse amplitudes (11.3) of 
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We now can write down the expession for xnk and ynk. knowing the horizontal and vertical tunes x and  y  
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and for a foil with left lower corner (xll, yll) and upper right corner (xur, yur) we can get the average number of collisions as the result of integration
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Integrating this one can get 
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Next a very similar expression gives us the total energy deposited in the foil: 
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If we have both heat emission and heat transfer the equation become more complicated. 

Combining heat transfer and emission together, one can get 
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Figure 1110, Siripping foil tempecarure buildup after one cycle of particles injection to
the proton driver.
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The only way to solve such an equation is numerically, using a code such as ANSYS [7]. Because we estimate the heating and cooling of the foil using only emission, then our calculation should be viewed as conservative. We put a full ANSYS calculation on hold for the time being. 

[image: image29.png]Foil temperature buildup h20

Nent = 1600
Mean x = 4.87
Mean y = 0.4823
RMS x =0.7194
RMS y =0.7171|

T,K

R e,
R R e N
IR
100}
50{
[ii
1.5
1
0.5 a5
Y,cm 0 5
054 4 X, em

Figure 1110, Siripping foil tempecarure buildup after one cycle of particles injection to
the proton driver.

1 we have both heat emission and heat transfer the equation become more complicated.
Combining heat transfer and emission together, one can get
ar SR Eos

e 0(621)4”7? Alpcp.(rtn;), (1L.11)





Figure 11.10. Stripping foil temperature buildup after one cycle of particles injection to

the proton driver.

[image: image30.png]Foil temperature max

h3s
Nent = 1600
Mean x = 4.811
Mean y = 0.4315
RMS x = 0.712
RMSy =0.702

T,K

5.5

5
054 4 X, em

Figure 11.11. Steady state manimum tempecature distribution in the stripping foil at
painting injection to the proton driver.

The only way to solve such equation is numerically, using code sach as ANSYS [7]. Be-
cause we esimate the heating and cooling of the foil using only emission, then out calcu-
lation should be viewed as conservative ones and we put fall ANSYS calcalarions on hold
for the time being.




Figure 11.11. Steady state maximum temperature distribution in the stripping foil at

painting injection to the proton driver.
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1133, Stripping Efficiency, Yield of Excited States H{n) Atoms and Beam Dump

Most of injected H™ are stripped down to protons in the foil and the rest into each excied
state of Ho(n) atoms, where n is the principal quantam number of the excited state. Some
excited siates decay into protons on the way to H® dump. Those particles become a beam




Figure 11.12. Steady state minimum temperature distribution in the stripping foil at

painting injection to the proton driver.

11.3.3. Stripping Efficiency, Yield of Excited States Ho(n) Atoms and Beam Dump 

Most of injected H- are  stripped down to protons in the foil and the rest into  excited states of  Ho(n) atoms, where n is the principal quantum number of the excited state. Some excited states decay into protons on the way to the Ho dump. Those particles become a beam halo, and are lost somewhere else in the ring or are intercepted by the collimation system. Defining if as cross­section for the process Hi # Hf + ( f  - I)e- we can write the stripping efficiency (Fig. 11.3):
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Figure 1113, Carbon foil stripping efficiency.

balo, and are lost somewhere else in the ring ot are intercepted by the collimation system.
Defining 07y as cross-section for the process H' — Hf + (f —i)e™ we could write the sirip-
ping efficiency (Fig. 11.3)

0108 {=00u} — (o1 — G- n) exp{— (- 10 +O-1)x}

Ne=
S_10te_n—on

Number of H*(n) atoms in a highly excited state (n > n.), assuming the yield of excited
state, is proportional to n~3:

Hu g = (1= B 1o Ve

Tn this part we iy to estimate the foil siripping efficiency, the proton hits distribution
and foil temperarare after 400 MeV proton beam injection into the machine during 27 tarns
with following beam temoval from the foil during 6 tums.

The calculations are done in following assumptions:
1. Electrons are stripped immediately and then pass through the foil independently;




The number of Ho(n) atoms in a highly excited state (n # nex ), assuming the yield of excied state, is proportional to n-3:
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1. Electrons are stripped immediately and then pass through the foil independently;




Figure 11.13. Carbon foil stripping efficiency.
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Tn this part we iy to estimate the foil siripping efficiency, the proton hits distribution
and foil temperarare after 400 MeV proton beam injection into the machine during 27 tarns
with following beam temoval from the foil during 6 tums.

The calculations are done in following assumptions:
1. Electrons are stripped immediately and then pass through the foil independently;




We try to estimate the foil stripping efficiency, the proton hit distribution and foil temperature after 400 MeV proton beam injection into the machine during 27 turns followed by beam removal from the foil during 6 turns. 

The calculations are done with the following assumptions: 

1. Electrons are stripped immediately and then pass through the foil independently; 

2. Nuclear interactions in the foil are negligible; therefore the main energy deposition sources for a very thin foil are proton restricted ionization energy loss -
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 1 and  <cose > are proton and electron angle at stripping. 

3. At the kinetic energy of # 218 keV for electrons accompaning this process the range 

and 
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according to the ICRU37 are 580X102 µg/cm2 and 2.4 MeV · cm2/g respectively. Therefore we assume the electron contribution to the heating is approximately equal to ­2
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For carbon foil parameters: 

· density  = 2.0 g/cm3
· thickness Dz = 300 µg/cm2
· specific heat cp = 0.165 cal/g.K

· thermal conductivity  = 0.057 cal/cm.K.sec

· emissivity  = 0.80,

The calculated stripping efficiency is 99.2% and the estimated yield of excited states H0 (n) atoms with n > 5 is equal to 0.016%. These atoms will be stripped into protons before they get to the dump and become a beam halo. The remaining excited atoms (n 
[image: image42.wmf]£

 4) have a longer lifetime and they will go to the neutral beam dump. 

The average number of proton hits on the foil (1.98) found from simulations is very close to that was calculated analytically (1.95). 

The proton hit distribution calculated from the above formulas (Fig. 11.9) was used for foil temperature buildup and steady state temperature calculations. 

Due to a fairly large size of the H- beam at the foil, the small number of collisions and the small electron contribution, the temperature buildup in the foil per pulse is less than 100 K (Fig. 11.10).

The heat emission cooling of the foil due to the Stefan-Boltzmann law

Q=SB .T4

at this temperature is small. With only emission as a cooling mechanism the foil temperature reaches a steady state after about 10 pulses with maximum temperature of 540 K (Fig. 11.11) and minimum around 450 K (Fig. 11.12). 

11.4. Septum and Kicker Magnets Parameters 

Septum and kicker magnets parameters are presented in Table 11.2. Septum is curved to 

reduce poletip width. 

11.5. Stripping Foil Design 

Carbon stripping foils of 300 µg/cm2 have been in use in the Booster since the 400 MeV 

Linac upgrade. Foils of densities between 300 and 600 µg/cm2 have been used. No foils 

Table 11.2. Septum and kicker magnets parameters.

Element
Field
Current
Inductance
Length
Poletip
Poletip
Turns






width
gap
number

Name
Gauss
Amps
H
m
mm
mm


septum-magnet
3180
11268
2.99
2
45
5
1

kicker-1
128
176.3
47.87
0.5
180
180
8

kicker-2
212
292.0
47.87
0.5
180
180
8

kicker-3
96
132.2
47.87
0.5
180
180
8

kicker-4
157
216.2
47.87
0.5
180
180
8

have ever been lost because of beam damage. It should be pointed out however that the number of turns that the Booster uses is nominally 10 per beam cycle and the Proton Driver will use up to 27 per beam cycle. The Booster also typically operates at a reduced duty factor, something less than 1 Hz, whereas the Proton Driver will operate at 15 Hz continuously. The Booster operational repetition rate will change in the future with the Boone and NuMI experiments to as high as 10 Hz. It is possible that foil damage may become a factor and will have to be dealt with. 

There are two basic concerns with the Proton Driver foils, heat dissipation and type of mount. 

The stripping foil will reach temperatures of 540 K (513 F). This temperature may be of concern in the mounting of the foil. The  Booster foils are simply bonded to a thin copper support with super glue. There has never been any problem with this kind of mounting. However the Booster has never run beam at 15 Hz for sustained periods, so average temperature rise has never been a problem. If the foil actually reaches sustained temperatures this high another mounting technique may have to be used. Keep in mind that even though the foil may get very hot at the beam location, the foil is exceedingly thin and the amount of heat that will be transmitted to the foil holder will be small. The metal holder will be capable of dissipating a large amount of heat relative to the foil so a simple glue bond may suffice. This is not considered a serious matter however; there are many ways of mounting the foil. 

The foil will have two free edges. See Fig. 11.2 for the foil dimensions. This is also of some concern. Carbon foils this thin have a tendency to curl up. If this proves to be the case then the foil may have to be mounted with only 1 free edge such as is done in the Booster. However this means the foil will be approximately twice as long. This is not a desirable thing to do since there would be more interactions of the circulating beam with the foil. On the other hand, if it is necessary it won't be a problem. 

It is planned to test mount foils and try them out in the Booster. The Booster is an ideal test for any foil mounting technique. Changing foils in the Booster is not hard; typically the foils can be changed in about 4 hours with most of the time being for vacuum pump down. The only criteria is that the foil mount itself cannot be thick. The clearances on the Booster foil changer are on the order of +/­ 3 mm. Testing foils in the Booster allows not only various mounting techniques to be tried but measurements of foil temperature rise with beam could also be done. 

11.6. Conclusions 

A painting injection system, consisting  of two sets of horizontal and vertical kicker magnets, produces the quasi­uniform density distribution of the circulating beam required for the beam space charge effect reduction and emittance preservation at injection. 

The calculated stripping efficiency is 99.2%, and estimated yield of excited H0(n) atoms with n 
[image: image43.wmf]³

 5 is  0.016%. These atoms become a beam halo. 

The temperature buildup during the injection pulse and steady state temperature of the foil 

are calculated from an analytical distribution of proton hits using ANSYS code. An instant 

temperature buildup, calculated with contributions of multiple collisions, ionization loss 

from protons and electrons accompanied stripping process, is a little bit less then 100 K. 

With only emission as a cooling mechanism the foil temperature reaches a steady state 

of  ~540 K after 10 cycles of injection that is less then 1 second. 
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