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Overview

« Underlying Concept:
— “some” fraction of the H® emerging from the foil will be in excited states. These excited
HO can strip in the magnetic field B of the 3" orbump kicker through the Stark effect.

— the emergent protons see a deleted net magnetic kick compared to protons emerging
from the foil & will track on trajectories different from the nominal.

— downstream elements will be irradiated.

« The point of this study is to determine where these errant protons are lost; how much power
is deposited and, most important; is this a concern?

« There are 5 steps in the study:
1) what fraction of the incident H- emerge from the foil as HO ?
2) which excited states are a concern for stripping within orbump3?
3) what is the fractional population of these HO excited states?
4) determine the stripping distribution within the magnet for each excited state

5) track these stripped distributions to determine which downstream elements get litup &
how much power is deposited at these locations.
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1) H° Fraction Emerging from Foil

HY Fractional Yield @ 800 MeV

The H species decay/generation egn’s are generic oo
examples of those found in some form throughout 050
this study: g o
E 0.30
dH™(x) ~ 2 o
P —0_oH (x) .
dHO (x) —_ 0 e 0 100 200 300 400 500 600 700 800
dx +0-oH ™ (x) — 00 H'(x) P (kgfemn2)
- -
dx +00+H® (x)
100 3.8245E-01
150 2.1623E-01
H™(x) =e 7 200  1.1519E-01
N oo oo 250 6.0166E-02
() T o —Oos le —e ] 300 3.1214E-02
1 350 1.6154E-02
HY(x) = ——[0_o(1 — e~9+%) — g, (1 — e~o-0%)] 400 8.3533E-03
O-0 — Jo+ 450 4.3182E-03

500 2.2320E-03
550 1.1536E-03
0_o=0676-10"%cm? o0y, = 0.264- 10718 cm? 600 5.9626E-04
650 3.0818E-04
700 1.5928E-04

750 8.2325E-05
.. - 0
For 17kW incident H 10W appear as H 200 4.7550E-05
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2) Which H°(n) are Relevant?

In a field B each principal quantum state n splits into n(n+1)/2 sub-states:

1e-05 T

1e-06 3

Lab frame Lifteime [sec]

1e-10 |

1e-11
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Lifetime 800 MeV Excited States

1e-07 |
1e-08 3

1e-09 3

]
\ n=4 (10 sub- statés)—
n=>5 (15 sub- statdsi

ub ta t({s) 3
\ ! ]

Peak Body Field
(0.3734T) E

Imin 4E-9 secs

0.05 . . . 0.25 0.3 0.35 0.4 0.45

Dipole Field, B in [T]

T provided by Dave from : W. Chou and A. Drozhdin, Lifetime of Stark States Hydrogen Atom in
Magnetic Field Calculation & Estimation of Losses at Stripping Injection, (ref??)
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3) H(n) Excited State Yieldsf

ha(x) =A;(n)e” 7" + A;(n)e™ 712" + Az(n)e "

F_
C= 12
. _012
g, — -
f-ll{n} — 1 = len
n— _
C-a
Ag{ﬂ] — 1Zn
Opn— — Opz2

A3(n) = —[4;(n) + 43(n)]

Designation Initial State Final State Cross -Section
(10 cm?)
a_ - 0.+ 0.687=0.016
12 - 1,2 0.668=0.015
g137 12 anything else 0.275=0.010
O_a - 4 0.0021=0.0005
O124 1,2 4 0.0045=0.0010
[ 4 anything else 0.369+0.056
g_g - 5 0.0011=0.0006
125 1,2 5 0.0020=0.0005
fory 5 anything else 0.32£0.12
0_g - 6 0.00093=0.00055
Oy26 1,2 6 0.0006=0.0009
g, 6 anything else 0.23+0.16

Phys Rev A 53 (1996)

TM.S. Gulley et al, Measurement of H ,H®, and H* yields produced by foil stripping of 800 MeV H” ions,
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1.0594E-04
4.6115E-03
5.3037E-03
4.0002E-03
2.6326E-03
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8.8435E-04
4.8355E-04
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1.3621E-04
7.0944E-05
3.66048E-05
1.8815E-05
9.6150E-06
4.8960E-06
2.4862E-06
1.2598E-06

5.5268E-05
2.2801E-03
2.6804E-03
2.1284E-03
1.4374E-03
8.9070E-04
5.2386E-04
2.9765E-04
1.6507E-04
H.9924E-05
4.8328E-05
2.5699E-05
1.2550E-05
7.0959E-06
3.6945E-06
1.9149E-06
9.8847E-07

4.5938E-05
1.2584E-03
1.3525E-03
1.0872E-03
7.7611E-04
5.1943E-04
3.3385E-04
2.0880E-04
1.2801E-04
7.7323E-05
4.6170E-05
2.7317E-05
1.6044E-05
9.3662E-06
5.4405E-06
3.1469E-06
1.8138E-06
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4) HO(n) Stripping Distribution within Orbump3

End-field of orbump3 modeled by 50 Gauss bin increments’

ORBUMP2 u/s End Field

040
Magnet Center (@ 570mm —
0.35
0.30

0.25

B (T)

0.20

0.15

0.10

005 Magnet]steel End

000 &
0 20 40 &0 ED 100 120 140 150 180 200

s (mm)

T ask Dave where this end-field distribution came from
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HON=5& 6

n=5 Lifetimes
1E-04

01
1E-05
1E-06

1E-07

1E-08

Lifetime (sec)

1min 4E-9 secs

\
LE-09
1E-10

2.5mmin 1E-11sec  *F1

1E-12

— 040
—031
—022

130
—121
—012
—220
—112

—211
—103
—_—310
—202
—301

400

 with a peak field of 0.3734T all n=5 & 6 states strip within the end field

* inafirst pass we assume a state strips at a lifetime of t = 1E-11 sec.
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HO(5) & HO(6) tracking model

the magnet end field is sliced into ~50G bin increments

e each of the 15 individual n=5 sub-states & 21 n=6 sub-states
see zero magnetic field until they meet the bin where they
encounter their corresponding stripping B field. From that point
on, as H*, they see the full magnetic field (implementation
illustrated on next slide).

e Apertures are assigned to all downstream elements

e 50,000 particles, randomly generated from a Gaussian phase-
space distribution (truncated at 99%), are tracked for each of
the n=5 & n=6 sub-states from the foil in L11 through to L20
and losses are recorded.
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| TOTAL U/S HALF VKICK:AMGLE = -8.83387315 OBISLC_1 ¢ KSLICE, L = SLICEG®, VKICK:= -BBARL/BRMO_882 * SLICEER
OBISLC_2 ¢ KSLICE, L = SLICE1®, VKICK:= -BBARZ/BRMO_882 * SLICEL®
KSLICE @ KICKER, APERTYPE=RECTAMGLE, APERTURE= {8.828,8.158} ; OBISLC_3 ¢ KSLICE, L = SLICE1®, VKICK:= -BBAR3/BRMO_802 * SLICEL®
OBISLC_4 ¢ KSLICE, L = SLICES , VKICK:= -BBARS/BRMO_869 * SLICES
BRHO_EB8: = 4.BB181868E ; OBISLC_S ¢ KSLICE, L = SLICE4 , VKICK:= -BBARS/BRMO_889 * SLICES
OBISLC_6 ¢ KSLICE, L = SLICER , VKICK:= -BBARG/BRMO_889 * SLICEI
SLICEL := 8.881 ; OBISLC_7 ¢ KSLICE, L = SLICEY , VKICK:= -BBARY/BRMO_889 * SLICE}
SLTCEZ @.092 ; OBISLC_E ¢ KSLICE, L = SLICEI , VKICK:= -BBARE/BRMO_8€9 * SLICE}
SLTCEY @.083 : OBISLC_S ¢ KSLICE, L = SLICE2 , VKICK:= -BBARS/BRMO_8€9 * SLICEZ
SLTCEa o080 OBISLC_18 ¢ KSLICE, L = SLICE2 , VKICK:= -BBARLS/DRMD 888 * SLICE2
SLICES 8,085
ilItrie - oole | OBISLC_11 ¢ KSLICE, L = SLICE2 , VKICK:= -BEARLL/DRMO 888 * SLICE2
SLICEGD = 8.860 . OBISLC_12 ¢ KSLICE, L = SLICE2 , VKICK:= -BBARL2/DRMO B89 * SLICE2
T ! OBISLC_13 ¢ KSLICE, L = SLICE2 , VKICK:= -BBARLI/DRMO 889 * SLICE2
OBISLC_14 ¢ KSLICE, L = SLICE2 , VKICK:= -BBARL4/DRMO 888 * SLICE2
\ ROUGH 185 & X
&Biﬁ FIELDS ;m" el?;:_m ',;B_‘ . OBISLC_IS ¢ KSLICE, L = SLICE2 , VKICK:= -BBARLS/DRMO 888 * SLICED
amaR2 9'3461-151..1.55':-51 e OBISLC_16 ¢ KSLICE, L = SLICEL , VKICK:= -BBARLE/DRMO 858 * SLICEL
aoant 1 erteacr.on sa | OBISLC_17 ¢ KSLICE, L = SLICEL , VKICK:= -BBARLT/DRMO 858 * SLICEL
noans Y ieatamar on va OBISLC_1E : KSLICE, L = SLICEL , WKICK:= -BBARLE/DRMO B28 * SLICEL
: : JE-82 00 5 OBISLC_1S : KSLICE, L = SLICEL , WKICK:= -BBARIS/DRMO_B28 * SLICEL
33:; i-m};g'gi _g OBISLC_28 : KSLICE, L = SLICEL , WKICK:= -BEAR2E/DRMO_E8@ * SLICEL |
BEART  := 4L E12ICETE-21 4@ 4 OBISLC_21 ¢ KSLICE, L = SLICEL , WKICK:= -BRARZ1/ORMO_B88 + SLICEL
BEARE = 5.33421R4E-82 48 ; OBISLC_22 : KSLICE, L = SLICEL , VKICK:= -BBAR2I/BRMO_E8@ * SLICEL
BEARS 5.9715664E-82 48 ; OBISLC_23 ¢ KSLICE, L = SLICEL , VKICK:= -BBAR2I/BRMO_E8@ * SLICEL
BEARL® = 6.5247514E-82 48 ; OB3ISLC_24 ¢ KSLICE, L = SLICEL , VKICK:= -BBAR24/BRMO 828 * SLICEL
OB3ISLC_25 ¢ KSLICE, L = SLICEL , VKICK:= -BBARS/BRMO B8 * SLICEL
BBARLL 7.11314856E-82 *8 ; ! Mo EXCITED STATE STRIFFING: N = FRINCIFLE QUANTUM MUMEBER -- MO TDEA WHAT “STATE" MEANS OBISLC_26 : KSLICE, L = SLICEL , VKICK:= -BBAR2E/DRMO 898 * SLICEL
BRBARLZ 7.7189173E-82 8 ; OB3SLC_27 : KSLICE, L = SLICEL , VKICK:= -BBARZ7/DRMO B89 * SLICEL
BBARLD £.13EE4E2E-82 8 ; OBISLC_28 : KSLICE, L = SLICEL , VKICK:= -BBARZE/DRMO 888 * SLICEL
BBARLS 5.8359455E6-82 %8 ; ! W = 6: B.780-82 STATE 5@, B.88E-82 STATE 41, 5.800-82 STATE 148, 5.18E-82 STATE 32 OB3ISLC_25 ¢ KSLICE, L = SLICEL , VKICK:= -BBAR2S/DRMO 888 * SLICEL
BEARLS 5.8231876E-82 *8 ; ! W = 6: 95.380-82 STATE 131, 5.58E-82 STATE 23, $.78(-82 STATE 14, 5.88E-82 STATE 122, OBISLC 38 KSLICE, L = SLICEL , VKICK:= -BBARIS/DRMO B89 * SLICEL
BEARLE 1.8395883E-81 *8 ; ! W = 6: 1.860-81 STATE 221, 1.83E-81 STATE 113 |
BEARLT 1.87522B6E-81 *@ 'MW =6 1.866-81 STATE 131, 1.88E-81 STATE 5 OEISLC 3L @ KSLICE, L = SLICEL ,  WKICK:= -BOARIL/ERMO_E29 ¢ SLICEL
BRARLE 1.1134154F-21 *8 : ! M - 6. 1.BEE-81 STATE 212 OBISLC_32 ¢ KSLICE, L = SLICEL , VKICK:= -BBARII/DRMO 888 * SLICEL
BEARLY 1.1684556E-21 %@ ; ! N = 6: 1.13E-81 STATE 52, 1.13E-21 STATE led4 ggﬁté_ﬁ : :;‘HEE t = itﬁ& ! ::ié: 'ggsﬁ;wg—ﬁ N itig& i
BEARLE = 1.2823342E-21 %8 ;! N = & 1.15E-81 STATE 283 4 o L= : = = ;
OBISLC_IS : KSLICE, L = SLICEL , WKICK:= -BBARIS/DRMO_B28 * SLICEL
OBISLC_36 : KSLICE, L = SLICEL , WKICK:= -BBARIG/DRMO_E28 * SLICEL
= 5 - g ! = - - — !
gg:i’l‘ tggfﬁg_gi _g it M=6: L.JIE-81 STATE 419, 1.23E-81 STATE 382 OBISLC_37 ¢ KSLICE, L = SLICEL , VKICK:= -BBARI7/BRMO_E8@ * SLICEL
[ i . OBISLC_38 : KSLICE, L = SLICEL , VKICK:= -BBAR3S/DRMO 888 * SLICEL ;
gg:ﬁ ti%;sﬁg':i :g i P N= B 1.31E-81 STATE 481 OBISLC_3S ¢ KSLICE, L = SLICEL , VKICK:= -BBAR3IS/BRMO 828 * SLICEL
aoanae iiatasar ot ea OBISLC_48 : KSLICE, L = SLICEL , VKICK:= -BBAR4S/BRMO_E28 * SLICEL
BEAR2E 1.4781214E-21 *@ ! N= 8 1.44E-81 STATE 582 QBISLC_41 : KSLICE, L = SLICEL , WKICK:= -BEARAL/ERMO_BSE * SLICEL
BRARLT 1.5171885E-21 #@ § OBISLC_42 : KSLICE, L = SLICEL , WKICK:= -BBARA1/BRMO 888 * SLICEL |
1.5E52E51E-21 *2 OBISLC_43 : KSLICE, L = SLICEL , VKICK:= -BOARAI/ERMO B89 * SLICEL |
1.6135815E-21 *8 | OBISLC_44 @ KSLICE, L = SLICEL , WKICK:= -BBAR44/CRMO_ES® * SLICEL
1.66245531E-81 *8 ; OBISLC_45 : KSLICE, L = SLICEL , VKICK:= -BBAR4S/DRMO 898 * SLICEL
OBISLC_46 : KSLICE, L = SLICEL , VKICK:= -BBAR4G/DRMO 888 * SLICEL
1.7128277€-81 *8 ; ! 1.6BE-81 STATE 48 OBISLC_47 : KSLICE, L = SLICEL , VKICK:= -BBAR4T/DRMO 888 * SLICEL
1.7628556E-81 *1 ; ! 1.75E-81 STATE 31 OBISLC_48 : KSLICE, L = SLICEL , VKICK:= -BBAR4E/DRMO 889 * SLICEL
1.8125453E-21 *1 ; ! 1.77E-81 STATE 22, 1.78E-81 STATE 138 OBISLC_4% : KSLICE, L = SLICEL , VKICK:= -BBAR4S/DRMO 889 * SLICEL
1.8614531E-81 *1 ; OBISLC 58 ¢ KSLICE, L = SLICEL , VKICK:= -BBARSS/DRMO 888 * SLICEL
1.3147256E-81 *1 ; ! W = 5: 1.87E-81 STATE 121, 1.58E-81 STATE 13
1.9663159E-21 *1 ; OBISLC_S1 ¢ KSLICE, L = SLICEL , WKICK:= -BBARS1/DRMO 888 * SLICEL
2.81E1851E-81 *1 ; ! W =5 1.98E-81 STATE 228, 2.88E-©1 STATE 112 ggﬁté-&i : :it;ég t = _;II:;EE:: . ::;E:- -gasfi;’gﬂg_g : it;ggt :
2.8702717E-81 1 ; 53 - s L= : 2= -BRART. = ;
3.1225266E-81 *1 : ! N = 5. 2.8BE-81 STATE 4, 2.88E-21 STATE 211 OBISLETSA : KSLICE, L = SLICEL , WKICK:= -BBARS4/BRMO 800 + SLICEL
21385368141 5 LW =S LISE-81STATE 163 OBSLCEe © KSLICE, U - SUICE | Wokio oaansessmmoses - sircnh |
. OBISLC 57 : MSLICE, L = SLICEL , WKICK:= -BBARST/BRMO_ B8 * SLICEL |
BEARAL :=  1.2271219E-81 41 — =
BRARAL 2.27797431E-81 *1 ;| M = 5 2.23(-81 STATE 318, 2.25E-81 STATE 282 OBISLC_S& : KSLICE, L = SLICEZ , VKICK:= -BBARSE/BRMO_E88 % SLICEZ |
BARLY 3 121189E.81 41 ' OBISLC_5S ¢ KSLICE, L = SLICE2 , VKICK:= -BBARSS/BRWO_E8@ * SLICER
: i OBISLC_68 : KSLICE, L = SLICE2 , VKICK:= -BBARGE/DRMO B8 * SLICER
BBARAL 2.31843651E-81 *1 ; - ' ' - i
BRARAS 2.4364486E-81 1 ;
; OBISLC_61 ¢ KSLICE, L = SLICE2 , VKICK:= -BBARGL/DRMO 888 * SLICER
i 2.4EB2786E-61 *1 ; I W =5: I.44E-81 STATE 381 OBISLC 62 ¢ KSLICE, L = SLICE3 , VKICK:= -Bmusz::nmn:m * SLICED
LnARLT 2.5397958E-01 *1 3 QEISLC_63 : KSLICE, L = SLICE , WKICK:= -EDARGI/DRMO_E@® * SLICE
BRARAE 1.56855040-21 11 OBISLC_64 : KSLICE, L = SLICE3 , WKICK:= -BBARGA/BRMO 888 * SLICEY
LBARAS :=  1.GALETSEE-81 *1 § B i OBISLC_65 : KSLICE, L = SLICE4 , VKICK:= -BBARGS/BRHO B89 * SLICE |
BEARSE .= 2.6818893E-21 *1 PNo= 50 2.65E-81 STATE 428 OBISLE_66 : KSLICE, L = SLICES , WKICK:= -BRARGE/ORMO_E@® + SLICES
OBISLC_67 ¢ KSLICE, L = SLICES , VKICK:= -BBARGT/DRMO 888 * SLICES
BEARSL 2.7415688E-81 *1 ;
BEARSZ 2.7595512E-81 *1 ;
BEARS 2.8383254E-81 *1 ; ORBI_ENDFLD : LINE = { OBISLC_1 ,OBISLC_2 ,0BISLC_3 ,O0BISLC_4 ,0B3ISLC_S ,OB3ISLC_E ,OBISLC_F ,OBISLE_E ,0BISLCS ,
BBARSS 2.8B64574E-81 *1 ; OBISLC_18,0835LC_11,0835LC_12, 0BISLC_13,0B35LC_14,0B35LC_15,0635LC_16, 0B35LC_17,0B35LE_18,0835LC_18,
BEARSS 2.9332413E-81 *1 OB3ISLC_28,0835LC_21,0835LC 22, 0BISLC_23,0BISLC_24,0BISLE_25,0BISLE_26, 0BISLE_37,0B35LE_28,0635LC_28,
BEARSE 2.9759515E-81 41 oBIsLE 38,
BEARST 3.8213827E-81 41 ; MULELMF_3,
ERARGE 1.PEEOE12E-81 41 + 0B35LC_31,0835LC_32,0835LC_33,0B35LC_34,0B35LC_35,0B35LC_36, 0BISLC_37,0B35LC_38,0835LC_38,
BEARGS 1.1721636E-81 *1 | OB3ISLC_48,0835LC_41,0835LC_42, 0BISLC_43,0BISLE_44,0BISLE_45,0BISLC_46, 0BISLC_47,0B35LC_48,0635LC_a3,
5 1 41 . OB35LC_58,0835LC_51,0835LC_52, 0BISLC_53,0BISLE_54,0B3I5LC_55,0B3ISLC_56, 0BISLC_57,0B35LE_58,0835LC_58,
BBARGS 1.1561918E-81 1 ; — — 3 . - — — . - 4
OB3I5LC_68,0835LC_61,0835LC_62, 0BISLC_63,0BISLE_64,0BISLE_65,0835LC_66,0835LC_67 ) ;
BEAREL 1.31231878E-81 41 ; )
BRAREL 1.4B4B517E-81 *1 § Lo BT ases
BRARED 1.4906957E-81 *1 ; B - ;
BAREL 3 CemeagErs1 41 | WE_US = 8.8677463 * LBODY_US/8.8855 ;
BAREE 1 earnr1gE-a1 o1 | ORBIBOD_US : VKICKER, L = LBODY US, KICK: = -WK_US, APERTYPE=RECTANGLE, APERTURE= {8.828,8.158} ;
BRARGE 1.6%E7150E-21 1 ; , .
CBARES et | | 15t HALF OF KICKER MAGNET

ORBI_US : LINE = ( ORB3I_ENDFLD, OREIBOD_US ) ;
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Nn=5 & 6 loss distributions

N=5 SUM OF 15 STATES N=6
750,000 tracked 1,050,000 tracked
(8 states have zero losses) (all 21 states have zero losses)
sub-state 400 301 202 310 103" o004 211 112 2207 013 121 130" 022" 031" o040
stripping field (T) 0265 0.244 0225 0223 0215 0208 0208 0200 0198 0190 0187 0178 0177 0175 0168
DMAGD11
FMAGD11 17880 4106 388 388 87 5 5 22,859
DMAGU12 9544 11 9,555
NOTCHER (1st kicker) 20778 7244 28,022
DMAGD12 1748 20531 987 987 24,253
FMAGD1S 50 6839 1149 1149 9,187
DMAGD17 8598 7485 7465 983 168 168 24,847
FMAGD17 420 1018 1018 184 a6 a6 2732
lost 50000 47749 11007 11007 1254 219 219 0 0 0 o 0 i} 0 o 121,455 i}
750,000 n=5 tracked 1,050,000 n=6 tracked
n=5 Losses per Element
25000 843 enter circulating beam 100% enter circulating beam
194 mW 272 mw
—a DMAGD11 2oooo
—a— FMAGD11 §
—e— DMAGU12 15000 §
-
NOTCHER | 15t kicker) 10000 &
e DMAGD 12 §
e FMAGD1S oo
—e—DMAGDI7
—e—FMAGDI7 - o
0290 0270 0.250 0.230 0.210 0150 0170 0.150

Strip Field (T)

e Foral7 kW incident H beam, power deposited on 15t notcher kicker:

17 -10%  1.36 - 1075[h°(n = 5) fraction] « 28/,c = 9mW
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H°n=4 tracking

n=4 Lifetimes

Peak Body Field
(0.3734T)

030
—021
—_—120

01z
1.E-08 —111
—003

Lifetime (sec)

1E-08 —_210
—_102

—_— 300

1.E-10 201

1E-11

1.E-12 1
B(T)

* with a = 1E-11 sec stripping criterion, as in n=5 tracking, the conclusion
would be that no n=4 states would strip, but that isn’t right . . .

 since t is finite in all magnetic fields B some fraction of the H°(4) states
will strip within the magnet.

« Adifferent tracking approach is needed to capture this process.
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n=4 stripping in the ‘ideal’ magnet

First, consider an ideal magnet to see what to expect:
* inanideal magnet (no end-fields) B=0.3734T constant across 0.8855m
* the stripping equations can then be solved analytically for each sub-state

dr’(z) 1

-— K@)
dz T-fc
dH* 1 1 -z —z
=+— ho>2) =——e /tBc » H¥(2) =(1—e /T'BC) (1)
dz T-Bc T-fcC
Ideal Magnet dH+/dz Ideal Magnet H+(z)
60.0 1.00
0.90
50.0 0.80
10,0 0.70
e 0.60
T 300 £ o050
- 0.40
20.0 0.30
10.0 [ 0.20
0.10
0.0 0.00
0 100 200 300 400 500 600 700 800 900 1000 1100 0 100 200 300 400 500 600 700 800 900 1000 1100
Z (mm) Z (mm)

e 76% of the initial h°(4) strip in the ideal orbump3
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Implementing the variation of T with B(z)

14

recognize that stripping eqn’s (1) are valid - even for very thin slices Az -
provided that t is a constant over that range, i.e: the probability of h stripping is
simply proportional to the # of h® present in the Az slice.
so, the limit can be taken that the slices are infinitesimal, Az — dz, andt - 7(2)
dh® 1
dz  t(z)-fc
dH™ 1
=4 —
dz 7(2) - Bc

+h?(2)
(2)

-h°(2)

which, for each of the 10 sub-states, have solutions of the form:

fZ dz

ho(z) = e ° /TZ(Z')I'BC (3)

H (z) = (1- e Jo /r(z’)-/fc)

solving these equations accurately in Excel is a bit challenging, but not impossible.
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HO(4) tracking model

15

H* distributions from the individual sub-states are not tracked, as they
were for h® n=5 & 6. For n=4 only the sum of the 10 sub-state
contributions to H* generation is tracked.

for n=4 the magnetic field is sliced further into a sufficient number of
B-field bins such that:

— integration of B gives the correct kick angle;
— accurate integration of egn’s (3) is possible, and;
— 5% increments in the H* population can be identified (160 slices).

50,000 particles, randomly generated from a Gaussian phase-space
distribution (truncated at 99%), are tracked through each of the 5% H*
increments from the foil in L11 through to L20 and losses are
recorded.

2= Fermilab
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HO(4) — H* distribution sampler from the n(n+1)/2=10 sub-states

030 dH+/dz 030 H+(z)
e 100
0se
L] a8
an
g a0
- -
) 3 0s0
»» a40
[-ET]
15 020
[F1
o aoo
O 100 200 300 400 SO0 SO0 700 SO0 GO0 4000 1100 P 200 200 00 800 1000 1200
2 {mm) Z [rram)
111 dH+/dz 111 H+z)
100 100
50 050
80 080
10 om
G0 (1]
g +
T seo $ oso
T ap 0.40
30 030
20 020
i0 010
o0 .00
o 00 &0 600 B00 1000 1200 o 200 w00 600 300 1000 1300
Z (mm) Z (mm)
201 dH+/dz H+(z)
0.030 0.03
0.025 0.02
0.020
e 0.02
-
%‘ 0.015 T
b 0.01
0.010
0.005 0.01
0.000 0.00
0 200 400 600 80O 1000 1200 0 200 400 600 B00 1000 1200
2 (mm) z (mm)
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cumulative H%(4) — H* distributions

Cumulative dH+/dz Cumulative H+(z)

18.0 1.00
16.0 090
14.0 b0
12.0 0.0
o
I 80 = 040
6.0 0.30

4.0 0.20

2.0 010

] 0.00

o 100 200 300 400 500 600 TOD EBOD S00 1000 1100 0 100 200 300 400 5S00 600 700 BO0O 900 1000 1100

Z (mmj) Z (mm)

* 76% of the initial H%(4) strip in orbump3 (same as ‘ideal” magnet!)

Two variations of the L11 absorber model were studied:

a) ABS has same aperture as the notcher absorber — 2°/8 diameter
b) ABS a drift —the same 3” diameter as the beam pipe.
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n=4 loss distribution (a)

(a) ABS : COLLIMATOR ,L=0.6000 , APERTYPE = CIRCLE, APERTURE = {0.0333375} ;

N=4

A % losses 95-100  90-95 B5-80 BO-B5 75-80 70-75 65-70 60-65 55-60 50-55 45-50 40-45 35-40 30-40 25-30
Distance into Magnet 1001 756 570 464 381 323 282 253 232 215 203 184 187 183 180
ABSORBER (L11) 50000 50000 50000 50000 50000 50000 50000 50000 45184 17112 3406

DMAGD11 4806 32888 46594 50000 50000 50000 49358
FMAGD11 542
DMAGUI12

lost 50000 50000 50000 50000 50000  S0000 50000 50000 50000 50000 50000 50000 S0000 50000 50000

Element Losses vs Strip Position in Magnet

20-25
178

46555
3045

15-20
176

44558
5441

10-15
173

39322
10678

50000 = = ]
40000
§
—&_ABSOREER(L11) ‘g 30000
2
e DMAGDI1 =
|
—a AMAGD11 5
o 20000
DMAGU1Z
10000
o s

50 100 150 200 250 300 350 400 450 500 550 600 650 J00 750 200
Strip Location in Magnet (mm}

ES0

00

5-10
169

23217
26783

50000

950 1000 1050

1L11 absorber

SUM OF ALL 10 STATES
(Total Stripping Fraction Normalized to 100%)

0-5
163
465,712
189 437,888
49151 95,740
660 660
50000 1,000,000

* Foral7 kW incident H beam, power deposited on L11 absorber:

17 - 103 * 1.88 - 107°[h°(n = 4) fraction] * 466/1000 (absorber losses)
*0.76 (total initial h stripping fraction) = 113 mW
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n=4 loss distribution (b)

(b) ABS : DRIFT , L=0.6000 ; 1L11 absorber

A 2 losses

MN=4 SUN OF ALL 10 STATES
(Total Stripping Fraction Normalized to 100%)

95-100 90-95 85-90 80-85 75-80  70-75 65-70 60-65 55-60 50-55 45-50 40-45 35-40 30-40 25-30 20-25 15-20 10-15 5-10 0-5

lost 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 50000 S0000 50000 50000 S0000 50000 S0000 50000 50000 50000 1,000,000
Losses without L11 Absorber
e CORR L11 % 30000
puewll B
50 100 150 200 250 300 350 400 450 SuipS:;EatiOHSiiomagn:EEmmJ 650 700 750 800 BSO 500 o950 1000 1050
e Foral7 kW incident H beam, power deposited on L11 corrector package:
17 -10% % 1.88 - 107°[h°(n = 4) fraction] * 300/1000 (corrector losses)
*0.76 (total initial h stripping fraction) = 72 mW
e, -
3¢ Fermilab
19 J.A. Johnstone | H® Stripping & Element Irradiation 1/28/2021



HO(5) re-visited

20

as of 2 weeks ago:

The analysis of H°(5) stripping reported here assumed that all sub-states stripped instantly in the
field B at which their lifetimes became exactly = 1E-11 seconds and converted to H*. This might
be overly simplified & the n=5 analysis should be repeated using the more precise formalism
employed in the H°(4) studies, which accounts for the variation of t with B. It is not expected that
the re-analysis of n=5 will qualitatively alter the conclusions, but this needs to be verified.

JJdone!

the variation of z with field B is known;
the variation of B with position z through the magnet is known, so:

a ‘local’ lifetime 7z can be assigned to all positions z in the magnet, and the H® decay / H*
generation equations can be solved for each of the 15 n=5 sub-states, as they were for n=4:

_ (% az'
&) = ¢ b s
H*(z) = (1 - e Jo Z/T(Z’)-BC)
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HO(5) — H* distributions from the n(n+1)/2=15 sub-states

dH+/dz per n=5 sub-state

350

I Magnet Steel Peak Field @ 180mm —
300 :

250 +
- 200 +
Ny
£ 150 |
5 150

100 -+

50

120 125 130 135 140 145 150

» peak field of 0.3734T reached at z = 180mm
« all 15 sub-states strip in a 30mm range from z = 120-150mm (B = 0.136-0.290T)
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rough comparison of T = 1E-11 sec vs T — 1(z) approaches

22

n=5 T=1E-11 sec dH* . <B>
sub-state /d.z Peak
(kG) (kG) (kG)
040 1.68 1.70 1.684
031 1.75 1.80 1.746
022 1.77 1.80 1.768
130 1.78 1.83 1.770
121 1.87 1.91 1.876
013 1.90 1.96 1.905
220 1.98 2.01 1.975
112 2.00 2.06 1.992
004 2.08 2.12 2.073
211 2.08 2.12 2.076
103 2.15 2.17 2.144
310 2.23 2.28 2.215
202 2.25 2.28 2.240
301 2.44 2.49 2.410
400 2.65 2.70 2.613

so, the T = 1E-11 sec guesstimate was probably pretty good!

J.A. Johnstone | H? Stripping & Element Irradiation

1/28/2021
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cumulative H%(5) — H* distribution

Cumulative n=5 — H+(z)

1.00
0.90
0.80
0.70
0.60
0.50
0.40
0.30
0.20
0.10
0.00

H+(z)
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N=5 loss distribution

Percent of total

stripping field (T)
DMAGD11
FMAGD11
DMAGU12

MOTCHER (1st kicker)
DMAGD12
FMAGDI1S
DMAGD17
FMAGD1T7

last

N=5 Total Losses
1,000,000 tracked

r

100007 96937 9417" 8898" 82207 7739" 7158”7 65157 5803750787 43447 36807 20657 2058712747 7057 352
0.293 0269 03254 0238 0228 0223 0218 0212 0207 0202 0197 0192 0186 0.181 0176 0171 0.166
15
25812 9836 6664 1966 400 238 94 24 45,135
4773 5344 brp) 10,339
11452 15969 717 28,138
941 20527 11430 932 227 3 34,060
27 4384 7464 1141 385 45 13,456
3622 21308 7398 3843 1321 265 2 37,759
1878 1014 628 274 56 3850
30700 27600 51388 447637 10885 5332 1737 345 2 0 0 0 0 0 0 0 0 172,752
n=5 Losses per Element SILYITIn=S (REiEE
0000 £3% enter circulating beam
192 mW
25000
—— DAAAGD11
20000
—a— AV AGD11
1]
—a— DMAGULZ =
. 15000
MOTCHER (15t kicker) =
g DAL GD12 =
10000
—— A AGD1S
—— DAAGD1T
—e—FMAGDI7 — so0a
a - 4]
0300 0275 02250 0225 0.200 0.175 0.150

Strip Field (T}

e Foral7 kW incident H beam, power deposited on 15t notcher kicker:

1710 * 1.36 - 107 5[h°(n = 5) fraction] * 28/, 14q = 7 mW
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Summary

« H%emerging from the foil in excited states n=4,5 & 6 can strip in orbump3 due to the Stark effect.
For H® — e + H* within the magnet the resulting H* experience a depleted kick relative to the
nominal circulating proton beam and can result in irradiation of downstream elements.

» Loss distributions of the H* from the n(n+1)/2 H° sub-states in each principal quantum state n were
tracked from the foil through to L20.
— Nn=6:
* 100% strip within the end-field:
— 100% of the H* enter the circulating beam — 272 mW.
— n=5:
* 100% strip within the end-field:
— 12% wallop gradient magnets, but 4% hit the 15t notcher kicker, depositing 7 mWw,
84% enter the circulating beam — 194 mW.
- n=4:
*  76% strip within orbump3 & 65% of these occur within the peak body field of the magnet:
« 2 scenarios were studied:

— 1) the L11 absorber has a circular aperture of 25/ (same as the notcher absorber);
35% of initial H°(4) hit absorber, depositing 113 mW,;

- 2) the L11 absorber behaves like a drift, i.e: the same aperture as the beam pipe;
23% of initial H°(4) hit the L11 corrector package, depositing 72 mW.
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summary (cont’d)
« Although the # of particles tracked did not provide exhaustive statistics, no red-flag issues
emerged that would indicate more detailed tracking was warranted.

In particular:
— the majority of particles were lost on gradient magnets.

Otherwise:
— asmall fraction of the lost n=5 H° dinged the 15t notcher kicker, and;
— 23-35% of the n=4 HO lit up the L11 absorber/corrector region.

* N.B: no other components were irradiated. (your RF is safe, Tan!).
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Looking Forward

1. For each of the n=4, 5, 6 states a fraction of the H* enter the circulating beam:
s n=4: 24%
* n=5 83%
* n=6: 100%
The current study did not address the fate of these H*. Are they lost somewhere in the machine
other than revealed by the L11—L20 tracking? To what extent does this lead to emittance growth?
How much ends up in halo? This would be a useful study.

2. It would be worthwhile to track the H* generated by the ‘ideal’ magnet to get a sense of the
importance of the shape of the end-field B distribution.

3. The L11 region losses from HOY(4) stripping should spark discussion of optimal absorber design.

The formalism & techniques being developed here are directly applicable to BAR lattice design, in which
the permanent magnets will be particularly sensitive to radiation.

“Now this not the end. It is not even the beginning of the end.
But it is, perhaps, the end of the beginning.”

Q
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Buckoff Stides
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Fields for 1E-11 sec Lifetime (n=4,5,6)

; . ® n=4
. L ]
. .

4 i . .
. Peak ORBUMP Field a®
=
o 3
u ® .
. ® e N=

. .
: *T e*® Lee®
®et 'n:E
0
] 10 20 30 40 50 &0

State order [arbitrary]

T compiled by Dave

J€ :
3¢ Fermilab
29 J.A. Johnstone | H® Stripping & Element Irradiation 1/28/2021



more detail on the generation of h, fractions

« from the Gunney paper & references therein:
dH™(x) _

ih dx
12(%) = +0_1p - H (x) — 013 - hyp(x)

—o_+H (x)

dx
dh., (x) )
;x = +0_,- H (x) —Op - hn(x) + 0199 - hlz(x)

H (x) =e 7%

hip(x) = C - (e7%12% — g=9-%)

hy(x) = Ay(n)e™ " + Ay(n)e 2% + Az(n)e” "

= O-12
0- — 032
O_p—C- 02y
Ay(n) = —
— -
C-o
On- — 012

Az(n) = =[A,(n) + A,(n)]

TM.S. Gulley et al, Measurement of H ,H®, and H* yields produced by foil stripping of 800 MeV H” ions, Phys Rev A 53 (1996)
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IHere's the apertures I'wve included.

2= Fermilab

3

BRF : INSTRUMENT , L=2.35 , APERTYPE = CIRCLE, APERTURE = {8.8381} ;
NOTCH_ABS : COLLIMATOR » L= 2.743 , APERTYPE = CIRCLE, APERTURE = {@.8333375} ; ! Notcher absorber
NOTCHER ! HKICKER , L=@.54 , KICK = @, APERTYPE=RECTAMGLE, APERTURE = {@.8345,8.8325} ; I wotcher kicker at L12
MKS82 : VKICKER . L=1.2808 , KICK = @, APERTYPE=RECTANGLE, APERTURE = {8.8325,8.8345} ;
MES1Z T VEICKER , L=1.88 , KICK = 8, APERTYPE=RECTANGLE, APERTURE = {8.8325,8.8345} ; I vertical extraction kicker|
| Lt T TR Corrector Package Elements --------mmm oo e e
DHZ : HKICKER » L =8.824 , CALIB = 2.828366 / ©.824 [/ Brho , APERTYPE = CIRCLE, APERTURE = {@.868325} ;
DVT : VKICKER » L = 8.824 , CALIB = 2.888365 / &.824 / Brho , APERTYPE = CIRCLE, APERTURE = {8.888325%} ;
NQUAD ! QUADRUPOLE . L =2.824 , CALIE = 2.282489 / 2.824 / Brho , APERTYPE = CIRCLE, AFERTURE = {@.868325} ;
SQUAD T QUADRUPOLE . L =@.824 , CALIB = -8.883924 / @.824 / Brho, APERTYPE = CIRCLE, AFERTURE = {8.868325} ;
NSEXT : SEXTUPOLE » L =8.824 , CALIB = 8.845831 / 8.824 / Brho , APERTYPE = CIRCLE, APERTURE = {8.888325%} ;
SSEXT : SEXTUPOLE » L =98.824 , CALIB = 8.845477 / 8.824 / Brho , APERTYPE = CIRCLE, APERTURE = {©.868325} ;
BFM_1 T MONITOR . L =8.824 , APERTYPE = CIRCLE, APERTURE = {@.858325} ;
L e T TP Injection Orbit Bump MEENETS - -mcm e e e
ORBUMPE_1  : VKICKER ., L = LORB_eff , KICK := ob_angl+obl_keL_err, APERTYFE = RECTANGLE, APERTURE = {8.828,8.158} ;
ORBUMPa_2 1 VKICKER . L = LORB_eff , KICK := ob_ang2+cb2_keL_err, APERTYPE = RECTANGLE, APERTURE = {8.828,2.158} ;
ORBUMPE_3 1 VKICKER . L = LORB_eff , KICK := ob_ang3+ob3_keL_err, APERTYFE = RECTANGLE, AFERTURE = {8.828,8.158} ;
ORBUMPa_4 = VKICKER . L = LORB_eff , KICK := ob_ang4+ob4_k@L_err, APERTYPE = RECTAMGLE, AFERTURE = {@.828,8.158} ;
FMAG : RBEND , L = blengthf, ANGLE = blength/rhof, K1 = qsf , K2 = ssf, APERTYPE = RECTANGLE, APERTURE = {0.08255,0.020828}
DMAG : RBEND , L = blengthd, ANGLE = blength/rhod, K1 = qsd , K2 = ssd, APERTYPE = RECTANGLE, APERTURE = {0.07620,0.028576} ;
DMAGU11 : RBEND, L=blengthd-cut_length_d, ANGLE = DMAGU1l_ang,K1l = qsd*(1/(1-fraction_d))*modd, K2 = ssd*(1/(1-fraction_d))*modd,
APERTYPE=RECTANGLE,APERTURE={0.0762,0.028576} ;
DMAGD11 : RBEND, L=blengthd-cut_length_d, ANGLE = DMAGD11l_ang,K1l = qsd*(1/(1-fraction_d))*modd, K2 = ssd*(1/(1-fraction_d))*modd,
APERTYPE=RECTANGLE,APERTURE={0.0762,0.028576} ;
Focusing Magnet Defocusing Magnet
& S 6L SIS /ﬂ B ////W 7
T 25 ///féffjféf T 59 5//////,’55555 ////5%’ VAl
77 T e 77 7 S,
N 777 775399, 7. L il %;; 7 00
S Z | i 7
#23 ctooo 7
L 77 = 7
s
/S S
- e A Y_ YL
S
/S
S
/S
7
v 77 \slsis 8k
7??5////// 7 “ 77 27 "
S S (/7777777770770 0007 S 7 :':5"1
D7 77777777 [l 77772407 w272
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Input beam parameters at foil

11 800 MeV values:

ke
etotal
momentum:
beta

0.800 ;
pmass + ke ;

sgrt( etotal”2-pmass”2 );
momentum/etotal ;

value, etotal, momentum, beta ;

I values at foil:

bxo
axe D=
by® I
aye 1=
dx® 1=
dpx® P o=
dy® P o=
dpy® I
X80 1=
px@ o=
v Po=
py@ . =

e95n 1=
e95 S

value, e95 ;

sigmax :
sigmay :

6.2715157643 ;
0.0835620556 ;
15.0101076906 ;
0.8367137761 ;
2.1182749319 ;
-0.0108615422 ;
-0.0993769663 ;
-9.0001246919 ;
0.0058359970 ;
0.0000005332 ;
9.11319@5954 ;
0.0000000000 ;

1.1541e-6 ;
€95n * pmass/momentum ;

»

sqrt( bx@*e95/6. ) ;
sqrt( by@*e95/6. ) ;
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nuclear analog of H® decay equation

dH° 1
= __.HO
dt T
dH* 1 0

=+—--H
dt T

235U—> 231Th_|_ 4He

d(235U) B 1 235U
dt T ( )

d(**'Th) 1 ac

a7

23511 (t) = e~/
2ITR() = (1 — e~ /1)
(z =1E9 yrs)

2= Fermilab
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another analog of H- decay equation

34

dH™ B
dw o0 fl

probability of decay is just proportional to # of particles present, with the
proportionality constant the cross-section for stripping on a target atom.

This can be converted to the probability of H™ stripping in time:

sz); N = # atoms/ug (5E16 for °C) ; and,
z=px ; p=density ("8/_ 3)(2.25E6 for 1°C) ; x = distance into foil (cm)

w=Nz; z = thickness ("&/

and with x = fc - t , we arrive at (the not very useful) description of how the H-
strip in time as they traverse the foil:

dH_ N gy
dc 00 pep T
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a tip for solving the species population equations

35

_ (% dz’
W) = oo “hierype
H*(z)=(1 - e o dz /T(Z’)-BC)

solving these equations is not as bad as they might first appear because the exponential
integrals can be somewhat simplified.

define:
_ (% dz'
E(z)=e Jo Z/T(Z’)'ﬁc
then:

dz' Z24z

z2 z1 g5/ !
E(z,) = e"fo [2a") o= e_fo “latype e_fm [y e

Z2 g,

E(Zz) — E(Zl) . e_le (z")-Bc

So, the problem reduces to accurate integration of the exponential term over the small range
Az =z,-z,. As an example, even the accuracy of a 3-point Simpson integration is O(Az>).
Even smaller errors would result by, say, Runge-Kutta integration techniques.
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Coraggio, Hvanti !

2= Fermilab



