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Absolute beam polarization at EIC

1. AP‘[[ec:ision requirements for beam polarization
—<1%
P

2. The goal to determine absolute beam
polarization

3. _Insl.tlgﬁment: Hydrogen Jet polarimeter (HJET)
in

4. Method:

 Elastic scattering of pp
« Use CNI

Absolute proton beam polarization calibration
relies on measured nuclear polarization of

hydrogen jet using Breit-Rabi polarimeter
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Beam polarization determination

« A polarized proton beam scatters elastically from the polarized H
target with known polarization Q.

« Scattered recoil protons are counted in the left and right detectors.

The target spin direction is periodically reversed. Combining .
measurements for both target-spin signs cancels first-order left/right
detector acceptance and efticiency asymmetries.

With the beam polarization averaged out, the target asymmetry is
L—R

for =R ¢

The corresponding beam asymmetry is measured from the same
elastic (pp) events:
€peam = AyP

In elastic scattering of identical protons, the analyzing power A, is the | €
same whether the beam proton or target proton is polarized.

_&
&=

Essential to know target polarization Q
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HJET overview

isolation

six-pole
magnets
RF transitions

holding field
magnet

silicon recoil
detectors

N~ RHIC beam

B [mT]
0 50 100 150 200

» Polarized atomic hydrogen
source 3

« Sextupole magnets

* ABS transition units
« WFT makes transition 1 — 3
« SFT makes transition 2 — 4

 BRP transition units SFT, WFT
e RHIC 120 mT — EIC 400 mT

250

* Breit-Rabi detector

Magnet system design

T. Wise, et al. An optimization study for the RHIC polarized jet target, Nucl. Instrum. Methods Phys. Res. A.,
Volume 556, Issue 1, 2006 https://doi.org/10.1016/j.nima.2005.09.042.
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Equally populated states exit nozzle

1. RF transition units in ABS
+ ABS Transition efficiencies g*

* Desired states: 1+4 or 2+3

2. Target polarization

» Transmissions o', to the target
« determined from simulations
« ABS Transition efficiencies €/,

nO'1A
nO'ZA

A i
no;
nU4A

Target polarization determination

Transition 2 — 4 Transition 1 —» 3
no4 no,4 n(o4e3% + 034(1 — €434))
n(0,"e244 + 0441 — €24%)) no,” N no,"
n0'3A nO'3A n(O'3A£13A + O-lA(l - 813A))
n(o4et + (1 — 341) no,* no,’

Target polarization:

0,"Q,(B)+(0,9%,, +0,9 (1-¢,,")Q,(B)+0,9°Q,(B,)+(0,%",, +0,"9(1-¢,,)0,(B,)

Q* =
€A24 |1)+4) 0,940, 9 45,904, 19"
+ extracted from signals in BRP
detector
. ) Q- — (0-1tgt813A+0-3tgt(1_813A))Q1(Bo)+o—2tth2(Bo)+(0-3tgt813A+0-1tgt(1_813A))Q3(Bo)+O—4tth4(Bo)
1. Q(B,) = nuclear polarization state |i) 12)+13) 0,9 40,9 g 9 g 19t
4 .
0= i=1 1 - Qi(By)
- 4
i=1 1
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Simulation code: Tracking calculations

Simulation code originally developed for RHIC HJET has
been recuperated

« Z.Zhang is working on updating the code for EIC use

« Monte Carlo particle-tracking simulation

« Atoms launched from source with randomized
position/angle/velocity

« Propagates each track step-by-step down the
beamline: through real magnet/RF/apertures and
blocker geometry

« Surviving populations per hyperfine state are counted
to predict transmission and intensity at the target

beam blockers

0 1 2 3

z/m
T. Wise, et al. An optimization study for the RHIC polarized jet target, Nucl. Instrum. Methods Phys.
Res. A., Volume 556, Issue 1, 2006 https://doi.org/10.1016/j.nima.2005.09.042.
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Sextupole magnets used in simulation

3/ 2
- \ 1 « Magnet system of HJET:
/ /2
I, - ; 28 Magnet, Length [mm] r$ [mm)] r$1t [mm)] 7o [mm)] BEE [T
1 28.5 5.2 7.0 22.0 1.695
/ 5 2 35.4 7.5 9.1 29.0 1.686
3 40.5 9.7 10.7 35.7 1.687
1 4 46.0 11.5 11.5 40.3 1.687
—" ( . : . ) 75.0 16.0 14.5 41.2 1.585
' | 6 79.0 14.5 12.7 36.7 1.584
7 87.0 10.0 10.0 27.0 1.585
24 segmented permanent sextupole magnet design 8 90.0 10.0 10.0 27.0 1.585
« Magnetization axis of each segment advances
azimuthally by angle /3
- ials (sli | | « Pole-tip field B! from composition and
» Three different materials (slide 19) with varying P 0 P _
remanence geometry magnets computed (see slide 19)

» Higher order multipoles strongly suppressed

s peff :
« Pole-tip field of 1.6-1.7 T By~ used in the code
A. Vassiliev, et al. 24 segment high field permanent sextupole
magnets, Rev. Sci. Instrum. 71, 3331-3341 (2000).
https:/doi.org/10.1063/1.1288264
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https://doi.org/10.1063/1.1288264

BRP: 16 combination transition scheme

Breit-Rabi polarimeter designed to enable:

 Second set of WFT and SFT transition units
installed in BRP

» Allows measurement of populations of unwanted
hyperfine states

« 16 possible transition combinations:

2 ABS transition units

2 BRP transition units

Total: 2 X 2 X 2 = 16 combinations

16 independent signals measured at BRP detector

Measurement strategy:

« Measure pressure difference: chopper open vs.
chopper closed for 16 signals
* Measured signals provide input to 16 equations

 Transition efficiencies extracted by solving
equation system
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Beam blockers

« Equation system simplified when
blockers installed

* Two beam blockers in BRP stop weakly
deflected states 3 and 4

I

T
PV

Beam blockers

[0.9,0.9.9.9.9.9.9.9.9.9.9.4)
RIS

RRIRKZR) B RRRRAXRRKA] X
KB 0! RIS RXTIITSIILSIILLSTLS]
%% te%e! R BRI Sasesssesesetesesesosesetotel R R KRR AXRXRN

XXXXRHXKN, RRRRLRRLZRRZRRKY RRRRRIRRRRLRRRRA]

v 1 |
1 I
PERRIRKIIRKIR IR KK R PR R R KR RIKKRRIRKN] |

REXRXEEZE] BOBBDSBA e oo RO STSTSTSTSTSE PSRRI 2

%% %% %%l o %% % % % % % 0, 8.0 020 04 [05009.009,0.9:% 000 %000 % 909699 %

KA585505 (9,0,0,0.0.0.9.9.0.9.9.90.9.9 00000 %006 %% %% % % % % % %o %% %0 %% %% %% %% %% %%
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Full equations with blockers installed

Different combinations of transitions on and off result in system of 16 equations

ABS ABS BRP BRP ABS ABS BRP BRP
WFT SFT  WFT  SFT WFT SFT  WFT  SFT

o 0 o0 0 s1 = (of'of + 050 )n 1 0 0 0 so = ((o' ety + 05 (1 — efh))of + 05'0F ) n
A_A A Ay
= + 1—¢ + € )n
0 0 0 1 5= (ool + oflo=E )n Tt 0 o0 1 10 = ((of'ely + o (1 = efy)ol + oflofel)
1 0 1 0 511:((Uf51‘43+‘7:§4(1_5f3 ))aq 513"“72‘72)”
0 0 1 0 S3 = (JlAalBEEO, + o} JQB)n B R

1 0 1 1 S12 = ((0145?3+‘73A(1—513))018513+02 ‘7?524)“”
A_B B_B
0 0 1 1 Sq = (01 oty + 0504 524)” 1 1 0 0 13 = ((014€f13+03A(1—€f‘3))018

+(of ey + o (1 = e))of )
o 1 0 0 s5 = (0f'0f + (05" €3y + 01 (1 — e5y)) o3 ) n
1 1 0 1 s11= (et + of' (L - eft))of
0 1 0 1 56 = (014013 + (o5'esy + ot (1 — 5‘244))023551)71 + (05 egy + o (1 - 55‘4))‘72852%1)

1 1 1 0 s15= (o ety + o3 (1 = efy))efrol

A A A B
+(0§4 g9q+ 05 (1 —c5y))oy )n

0 1 1 0 S7 = (af‘af?513+(02 524+U4 (1—5é44))0é8)”

o 1 1 1 ss = (oftolely + (ofesy + o (1 — e))of efi ) 1 1 11 {))olel

_ A_A A
516 = ((‘71 e13 o5 (L—e13))orer;

+(of gy + o (1 — efy)ob ek, )
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Transmission through HJET

14x1018

tracks_0_0_0_0.dat

« Simulations give |

number of tracks 1234

states with all 99963442.0 + 9998.2

99963442.0 + 9998.2

transitions off

Flux

3.53703e+18 + 6.52934e+14
3.49343e+18 + 6.48898e+14
8.41433e+14 + 1.00707e+13
3.18834e+15 4+ 1.96034e+13

29344880.0 + 5417 1
28983170.0 + 5383.6
6980.9 + 83.6

=== ===~~~ "TARGET ~—~~~~—-

State 1
State 2
State 3
State 4

1.10852e+18 + 3.65530e+14
1.10274e+18 + 3.64575e+14
0.00000e+00 =+ 0.00000e+00
0.00000e+00 + 0.00000e+00

4 — 26452.0 + 162.6 9196872.7 = 3032.6
1 9148877.3 = 3024.7

| 0.0 +0.0
I 0.0 +0.0
|

o N | 3
| )
| o
| (]

0 | | | | (]

0 0.5 1.5 2.5
Beamline / m
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along beamline 1p b 1.20494e419 = 1.20510e+15
\ 1.204946+19 = 1.20510e+15
1.20494e+19 = 1.20510e+15
[ ]
Exam ple S hOWS 1.20494e+19 = 1.20510e+15
evolution of spin 99963442.0 + 9998.2
10 |- 99963442.0 + 9998.2




Transmission through HJET

14 X10%° tracks_1_0_1_0.dat
« Example shows | ! 5 State |
I t f i M1a2a3!4 M5 M5 f?s f:4 ' MT f?s f24 MB State 2
evolution o1 spin | State 3
. | State 4
states with WF 19 by 1.20494€419 = 1.20510+15 |
e . 1.20494e+19 + 1.20510e+15 |
transitions on: \ 1.20494e+19 + 1.20510e+15 :
1.20494e+19 1+ 1.20510e+15 =
e ABS 1<3 \ 99963392.0 + 9998.2 z'g
10— 99963641.0 + 9998.2
* BRP 13 99963558.0 + 9998.2 o
99963807.0 + 9998.2 g
. . . . b=
* Transition efficiencies 8 L :
used: . |
3
. | 7.266326+16 + 9.35853e+13
* €A13 = 0.02 - | 3.56536e+18 + 6.55545e+14
L | 3.52325e+18 + 6.51662e+14
. 3313 = 0.02 6 | 3.17857e+15.4 1.957346413 4.59949e+14 £ 7.44571e+12
| 602849.1 + 776.4 1.13322e+18 £ 3.69580e+14
: 29579978.0 - 5438.7 6.99088e+12 + 9.17946e+11
. [ . 29230588.0 + 5406.5 0.00000e+00 -0.00000e+00
. Targ et pOIar|Zat|On . 4l L/- 26371.0 + 162.4 3816.0 + 61.8
4 9401803.5 + 3066.2
; et | 58.0 + 7.6
Q _ Li=1 1 QI(BO) | 0.0 + 0.0
- | ]
;:1-:1 nl 21— i | l §
' ™\ I| o
I <)
| wd
\ | \ o
0 | S N - 1 L ___| | | ()]
0 05 1 15 25
Beamline /m
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BRP Analysis: 4 vs 16 combinations

Transition units efficiencies extracted from system of equations
* Input simulated by Z. Zhang
Output calculated with uncertainties using number of tracks
ABS transition units allow for four possible RF transition combinations
Including four transitions in the Breit-Rabi results in 16 total combinations
Result confirms that transition efficiencies can be extracted from data

Transition efficiency

Simulation input

Extracted from solving system of equations

4 combinations 16 combinations
0.02 0.02014 + 0.00006 0.02014 + 0.00002
0.02 0.01982 + 0.00006 0.01982 + 0.00003

Electron-lon Collider

[ ) [ ) [ ] [ ]
90] 90}
- )
w o~
o o
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BRP Analysis: 4 vs 16 combinations

« Randomizing 16 simulated signals within the +3¢ allows to test the solution stability

« 2000 sample were generated for each case

4 combinations

16 combinations

G I I

Lol g =00197, o = 0.0175‘
S0

8,1

U = 0.0202, 0 = d.ooﬁ ' w w

The scenario with 16 combinations demonstrates substantially reduced errors

l E 8 4 0.0206 0.0208 0.021
| | &, | | | €4
Zw : | | | | 150 T T \ T T T T
Exl p = 0.0203, o = 0.0174 B ol p = 0.0198, o = 0.0003
g10— 2 s
| | &, | | | ey
foor {4 £ 0.0205] ¢ = 0.0006 _ | | |
gmo—
Simulated 4 equations 16 equations 0 | |
input output output ' ‘ | ‘ 8 ' ' ' ‘
= -
£544 0.02 0.01974+0.0175 | 0.0202+0.0003 il M =00200, 0= 00001 | | |
£
T 1000
813A O 02 O 0203 i O O 1 74 O O 1 98 i 0 0003 E 0 0.0‘195 0.0196 0.0197 0.0198 0.0199 0.02 0.0201 0.0202 0.0203 0.01204
€l

Electron-lon Collider

PSTP meeting 2026
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BRP Analysis: velocity less by 10%

« Case when atomic velocity is overestimated by 10%

» Randomizing 16 simulated signals within the +30 & 2000 samples

4 combinations

16 combinations

o
[
T 1

o

o
n -

Probability Density  Probability Density
o

u=00134, 0 ='olﬁ | |

o
o

u=0.

0236, 0 = olo_‘

1 1.5

Simulated 4 equations 16 equations

input output output
Ep4 0.02 0.0134+0.454 0.024+0.011
€134 0.02 0.0358+0.457 0.024+0.011

Probability Density ~ Probability Density  Probability Density ~ Probability Density

Error in velocity estimate by 10%

o

-0.01

F
o

0

=0,

n
[=]
I

0236, 0 = o.o_' ' '

o

-0.01

A
[=2=-)

o

(=]

0.01 0.02 0.03 0.04 0.05 0.06

a
(=]

(=]

-0.01 0

A
p=00227, 0= o.ooh' |
e

considerably reduces precision

Electron-lon Collider

PSTP meeting 2026
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Systematic impact: H, molecular content

H, is main systematic contribution to total target Degree of dissociation across orthogonal spacial profiles
polarizati on of atomic beam, ANKE data reanalyzed.

'arized i, molecules systematically reduce target Lo 11 R T T
polarization il | ? o ? |

* a=0.934 £0.006 (a) Scan along =
T T [ T

— ——atom ' :
° O = P ¢ Scan along y coordinate
patom+2pmol 1.2 H- - o =0.937+0.010

14 Beam center at x = 14.8 mm

e Luwa — 0,035+ 0.003 &

Patom 1:___%__;__ o f-_ __f__{L__%__%__i__i___

Result: 09 |

0.8 I | 1 | | | |
+ 3.5% molecular content is present in atomic beam 10 12 14 16 18 20

y [mm]

° 0 i [
About 7% of unpolarized nucleons in target (b) Scan along y

Frequent and routine measurement of molecular F. Rathmann, et al., “Eliminating beam-induced depolarizing effects in

content is required at EIC the hydrogen jet target for high-precision proton beam polarimetry at
q the Electron-lon Collider,” (2025), 2508.01366.

Electron-lon Collider PSTP meeting 2026 Vera Shmakova 16

« Determining the molecular fraction in atomic beam is 1p|| ¥ Seanalong x coordinate |
essential 140 Beam center at z = 11.4mm : |
3
. . L \ i
« Unpolarized H, molecules systematically reduce target e { ¢ | ¢
6 8 10 12 14 16 18
ANKE study results: & [mm]



Summary and Outlook

 Simulation code used to construct HJET was revived

 BRP essential for absolute target polarization

* Knowledge of transmissions and transition efficiencies required to determine target
polarization

» Transmissions to target extracted from simulations
 Transition units efficiencies extracted using 16 signals from BRP detector

 QMA will be used to measure molecular content in atomic beam at EIC
 Measurement of holding field

 Measurement of sextupole tip field

« Code will be rewritten in modern computer environment

» Technical paper in preparation

Electron-lon Collider PSTP meeting 2026 Vera Shmakova
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Sextupole magnets: Pole tip field computation

« Magnetic flux density inside sextupole magnet:

B(r) = By (%)

where r; is inner radius, B, pole-tip field, r distance from axis.

* For cylindrical 2N-multipole magnet, assembled from M segments:

BO = JH, K,
where J is remanent magnetization of material, n = N + vM = 3, (v =
. (n+1)em
I PR Y _ sinf— 1
Hy = n—-1 1 (rz) ]’ Kn = (n+1)m/M

» For conical bores with linear taper over length L
L

z — 1
r1(z) =71 + I (7"1,out - rl,in) H; = Zf H3(r(2),15)dz
0

e Forn=23

2 2
[1 Tiin T T1,inT1,0ut T rl,out]
2
3r;

B = JK, H,

Three different materials with varying remanence:

Fraction Material Remanence [T]
6/24 VACODYM 510HR 1.41
12/24 VACODYM 383HR 1.28
6/24 VACODYM 400HR 1.16

0),

A. Vassiliev, et al. 24 segment high field permanent
sextupole magnets, Rev. Sci. Instrum. 71, 3331-3341
(2000). https://doi.org/10.1063/1.1288264

Electron-lon Collider
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https://doi.org/10.1063/1.1288264

BRP Analysis: Run26 Data

* Only ABS transition units currently

. Off/Off Off/On
ru n n I n g 0.018 0.035
S P (s, o2era) 0.03F —— [ a1 ltersite, o-13s0
. it 77, 0=27. it d1 (p=1 .95, 0=13.
« Signal of SFT-ABS/WFT-ABS off/off was %) i oozs -
included in sequence - oo
b & & =
» Fast rotating cylindrical chopper * ocoey " oors
o o008y 0.01
- 0.004 -
& 0.002f 0.005
0 3200 325 3300 3350 340 B 3450 0 1630 7- 1650 1660 1670 1680 1690 1700 10 1720

A & Ay A & A,

04r On/On
’ [ deltat

0351 | E%ﬁngﬁ (1=11.00, o=1.54)

m— Fit d1 (u=7.68, 0=1.10)
0.3
0.251
: b oe
0.151
L] L] 01
« Each chopper period yields two 005l

open/closed signals pairs P - .

A & A

A = Sopen,i — Sclosed,i

« A; > A, consistently

Electron-lon Collider Vera Shmakova




BRP Analysis: Run26 Data

Results of current analysis compared with new approach

(O’igt — O';gt) + (J;gt — aflgt) cos(260) (1 — 2694)

tgt tgt
Q1414 U gl

* cos(20) = 0.92120in case of B, = 120 mT

L (o o) (28— 1) — (o — o) cos(20)

Q|2)+|3) - tgt tgt tgt tgt
+ 03

01> + 04 + 0oy

0.0090 + 0.0007

£15 -0.0018 + 0.0007

Q 144 0.9515+0.0088

Q 243 -0.9579+0.0097

Electron-lon Collider Vera Shmakova

* New analysis includes 4 transmissions to target
Fit of experimental data, 4 signals
+ 03”0y
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   B 0  eff = J  K 3


     H 3 -


  1 . 41


  1 . 28


  1 . 16


   Δ i =  s  o p e n , i −  s  c l o s e d , i


   Δ 1 >  Δ 2


    cos ⁡   (  2 𝜃 ) = 0 . 92120  


   B 0 = 120   mT


  𝜀 24 A


  ±


  𝜀 13 A


  ±


    Q +  1 + 4


  ±


    Q −  2 + 3


  ±

