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Introduction

In 2003 A. Zelenski, J. Alessi proposed a production polarized 3He** beam in EBIS.
(A. Zelenski, J. Alessi, “Proposal of production of polarized 3He** beam in EBIS” , ICFA Beam Dynamics
Newsletter 30, p.39, (2003)

Now polarized 3He** production is a part of the ongoing EBIS upgrade project.
The development of the polarized 3He ion source is being done as a collaboration between BNL and
Massachusetts Institute of Technology (MIT).

The spin-rotator and polarimeter is funded by DOE Grant Research and Development for Next
Generation Nuclear Physics Accelerator Facilities.

U. S. Department of Energy
Office of Science | Nuclear Physics FY 2018
Research and Development for Next Generation Nuclear Physics Accelerator Facilities

... A doubly polarized electron-ion collider (EIC) is the best way to examine the internal structure of the
proton and neutron. The technology to accelerate polarized proton beams has been well established at RHIC.
However, studying the structure of the neutron requires the acceleration of polarized 3He**, which carries
~90% of its polarization in the neutron, and to match the unprecedented statistical precision an EIC will
provide, it is indispensable to have high precision measurements of the hadron beam polarization. For this
reason, development of a polarized 3He ion beam has been identified as an R&D priority by the EIC
Advisory Committee in 2009 and the Office of Nuclear Physics Community Review in 2017.
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EBIS upgrade: second “extended” SC Solenoid (part-1)

The Extended EBIS upgrade is approved by the Accelerator Improvement Project and is presently
under development at BNL. The main purpose of this upgrade is to increase the intensity of the ion
beam.

The installation of a second solenoid as part of this upgrade.
This makes it possible to create a source of polarized 3He ion source for the RHIC and the future EIC.

One of goals of this upgrade is a polarized 3He** ions source with up to ~ 5 - 10! ions/pulse.

The polarized 3He ion source will be mounted on the Solenoid-1.

« The atoms of the 3He gas will be polarized by Metastability Exchange Optical Pumping (MEOP)
technique and

« After injected through a fast pulse valve in the ion trap region of the EBIS.

* There the 3He ions will be trapped and bred to the 3He** state.

Superconducting solenoid-2
lectron gun Electron collector, ~ RFQ accelerator

un coil Transition Transition region Collector coil-~Accelerating tube LEBT
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Holder 3He-cell with filling and injection valves inside the EBIS SC Solenoid-1

Procedure to polarize the 3He gas at high magnetic field:

- Prepare the 3He gas for polarization by the purification system; Valvel-open/ Valve2-close

- Polarize the 3He gas inside the glass-cell by a MEOP technique; Valvel-close/ Valve2-close

- Continually control the polarization of the injected 3He gas by using the Optical Probe polarimeter;

- Inject a polarized ®He portions into drift tube (beam line) through the pulsed valve ( ~2-3*10'? atoms/pulse);
Valvel-close/ Valve2-open

- lonize the polarized atoms of *He by electron beam (~10 A).
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EBIS upgrade: Spin-Rotator and *He polarimeter (part-2)

After acceleration by EBIS LINAC, the polarized 3He** beam will have an energy of 6MeV with a

longitudinal spin direction.
» The longitudinal polarization of beam is at first rotated to transverse direction using the 21.5 deg bending

magnet (Dipole-1) and after

» the Spin-Rotator will change the spin direction to the vertical . The Spin-Rotator is a pulsed solenoid with
reversible field to enable spin-flip on an EBIS pulse-by-pulse basis.

» Vertically polarized beam will return to the straight HEBT line by the system of dipole magnets (2,3,4).

The polarimeter will install in the straight section after the Dipole-3 magnet. With a spin-flip, we can
measure polarization of the beam with a standard configuration of left/right symmetric Si-strip detectors
(in the same way as the 200MeV pC polarimeter at LINAC, or pC polarimeter at AGS and RHIC, or the H-

jet polarimeters at RHIC).
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Existing straight line and chicane for spin rotation

!

Existing straight line and chicane for spin rotation

300LCV8SSCNN: 300L TiTan lon Pump
Qry.(2)
DELIVERED

* The spin rotation will be done by the combination of dipole magnet and solenoid in the chicane.
* All components are placed and being aligned.
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3He polarimeter

We suggest a standard configuration for a polarimeter with left/right symmetric Si strip detectors.

By a measuring, the spin correlated asymmetry of He (beam ions) scattering on the “He (gas target) to
determine the polarization of 3He beam.

The asymmetry a could be found from the number of detected scattered particles N[}, in left/right (L/R)
detectors depending on the beam spin (T)):

A schematic plan view of the left/right

NN — [NLNT symmetric polarimeter to measure
RYL™\"RVL 1-a? 1—a?2 - . :
a=AyP = and o, = — = polarization of the vertically polarized beam.
T arl 1t Np+Np+N;+N Niot
\/NRNL+\/NRNL RTTRTTLTTL ? \LeftDetector
where P is the beam polarization, Ay - analyzing power and Polarized R
o, - statistical accuracy. Beam "
The square root formula strongly suppresses systematic errors FixedS
associated with left/right detector acceptance and Target W /
the beam spin up/down luminosity asymmetry. Right Detector

The accuracy of the polarization measurement depends on:

» knowledge of effective analyzing power A, in the measured area;
« calibration and control of the measured energy;

* energy and time resolution of detectors;

« data collection rate;

» arate effect (pileup);

* suppress backgrounds;
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Ay-analyzing power of *He-*He scattering

The elastic scattering of the low energy polarized 3He ion was intensively studied experimentally and
theoretically about 50 years ago. According to [1] the analyzing power for elastic 3He-*He scattering is
a function of the beam kinetic energy and the CM scattering angle - Ay(E}q.m.0cp) @nd can reach 100%
at several points (E,0). Because the EBIS Linac energy is 6MeV, we can use one of the 100% points
(Epeq=5-5 MeV and 6.,~90°) to develop a self-calibrated polarimeter. One more advantage of this
point: there is no inelastic contribution in the 3He-*He scattering at an energy beam of <6MeV.
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[1] D.M. HARDY et al. “POLARIZATION IN 3He + “He ELASTIC SCATTERING”, Pys. Let. Vol.31B, #6, 16 March 1970, p. 355-357
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Ay-analyzing power of *He-%He scattering

This point is E,,,,,~5.3 MeV and 6.,~91° [1]. Later, the location of this point was evaluated as

am

E, oS54 MeV, 0~ 79° (Ref. [2]). For measure of polarization, we must have the possibility to detect

m

collisions in the area of (E,,,,,,0.)) Which will include this point.
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[1] G.R. PLATTNER et al. “ABSOLUTE CALIBRATION OF SPIN -1/2 POLARIZATION”, Pys. Let. Vol. 36B, #3, 6 Sep 1971, page 211-214
[2] W.R.Boykin, S.D.Baker, D.M.Hardy, “Scattering of *He and “He from polarized 3He between 4 and 10 MeV,” Nucl. Phys. A 195, 241 (1972).
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Vacuum window

_

dE/dx, MeV cm? /g ~530 ~335 6.03 MeV
P, g/cm3 1.848 2.699 8.902
Xp, CM 35.28 8.897 1.424

Multiple scattering:
_Energy loss of 6 MeV 3He vs. thickness of foils _ 80 = === 2,/x/X, [1 + 0.038In(x/Xo)] ~ == 2./x/X,

~—Al —e-Be | —-Cu - 1 um (6) Be 1 pm (5) Al 1pm (2) Ni

AT,MeV  ~0.100 (~0.600) ~0.125 (~0.625) ~0.310 (~0.620)

1000 0o, mrad 3.9 (9.5) 7.7 (17.3) 19.3 (27.7)

AT, keV

To reduce 3He beam energy 6.0 — 5.4 MeV, we need:
6 umofBe-(0y=0.010 - o0,~1.2 mm) or
5umofAl-(0y=0.017 - 0,~2.1 mm) or
2umofNi-(6y=0.028 > 7,~3.5 mm)
D} um if distance to detector is L = 125 mm.
100 .
JERlS > 24 5 6 7 8 9 10 11 10 mm “target length” gives o, ~ 2.5 mm.
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Self-calibration procedure of the polarimeter

For a precise measurement of polarization, we must find the asymmetry in a selected area (E}.;,.,9cm)
by scanning the energy of the beam. The maximum value of the asymmetry determines the parameters
of 100 percent analyzing power Ay (energy and angle). One possibility of changing the beam energy is
using the beamline buncher (to 140 keV), the other is the use of an absorber of different thicknesses.

004 T b B Energy loss of 6 MeV 2He vs. thickness
=1 100" S of foils
—190° @ —e—Al —e—-Be Cu
— ~o6~—| {80° E
= 2 —70° ©
-~ 60° £ 1000
~ 40° 3
Y = 5-4 ebr' 79° I_—
0 - "20° <
—!
*J - 0° : : :
l 100 E E E | D, um
7 E (MeV) 0 1 2 3 4 5 6 7 8 9 10 11
Vacuum window (Al) | Al foil-1 | Alfoil-2 | Al foil-3 | Al foil-4 | Al foil-5
Thickness, um +3.5
Beam energy, MeV 5.75 5.625 5.50 5.375 5.25 5.125
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Kinematics of elastic 3He-*He scattering

Kinematics of elastic *He- *“He scattering

5 T | Laboraloryangle range of The kinematics allow us to detect both
S 5 —He Z{ | detected (6, ~70°-96%): scattered 3He and recoiled “He in one
& L 1 ]° 4He —> (41°- 56°); detector which is very helpful for
50/~ N O He —> (540 > 420). .
- . background suppression.
455 ] For that, the detector’s opening angle
: — 1 A6 4.+ should be larger than
O N ABger = 19.5° 4+ 1.63 X (653 — 96°)
70 80 90 [1(%)9]
GCM . .
The laboratory system scattering >He (red line) and where génﬂ?x Is @ maximal center of
recoil ‘%He (blueéine) angles versus center of mass mass Scattering ang|e WhICh must be
scattering angle Scu included in the data analysis. For the
— 5. | Energy range of detected 00" = 96°, the detector must cover
s — YeloMen ) | at (8,,,~70°-96°): the laboratory angles
= r ---- *He (5.3 MeV) ] e 3He—> (40_ Z.Z)MGV' 41° < @ < 56°
~ 4D —— He(53Mav) | ’ _ Lab ’
A \ PR *He —> (1.5- 3.3)MeV. which corresponds to the center of the

mass scattering angles
70° < Ocp < 96°.

The scattered and recoil kinetic energies versus
corresponding laboratory system angle.
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Setup of 6 MeV polarimeter

The requirements to the geometry and measured energy range can be satisfied by the next design
and developed polarimeter. The polarized 3He beam has entered the scattering chamber through a very
thin window (~1.8 um of Al foil) to minimize beam energy losses (~200keV).

The scattering chamber is filled with 5 Torr #*He gas. The effective size of the target is ~ 5mm high and

8mm long. The thickness of the absorber is constrained by the movable collimator.
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Detector

The requirement of the angle and energy range and an Range of °He and “He ions with an expected
accuracy of measured energy can be satisfied by Sy the 2' '23: .

Hamamatsu Si-photodiode array S4114-35Q . 432 :z g 15)7 )ulri]m

* channel size: 0.9mm x 4.4mm

* number of channels: 35ch (35*0.9mm~32mm)

« depletion region >30 um 7.00 Range of *He in Si
Electronics: For a readout, several Si strips can be combined into >0
one readout channel. The detector can be equipped with a standard >00
12-channel preamplifier and a shaper from the pC and H-jet | > 4.00
polarimeters in RHIC. = 3.00
0’ 2.00
Hamamatsu photodiode array S4114-35Q is mounted on the board 1.00
and connected with a D-sub vacuum thru connector on the flange. 0.00 D, um

0.00 10.00 20.0@ 30.00 40.00 50.00 60.00

Ceramic board

Range of “He in Si
10.00

8.00
%} 6.00
o 4.00

2.00

0.00 o
0.00 10.00 220.00 30.00 40.00 50.00 60.00
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Setup of 6 MeV polarimeter

We have prepared a complete detector with the requirement geometry, measured the energy range and is ready for
installation in the EBIS beam line.

Gauge-3 Gauge-2 Valve-2  Turbopump Gauge-1

Valve-1 Polarimeter Control Module

12-ch End-
Off
electronics

Chamber-2

Target (He4)

filling
system
Chamber-1 =
/ = Connect port
With the beam we plan to study:
« Kinematics of elastic 3He-*He scattering;
Scroll pump

« energy distribution of the 3He-*He pair;

* energy and time resolution;

» electronics and DAQ;

« data collection and analysis of events;

« controlling and monitoring the detectors;
* vacuum control system;

¢ communication system;
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SHe-*He scattering polarimeter at 6.0 MeV beam energy

Two Si  detectors are in the chamber at
01.,~49° and 5” from the “center of the target”. The
chosen detector will cover the center mass angles 70°<
S R SR 0.y <96° (41.2°< 6,,, <56.8°). The 30 pm depletion
region of the detector is sufficient to stop 5.5 MeV 3He
R T and 5.8 MeV “He (the detected particles energy range

is ~ 2.3-4.0 MeV for 3He and ~ 1.5-3.1 MeV for “He).

S The time resolution of alpha at 1MeV range is better
SN then 6,5 0.2 ns.
\ Difference time of flight for scattered *He and recoiled
- | sy *He:

=N 5t = t, —tg = (Ly/c)y My /2T, — (Lg/c) /MR/ZTR

490\+/// U - ot| 3He *He — ot| *He SHe — t ‘\/M ‘He — \/M 3He

T
<
m /
I 7
m - _ j P
o |
%)
oY)
3

X
s )= e Lg /c)
\ o ;o + > +2.5ns
S “He-gas (~5Torr) (,/ZTL J2Tg
g Q/ / allows us to strongly recognize an elastic scattered He
“He pair and to suppress systematic errors.
1 | *He target
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Suppression of a systematic errors

Side view

o
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3He beam

2 alpha source
(***Gd and **Am)
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Calibration and monitoring of energy and time
Two a-sources ( 148Gd -3.183MeV and
2414m~5.486MeV) will be used for energy calibration
and monitoring.

Both a dead-layer and gain can be determined in such a
way. We will calibrate and monitor a time by flashing a
blue LED on all channels of the silicon array.

To suppress systematic errors, we can use
» measured energies Esy. and E4y,
Ezne + Eqne = Epeam (05 ~ 20 keV);
» corelated scattering angles (the strip number) 6;
» time coincidence- left/right counsidence
(o, 0.2 ns);
> difference in time of flight for scattered 3He and
recoiled “He.
6t=1t;, —tg>+2.5ns
> Si detectors are not sensitive to backgrounds, such as
neutrons and gammas from other beam lines.

All of this can help to strongly suppress background
events.

BROOKHFAEN
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Data Acquisition

The Data Acquisition of polarimeter consist of:

 VME crate - VMEG64x

« Single Board Computer - Acromag XVME-6510-1161-LF (A Single Board Computer serves both as VME
controller and DAQ PC.)

« and WFD - VME 250 MHz 14-bit waveform digitizers (SI1S3316-250-14)

Readout parameters of polarimeter:
* Number of channels - 12*2=24:

« Bunch frequency -1 Hz;
* Duration of frequency - 20us;
« Event rate - ~160kHz/channel (~100 events/bunch total)

The selected WFDs will allow us to record the full (20 ps/ 5000 samples) bunch signal in every readout
channel, which is essential for monitoring the possible rate dependent systematic errors. The expected data
flow is relatively very low < 0.3 Mbyte/sec. For the MBLT64 data transfer, single bunch data readout will
take ~10-15 ms. The rest of the bunch period (1 sec) is enough for a detailed data analysis. According to our
experience with the HIET polarimeter, detailed analysis including full fit of the signal waveforms takes only
100-200 ms for 1 Mbyte of acquired data (~5000 events). The accumulated data will not exceed 30
GByte/day (3-4 TByte per RHIC Run).

A prototype of the DAQ (VME crate, SBC, and WFD) were assembled and the readout software was
developed. The DAQ prototype, was successfully tested.
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Expected Characteristics of the beam and polarimeter

L Beam parameters:

* beam polarization ~70 %

* beam energy ~6 MeV

- total intensity ~2 x 101 sec™?!
« intensity in polarimeter ~1 x 101! sec™?
* bunch frequency 1 Hz

* bunch duration 20 usec to Buster

(bunch duration to the polarimeter can be extend to 200 usec (prevent pile-up effect)

O The expected characteristics of the 6 MeV polarimeter based at the following parameters
of the *He beam:

» covered of center mass angle: 0, ~(70-96)°

* energy range: E~(1.0-4.0) MeV
* noise (PED) Onoice~ 15keV
 energy resolution o~ 20keV
 time resolution for 1MeV o,~0.2ns
 signal FWHM t~ 50 ns

» expected rate N~100 event/pulse
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Summary

O The polarized %He ion source
Tested and ready to install on the EBIS:
> Purification and filling system for preparation of 3He gas for polarization;
> 3He gas purity control with spectrometer;
> Polarization of 2He gas by a MEOP technique (was achieved ~90% with a
“sealed” cell and ~75% with “open” cell);
» Monitor polarization continually with the Optical Probe polarimeter;
» Injection valve with required parameters;
> HVisolation of the 3He source from the EBIS drift tube.
O Chicane for spin rotation
» All components are placed and being aligned.
O 6MeV polarimeter
Ready for installation on the EBIS line:
» The polarimeter is basically ready;
» Electronics (preamplifiers and shapers) tested and mounted,;
» Data acquisition is basically ready.
Incomplete preparations:
» Control and monitoring system;
» PLC system.
Upgradable:
» Number of reading channels;
» Increasing the range of detection angle (available in the same kind of
Hamamatsu Si array detector with 54 strips);
@ENERG? Order a special Si-detector (S|22e1, granularity, thickness). BROOKHELUEN
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Backup
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3He-gas purification and filling system

The purity of 3He is controlled by monitoring of the gas spectrum.

| Impurities in 3He gas from the cell walls out-gassing 1 After 20 hrs Rf —discharge cleaning |

SAES-adsorber cartridge pump

3He cryo-part of the purification system built-
in CTI-8 cryo-pump. It’s pumping all gases
except for helium to the level below 107 torr.
The pump also absorbs a significant amount
of 3He gas (~100 SCCM). The absorbed gas
is released by the pump vessel heating. This
provides gas storage and supply for 3He-cell
operation.

4 SAES-adsorber
cartridge pump




Injection valves

The ionization of polarized 3He gas injected in the EBIS trap is produced in a 50 kG field. This field will
greatly suppress the depolarization in the intermediate He* single charge state. The charge ratio He**/He*

>> 1. The number of He** ions is limited to maximum charge which can be confined in EBIS (about
2.5x10"* of 3He**/pulse) and it is sufficient to obtain ~10'* He**/bunch in RHIC.

Number of the He-atoms vs. width of pulse on Number He-atoms vs. pulse width
the valve at 2Torr and 1Hz (B,.=2.5T; |, .=12A
g SCS=5T; D(hole)~ 130mkm; I(PS) = 3.5A 1.200 : (Bscs=2.5T; lvae=12R)
: z
/-\ ; g R
3 . 1.000 —
—=PS-1 v~
i / /./l—l——l-\.
25 0.800 |—

He-atoms, *1013
N
He-atoms, 1013
o
[=2]
(=]
o

0.400 /

05 j 0.200
0 0.000 =
300 500 700 900_ 1100 1300 1500 0 500 1000 1500 2000 2500 3000
Pulse width, mks Pulse width, mks
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Test setup for 6 MeV polarimeter (with LED and a-sources)

Vacuum gaugel Vacuum gauge2
H Hi [ Hi
a-sources: “*Am, "*Gd  Thin Al window
. 5Torr chamber
High vacuum chamber \ X
Szl
NS
= LED
Hi fH EH

4He filling system

We studied:

* mechanical properties of thin foil for the window;

* vacuum properties of the foil;

« Asafety procedure of filling 5Toor “He-gas in chamber;

» electronics: amplifier, shaper and DAQ);

« the time and energy resolution of the Si-detector vs. shaping time (by alpha sources);
» the time resolution of the Si-detector (by pulse LED lightening);

* energy absorption in “He gas vs. pressure;

* energy absorption in window vs. thickness of foil;

&"< %, U.S. DEPARTMENT OF [ >
{®/ENERGY BROOKHFAEN
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Test setup for 6 MeV polarimeter (with LED and a-sources)

A
wiBEEEE 12-ch preamp
e ’.f Z

[ i 3 e

=g /

#  Dryscroll pump
. <2 RS
/‘-\\
Vacuum Leak detector . '

. / .
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Test setup for 6 MeV polarimeter (with LED and a-sources)
| | | "7/ M |

| |

¥ .\ \\ °f

)

12-ch preamplifier

D

4He filling
system

~ | Thin foil

LED and e-sources: *8Gd ,**1Am

:F‘“t

L
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Alpha spectrum of 8Gd and 2**Am by Hamamatsu Si array detector

Alpha spectrum of 8Gd and #*!Am by Hamamatsu Si array detector (S4114 35N) + preamplifier(charge) + shaper.
Sigma noise ~15keV; energy resolution: 148Gd (3.184MeV) ~21keV; 21Am ~25keV; FWHM ~50nsec

[ WE [ =1 =
File Edit “iew Options Tools Helpi
| waveform |
1300~ =
1200F FWHM ~ 50nsec -
- 1ch ~ 4nsec .
1100 -
1000[- —
0 100 200 300 400
Spectrum of alpha Constant 3037 S 1110
' "7 77| Mean 386.4 + 0.1
L Sigma 2.392 +0.047
400—241Am: 5.388 -1.6% o
I 5.443 -13% |
L 5.486 - 84% ]
200 5.511 angd 5.545MeV 7
% 00 00 300 200
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