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A Solid Polarized Target Development Facility at Jefferson Lab

JLab @ 6 GeV Era (1998 - 2012) 12 polarized solid targets were used in experiments

JLab @ 12 GeV Era (2016 - ) >12 experiments have been approved to use Polarized Targets
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DNP Targets - @ Thomas Jefferson National Accelerator Facility

The 1% solid polarized target in the 12 GeV Era ran from
July 2022 - March 2023 in Hall B for Run Group C
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Refrigerator base temperature, 0.9 K, cooling power 1 W @ 1.08 K, liquid helium consumption, 25 L/day.
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DNP Targets - Longitudinally Polarized Target for CLAS12

The actual time for swapping the Target Cell is ~ 15 min. Additional time is need for other tasks
associated with Target changes account for the remainder of the 1.5 hr avg estimated time Controlled Access
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https://youtu.be/22PTbdC2sjw
https://youtu.be/22PTbdC2sjw

DNP Targets - Longitudinally Polarized Target for CLAS12

The Target Cell has been changed 75 time, alternating in no particular order between; NH,, ND,,
CH,, CD,, C, Empty and Optical Targets

With the traditional method of inserting the target in a horizontal refrigerator using a stick
would require a factor of 2 x personnel and 5 x down time. (this is a conservative estimate!)

Avg. Target swap time ~1.5 hrs x 75=112.5hrs vs. Est. Target swap time ~7.5 hrs x 75=562.5 hr

The Retractable 1 K Bath, Target Cell Cartridges, and installation/retrieval process has, over
this experiment, saved 2 minimum of ~ 18.75 days of downtime

~10% of the allotted run days

https://yvoutu.be/22PTbdC2sjw
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DNP Targets - Longitudinally Polarized Target for CLAS12

https://www.youtube.com/watch?v=x-8wJdM5egk
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http://www.youtube.com/watch?v=x-8wJdM5egk
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DNP Targets - Longitudinally Polarized Target for CLAS12
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DNP Targets - Longitudinally Polarized Target for CLAS12

)

¥ 20 mm CH,or CD,
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DNP Targets - Longitudinally Polarized Target for CLAS12
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DNP Targets - Materials

Table 1 Polarized target materials commonly used in particle scattering experiments

Radiation
Polarizable characteristic
Materials and Dopant® nucleons B/T  Polarization  flux® 10'4
chemical composition and method % by weight Tesla/K % particles/cm?
LMN Neodymium 31 2.0/1.5 +70 ~0.01
Lay(Co, Mg)3 Ch
(NO); . 24H,0
1,2 Propanediol Cr(V) 108 2.5/0.37 +98 ~1
C3Hg(OH), Ch —100
1,2 Ethanediol Cr(v) 97 2,505 +80 ~2
C,H4(OH), Ch
Butanol EHBA Cr(V) 135 2.5/0.3 +93 3—4
C,H,OH Ch
EABA EHBA Cr(V) 165 2.5/0.5 +75 7(+),3.5(—)°
C,NH,BH;NH; Ch -73
Ammonia NH,e 175,166  5.0/1.0 +97 70,1754 ;
e, = e Irradiated Tempo Doped
d-Butanol EDBA 238 2503 +50 Not measured Ammonia Butanol
C4DgOD Ch
d-Ammonia NDje 300,286 3.5/03 +49 130(+), 260(—) N H 3 N D3 C2 H4(O H )2
19ND;, 15ND; Ir -53
Lithium deuteride f-center 50 6.5/0.2 +70 400
°LiD Ir

2Ch: chemically doped, Ir: doped through irradiation.

The radiation dose which reduces the polarization by ¢! of its value.
For positive and negative polarizations, respectively.

dIn NHj; there are two distinct regions of decay.
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DNP Targets - Materials - NH3 & ND3
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Ammonia NH,e 175,166  5.0/1.0 +97 70,1750 >
( 14NH;3, '5NH; Ir —100 )
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DNP Targets - Effects of Material Dosing

; T.D. Averett et al. | Nuclear Instruments and Methods in Physics Research A4 427 (1999) 440-454
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DNP Targets - Effects of Material Dosing

As the material accumulates dose the
microwave frequency must be adjusted to
achieve maximum polarization.

This evolution follows predictable trends
and is well documented.
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Microwave Freq. (GHz)
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Dose since Last Anneal (101° e"/cm?)

-J.D. Maxwell, Nucl. Instrum. Meth. A 885, 145-159 (2018)
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DNP Lab - Solid Polarized Target Development
In the “Middle” of the “Beginning”...

R

A A
m! 1l -

Irradiation Cryostat (JLab Injector)

Polarized Target Group - D.Akers, ] Brock, C.Flanagan, C.Keith*, D.Meekins, ...
Injector Group - M.Polker*, ...

Hall B - P. Dobrenz, Xiangdong Wei, ...

Cryo Group - B.Mastracci, ...

DNP 1 K Test Refrigerator

Polarized Target Group - ] Brock, C.Keith*, ]. Maxwell, D.Meekins,...
ENERGY

7
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DNP Test Refrigerator - Overview
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DNP Test Refrigerator - Overview

e Cryomagnetics Cryo-Free 5 T Warm Bore Magnet
e Insulating Vacuum Can w/ Alignment
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DNP Test Refrigerator - Overview
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Cryomagnetics Cryo-Free 5 T Warm Bore Magnet
Insulating Vacuum Can w/ Alignment
Heat Shield

Actively cooled by
Separator flow

Al1000 ~0.51 m?

C101 ~0.54 m?

J. Brock




DNP Test Refrigerator - Overview

Cryomagnetics Cryo-Free 5 T Warm Bore Magnet

Insulating Vacuum Can w/ Alignment

Heat Shield

G10/316 SS Laminated He Pumping Tube w/ Aluminum Heat Sink

G10 vs 316SS: thermal load reduction
~3.6 (T=290to40K) & ~3.4 (T =40 to 1K)
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DNP Test Refrigerator - Overview
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Cryomagnetics Cryo-Free 5 T Warm Bore Magnet
Insulating Vacuum Can w/ Alignment
Heat Shield
G10/316 SS Laminated He Pumping Tube w/ Aluminum Heat Sink
1 K Refrigerator
Shorter Vertical Version of RCG Fridge

N
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DNP Test Refrigerator - Overview
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Cryomagnetics Cryo-Free 5 T Warm Bore Magnet
Insulating Vacuum Can w/ Alignment
Heat Shield
G10/316 SS Laminated He Pumping Tube w/ Aluminum Heat Sink
1 K Refrigerator
Shorter Vertical Version of RCG Fridge
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DNP Test Refrigerator - Overview

Edwards
XDS 35

Est. Continuous Combined Flow Rate
10 - 14.5 SLPM (separator and bath), or
19.3 - 28 LL He/day (RGC Fridge 25 LL He/day)

1 K Fridge Max Flow Rate ~32 SLPM [0.095 g/s]
(Limited due to dual Edwards XDS 35)

KNF Compressor ~75 SLPM @ 6 Bar
(Intermittent up 40 SLPM @ 12 Bar)

Liquid He Operational Buffer Volume 7 to 14* L

* Compressor max pressure dependent

Max Liquefaction Rate 0.039 g/s

U.S. DEPARTMENT OF
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Helium Ballast Tank
Volume 908.5 L

240 ~12 Bar
Gal 4 180 psig

2400.15 SP.13 E
IS(p) 275 [lIs] @ 6
Bar

6-12

X—I 6-12 Bar bar

~) T Pl
f chw] = 2iBar

KNF N2400.15 SP.13
275 [I/s] @ 6 Bar

LN2 Trap
7P\

1.3 Bar

X<

Swagelok
S$S-8BG-TW-VD

~1.03 Bar
15.2 psia

Supply/Separator
Heat Exchanger

¢

I

PT420 w/ CPA1114
LHe Production up to 28 L/Day

Minimum Volume in low
ressure Plumbing = 15500
in?=254L

120 mtorr

~1.03 Bar
15.2 psia
WITT Ultra 32

WITT Ultra 32

Pfeiffer OKTA
4000 A and 500 A

2x Edwards
XDS 35

Roots Pumps

J. Brock

High eff LHe
Transfer Line

Liquid Helium Buffer

Volume* <14 L

Nested Removable
Sample Insert

«— 1 KRefrigerator

5 T Magnet
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DNP Targets - Incorporating Spectroscopy into the Insert

Lattice damage from radiation dosing causes chemical
changes in ammonia affecting the local magnetic and
electric field near the paramagnetic centers that are
essential for DNP.

ESR Spectroscopy
Investigate the ESR spectral structure of the
paramagnetic radicals produced from irradiating NH,
and ND,

UV-Vis-NIR, Mid-IR Spectroscopy*
Absorption spectrums can identify the resulting chemical
compounds eg. diimide (N,H,), hydrazine (N,H,), hydrazoic
acid (HN,), and aminos radicals (*NH,)

.S. DEPARTMENT OF
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1.5cc PCTrFE Sample Cell
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DNP Targets - Insert w/ NMR Coils, Super Conducting Helmholtz Coils

FEP Laminated Cu NMR Coils
on MgAl Frame

EEEEEEEEEEEE
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DNP Targets - Microwave Horn and ESR Spectroscopy

Variable Microwave

Microwave Phase

Shifter Mixer

Attenuators -,l
. X db
EIO Microwave %_l
Generator
X db

3db

[ ° Frequency
Counter
Power
Meter

 U.S. DEPARTMENT OF

JENERGY

PSTP 2024 September 24

Cryomagnetics
5 T Solenoid

Lock-in
Amplifier

Direct Metal Laser Sintering (DMLS)
AlSi10Mg

Ray tracing software was used to estimate
microwave propagation through the oversized
waveguides because of the multimode
quasi-optical transmission.
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DNP Targets - Microwave Horn and ESR Spectroscopy

Development of 3D Printed Microwave Horn for
RGC using Thermochromic Film

Direct Metal Laser Sintering (DMLS)
AlSil0Mg
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DNP Targets - ESR Spectroscopy and Investigations

Literature Findings on Irradiated Frozen Ammonia

U.S. DEPARTMENT OF

ENERGY

Chemical Physics Letters
The Astrophysical Journal
J. Chem. Phys. etc. ...

IR spectra identifies the chemical species generated post irradiation eg. diazene, hydrazine,
hydrazoic acid and aminos radicals. This has been investigated in the chemistry of low-mass
young stellar objects (YSOs) and dark cloud chemistry of nitrogen (3 - 10 K)

Sublimation, Mobility, and Abstraction of Irradiated NH,,.

Phase Transition at 56K NH,, amorphous to Crystalline. Sublimation occurs at 80K in vacuum.

Investigate the ESR spectral structure of the paramagnetic radicals produced from radiation
dose NH, and ND,

Monitor the absorption spectra of processed(ing) NH,
Possibility of real time Polarized Target Monitoring and Conditioning: “Selective Annealing”

JETLETSOMaD
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DNP Targets - NH, Packing Fraction, Material Settling, Sublimation, H, Abstraction

Wavelength (um)

l sublimation completed 1325 . . ? I 1?1...1.5...?,925
1x107 12 : .
1] Sublimation starts at
3 about ~80 K
1x10° NH 1.0-
0.9
g o L L
~— R [} M
+ x10 sublimation started' g 0.7+ va\
g £ o0s-
3 o 4
O 1x10™ é’ 0.5+
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10™ ] JL& -
014 109K  h__
10-12' I l LI I LI l o I | N T I | ! l LI 0'0 110K
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LB 40 g B e Lo e 4000 3500 3000 2500 2000 1500 1000 500
Temperature (K) Wavenumbers (cm™)
Fig. 1. The ion current of ammonia (m/z=17) monitored via the Fig. 2. Infrared spectra of ammonia at various temperatures in the
quadrupole mass spectrometer in the gas phase versus the temperature sublimation range of the sample.
of the solid ammonia sample.
Eﬁ"“ER”"REEFY W. Zheng, R.I. Kaiser / Chemical Physics Letters 440 (2007) 229-234 Jette '\{ul 2D
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DNP Targets - NH, Packing Fraction, Material Settling, Sublimation, H, Abstraction

Bath Top
Wavelength (um)
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106.688K s B T - oL . S
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DNP Targets - NH3 Infrared Spectral Analysis - H, Abstraction

THE ASTROPHYSICAL JOURNAL,

774:105 (13pp), 2013 September 10

10 .
o .0 i (a) ]
Irradiation Effecton -~ ° H, (v)
e T60x 10" ion em? ]
3 Ral e oo
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. c 20x n
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? WMM
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(thin sample is assumed amorphous) 4] 2 5x A ol oA
6 . . . ,
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During Irradiation, N,N
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fluence (ion cm™)

H

2774

t

absorbance (x10°)

band area (x10™ cm™)

BORDALO ET AL.

V. Bordalo, et al/ The Astrophysical Journal, 774:105 (13pp), 2013 September 10
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etc. remains while H, Abstraction occurs in the solid at 14 K
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DNP Targets - NH, Packing Fraction, Material Settling, Sublimation, H, Abstraction

106.688 RGC Target Length was 50 mm,...
5% Material “Settling” or Loss?
Probability both... 2.5% Loss?...

26722

— ——

2019-12-18 2019-12-18
17:02:30.00 17:07:30.00
2022 Sep 20
Esﬁ"“ER”"REEFY W. Zheng, R.I. Kaiser / Chemical Physics Letters 440 (2007) 229-234 Jette '\{ul aD 20
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DNP Targets - Longitudinally Polarized Target for CLAS12

Excited N, N, or NH, Photoluminescence

il

e

20 mm CHzor CD2

U.S. DEPARTMENT OF

ENERGY

PSTP 2024 September 24"
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PCTFE: (CI F,C,),
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DNP Targets - NH3 Infrared Spectral Analysis - Phase Transitions

An infrared spectroscopy study of the phase transition in solid ammonia

Wavelength (um)
0.7 25 5 . S 10' e v15”3025
06+ Phase Transition
05, sunre J amorphous to cubic crystalline
] in A A
g os A ~57K
g |
P \
§ {enstatine || |
02158 T\ B S L_./”\
0.1+
1 Amorphous
10K
0.0
llllllllllll|llll||l||ll|||l|l||l||
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Fig. 4. Mid-infrared spectra of a 40 nm thick solid ammonia film at 10 K
(amorphous), 58 K (cubic crystalline), and 84 K (cubic crystalline).
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DNP Targets - NH3 Infrared Spectral Analysis - Phase Transitions

Absorbance

0.07 -

0.06 4

0.05

0.04

0.03 4

0.02

0.01 4

0.00

Mobility in the Lattice

Ammonia ice condensed at 10 K form anhydrous ammonia and heated from 10 K for the first time.

Wavelength (um) Wavelength (um) Wavelength (um) Wavelength (um)
3 28 29 3.0 31 3.2 33 45 5.0 55 6.0 6.5 70 75
0'9 T T T T T T T v T T I' L 3 T T
|
03+
0.8 JHL ~ 0.5+
\ -y
07 8K~ )\ N
06+ A e 044
Gzl 60K - |
0.5 4
58K 0.3
0.4 4
iy 57K
L 0.2
60K _——— 0.1
| S8k —— g =K
e =
L——J 55K 0.1
0.1 iK__,__J
10K 10K —
0.0 4 0.0+ 0.0
|I|lll||l||||l|lllll|||l|l||l |l|||||||lllll|||III|IIIII|II|IIII "Y‘I"‘[I"l'[']l'l'll’I""I|"|l|’|‘||llllllll ‘|‘]l‘I'IIIIIlll'l]""‘I""I'l“lyll’l'y’l

7000 6500 6000 5500 5000 4500 4000 3700 3600 3500 3400 3300 3200 3100 300C 2300 2200 2100 2000 1900 1800 1700 1600 1500 1400 1300 1300 1200 1100 1000 900 800 700 600 500 400
Wavenumbers (cm”') Wavenumbers (cm') Wavenumbers (cm’’) Wavenumbers (cm”)

Fig. 3. Infrared spectra of ammonia at different temperatures during the warm up phase of amorphous ammonia. The amorphous-cubic phase transition
happens at about 57 K. The spectra are offset for clarity.

Pl Ly W. Zheng, R.I. Kaiser / Chemical Physics Letters 440 (2007) 229-234
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DNP Targets - NH3 Infrared Absorption Peaks & Annealing

(m)

2.002
2233
2.293
2.875
2.891
3.114
5319
6.154

9.311

2421
3.289
3.460
3.697
4.299
4.798

4.946
6.667

7.813
11.173

Table 4
The Infrared Absorption Features of Solid Ammonia and Species Formed after Irradiation
Absorption References Species Feature
(cm™h) Assignments
NH;3 amorphous sample at 14 K
4994 1 NH3 V3 + vy
4478 1 NH;3 V3 + 1
4361 1 NH3 v+ 1
3478 1 NH3 vl + v
3459 12 NH;3 v3 deg. N-H stretch.
3211 1.2 NH; vy sym. N-H stretch.
1880 1 NH; Vg + v
1625 1.2 NH;3 vy deg. N-H deform.
1074 12 NH;3 v2 sym. N-H deform. /“umbrella™
Radiolytic products

4131 3 H» vy H-H stretch.
~3040 411 cis-NaHy vs N-H stretch.
2890 5 NHj 2vy
~2780 4,11 iso-NaHy vs N-H stretch.
2326 34 N, vy N-N stretch.
2084-2060 4.6 NH;Ny N-N-N asym. stretch.
2022 6,7 Ny N-N-N asym. stretch.
~1500 S NHj vy N-H bend.

89,12 NH, vy N-H bend.
~1280 10,11 trans-N,Ha vs,vs N-H bend.
~895 4 NyHy ve NH; rock

References. (1) Zheng & Kaiser 2007; (2) Shimanouchi 1972; (3) Loeffler et al. 2010; (4) Zheng et al.
2008: (5) Schutte & Khanna 2003; (6) Carlo et al. 2001; (7) Tian et al. 1988; (8) Gerakines et al. 1996;
(9) Suzer & Andrews 1988: (10) Rosengren & Pimentel 1965; (11) Biczysko et al. 2006; (12) Milligan &

Jacox 1965.
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Selective Annealing Irradiated Ammonia

Over increasing temperature ranges, use IR
Bandpass Filters to mask selective absorption
peaks for different vibrational modes of

amidogen radicals while
polarization and ESR Spectra.

monitoring

Begin w/ over irradiated material...

V. Bordalo, et al/ The Astrophysical Journal, 774:105 (13pp), 2013 September 10
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DNP Targets - NH3 Infrared Absorption Peaks & Annealing

(Hm)

2.002
2.233
2.293
2875
2.891
3.114
5319
6.154

9.311

2421
3.289
3.460
3.697
4.299
4.798

4.946
6.667

7.813
11.173

Table 4
The Infrared Absorption Features of Solid Ammonia and Species Formed after Irradiation
Absorption References Species Feature
(cm™h) Assignments
NH;3 amorphous sample at 14 K
4994 1 NH3 V3 + vy
4478 1 NH;3 V3 + 1
4361 1 NH3 v+ 1
3478 1 NH3 vl + v
3459 12 NH;3 v3 deg. N-H stretch.
3211 1.2 NH; vy sym. N-H stretch.
1880 1 NH; Vg + v
1625 1.2 NH;3 vy deg. N-H deform.
1074 52 NH;3 v2 sym. N-H deform. /“umbrella™
Radiolytic products

4131 3 H» vy H-H stretch.
~3040 411 cis-NoH) <l vs N-H stretch.
2890 5 NHj 2vy
~2780 4,11 i50-NoH) <l vs N-H stretch.
2326 34 N, vy N-N stretch.
2084-2060 4.6 NHiN; — N-N-N asym. stretch.
2022 6,7 Ny N-N-N asym. stretch.
~1500 S NHj vy N-H bend.

89,12 NH, vy N-H bend.
~1280 10,11 trans-NoHj <f— vs,vs N-H bend.
~895 4 NyHy ve NH; rock

References. (1) Zheng & Kaiser 2007; (2) Shimanouchi 1972; (3) Loeffler et al. 2010; (4) Zheng et al.
2008: (5) Schutte & Khanna 2003; (6) Carlo et al. 2001; (7) Tian et al. 1988; (8) Gerakines et al. 1996;
(9) Suzer & Andrews 1988: (10) Rosengren & Pimentel 1965; (11) Biczysko et al. 2006; (12) Milligan &

Jacox 1965.
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Selective Annealing Irradiated Ammonia

Over increasing temperature ranges, use IR
Bandpass Filters to mask selective absorption
peaks for different vibrational modes of

amidogen

radicals  while monitoring
polarization and ESR Spectra.
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DNP Targets - NH3 Infrared Absorption Peaks & Annealing

Selective Annealing Irradiated Ammonia

Over increasing temperature ranges, use IR
Bandpass Filters to mask selective absorption
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DNP Targets - NH3 Infrared Absorption Peaks & Annealing

Selective Annealing Irradiated Ammonia

OR, over increasing temperature ranges, use IR
light source circa 6.67um to mobilize amino
radicals (*NH,) and ammonium (NH,)
radicals to reduce the paramagnetic centers in
over irradiated material ~while monitoring
polarization and recording ESR Spectra.

IR Bandpass Filters
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DNP Targets - NH3 Infrared Absorption Peaks & Annealing

T ={1,2,3,..,57K}
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Selective Annealing Irradiated Ammonia

OR, over increasing temperature ranges, use IR
light source circa 6.67um to mobilize amino
radicals (*NH,) and ammonium (NH,)
radicals to reduce the paramagnetic centers in
over irradiated material ~while monitoring
polarization and recording ESR Spectra.
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DNP Targets - NH3 Infrared Absorption Peaks
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DNP Targets - Effects of Material Dosing

M.L. Seely et al. / Dynamic nuclear polarization
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DNP Targets - NH3 Infrared Absorption Peaks
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DNP Targets - NH3 Infrared Spectral Analysis

Porcent Transmission
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DNP Targets - Chemical Vapor Deposition at 3 K, Followed by a 10 K Anneal NH, + N+ N,

Deuterium Lamp VUV Photolysis of NH, (30 min)
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DNP Targets - Chemical Vapor Deposition at 3 K, Followed by a 10 K Anneal NH, + N+ N,
Co-condensing NH3 molecules and N atoms at 3 K followed by 10 K Annealing
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Fig. 5 NH, spectral region. (a) NHz + N + N, reaction, co-injection of the
NHsz and N/N, mixture at 3 K and heating of the sample at 10 K. (b) NHz + N>
reaction and co-injection of NHz and N, gas at 3 K, and heating of the
sample at 10 K. All the IR spectra are recorded at 3 K.

Fig. 3 NHz and NH, spectral regions. (@) NHs + N + N, reaction and
co-injection of the NHz and N/N, mixture at 3 K. (b) NHz + N, reaction and
co-injection of NHz and N, gas at 3 K.
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DNP Targets - Chemical Vapor Deposition at 3 K, Followed by a 10 K Anneal NH, + N+ N,

Co-condensing NH3 molecules and N atoms at 3 K followed by 10 K Annealing
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Fig. 6 NH3z spectral region. NHz + N + N, reaction, co-injection of the
NHsz and N/N, mixture at 3 K and heating of the sample at 10 K. (a) [NHz] =
0.2 x 10Y molecules per cm?, (b) INHs] = 0.7 x 10 molecules per cm?,
and () [NHs] = 2.5 x 10Y molecules per cm?. All the IR spectra are
registered at 3 K.
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Fig. 7 NH, spectral region. NHz + N + N, reaction, co-injection of the
NHz and N/N, mixture at 3 K and heating of the sample at 10 K. (a) [NH3] =
0.2 x 10Y molecules per cm?, (b) [INHs] = 0.7 x 10 molecules per cm?,
and (c) [NHs] = 2.5 x 10Y molecules per cm?. All the IR spectra are
registered at 3 K.
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DNP Targets - NH3 Infrared Spectral Analysis

An infrared spectroscopy study of the phase transition in solid ammonia
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DNP Targets - NH3 VUYV and Infrared Spectral Analysis

VUYV and FTIR spectroscopy study of the temperature dependent phase transition in solid ammonia
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FIG. 9. A summary of the morphology of solid ammonia films as interpreted from the FTIR (left) and the VUV (right) spectra.
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DNP Targets - Development of the 3D Printed RGC Microwave Horn
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