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Physics Motivation (short)
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6Li physics at the EIC: Quark-Gluon Structure in Bond Deuterons
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Triple differential cross section using a polarized electron beam and a polarized nuclear spin-1 target:
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unpolarized beam, unpolarized target unpolarized beam, tensor-polarized target

polarized beam, longitudinally vector-polarized target

polarized beam, transversely vector-polarized target

σ = σ0 + Pzσvector + Pzzσtensor

or in DIS with tensor-polarized targets:

S. Kumano, Phys. Rev. D 82, 017501 (2010)

P. Hoodbhoy, R.L. Jaffe, Aneesh Manohar, Nucl. Phys. B312 (1989) 571-588
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6Li physics at the EIC: Quark-Gluon Structure in Bond Deuterons

Az =
σ+ − σ−

σ+ + σ−

Form asymmetries:

vector-polarized target: 

tensor-polarized target: Azz =
σ+1 + σ−1 − 2σ0

σ+1 + σ−1 + 2σ0

Structure function helicity change comment

F1, F2 0

g1, g2 1

b1, b2 tensor polarization

Δ 2 cos(2φ) modulation, 
double helicity flipPolarized EMC Effect for Spin-1 Nuclei

Polarized EMC effect:

ΔR(x) =
g1A(x)

Ppg1p(x) + Png1n(x)

I. C. Cloe, W. Bentz, A. W. Thomas Phys.Lett.B642:210-217,2006



Conceptual Design of a Polarized 6,7Li Atomic Beam Source
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Artistic (ChatGPT) View of A Modern Polarized Li Source
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Component Overview: Oven

Oven pressure ≲10 torr 

• too low for efficient de Laval nozzle 
gas expansion? 

• risk of clogging the nozzle if the 
smallest diameter of the single-
channel pipe is ~2 mm?

Typical oven temperatures: ~600 ℃ → ~800 ℃
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Component Overview: Oven

Possible design: R.G. Hulet et al., Rev. Sci. Instrum. 91, 011101 (2020)Review of
Scientific Instruments REVIEW scitation.org/journal/rsi

FIG. 7. Schematic drawing of the recirculating oven (all
dimensions are in inches). The 4.5 in. rotatable flange
attaches to the chamber. The nozzle consists of stainless
steel tube with an OD = 0.313 in. and a wall that is 0.049 in.
thick. The oven body has an OD = 0.750 in. with a wall that
is 0.060 in. thick. The top flange is a 1.33 in. mini-flange.

lithium. While the relatively large area of the nozzle helps provide
high flux, the aperture may be larger in diameter than the mean-free
path for elastic collisions, which would violate the effusive source
criterion and alter the speed distribution.17 Nonetheless, we find that
we can load aMOTwith 1.5⌐ 109 atoms in only 5 s45 using a Zeeman
slower, as described in Sec. IV B. At the time that this was written,
Nor-Cal Products will construct such an oven from the drawings
presented in Fig. 7 for $400. Alternative sources, such as the one
using multichannel nozzles consisting of arrays of microcapillaries,
have demonstrated excellent collimation of a lithium atomic beam
while maintaining a similarly high flux.46

B. Lithium vapor cell
Vapor cells in conjunction with saturated absorption spec-

troscopy are typically used as frequency references. While simple
all-glass cells are often used for this purpose with the other alkali
metals, the temperature required to get sufficient optical depth with
a lithium vapor generally prevents this simple solution. In addi-
tion, lithium, like sodium, attacks glass and, thus, quickly renders
windows unusable. A stainless steel tube, operating together with
a buffer gas in the heat-pipe mode, was found to be a trouble-free
solution to these problems.

A simple design that we have successfully used consists of a
stainless steel nipple 50 cm long with ISO KF-25 flanges attached at
each end. Optical windows, mounted to KF-25 flanges, are attached
to either end of the nipple to allow laser beams to pass. The cen-
tral ∼15 cm of this nipple is heated to ∼330 C to produce suitable
absorption. The windows are protected from lithium by flowing
water through copper tubing soldered around ∼8 cm length at each
end of the nipple. A buffer gas of ∼30 mTorr of argon provides
a short mean-free path for lithium and, thus, prevents the lithium
vapor from reaching the windows.

IV. DOPPLER COOLING: PRINCIPAL TRANSITION
Elements of the alkali metals were the first group of the peri-

odic table to be laser cooled, trapped, and brought to quantum

degeneracy (although trapped atomic ions were previously laser
cooled). Lithium beams were first transversely cooled47 and then
slowed longitudinally, first using the Zeeman slowing method48 and
then followed by a chirp-cooling method.49

A. Laser sources at 671 nm
The principal transition of lithium is the 2S-2P transition at

671 nm, as shown in Fig. 1. The earliest laser cooling experiments
with lithium used dye lasers pumped by an Ar ion laser.47–49 A
dye laser could produce over 500 mW of red light. Shortly there-
after, however, extended cavity diode lasers (ECDLs) were employed
for detection using resonance fluorescence.49–51 The performance of
semiconductor lasers at this wavelength was significantly inferior to
those operating at the principal transition wavelength of every other
alkali atom, with the exception of sodium for which there is no direct
bandgap materials available at 589 nm. Maximum powers were lim-
ited to ∼10 mW, which is insufficient to slow an atomic beam or to
make a robust magneto-optical trap.

Semiconductor tapered amplifiers were developed several years
later.52 These can amplify the weak signal from an ECDL to pro-
duce useable powers of ∼400 mW for near-infrared wavelengths53,54
and ∼200 mW for the lithium wavelength.55 This master oscilla-
tor/power amplifier (MOPA) configuration was a satisfactory solu-
tion for more than a decade as Toptica Photonics and Eagleyard
Photonics supplied tapered amplifiers that operate at 671 nm.
Although supplied by both companies, the devices are appar-
ently produced by Eagleyard. Unfortunately, Eagleyard has expe-
rienced technical problems over the past several years and has
been unable to consistently produce a 671 nm TA device with
the same quality and lifetime they previously attained. As far as
we know, Eagleyard is the sole source of TA’s operating at red
wavelengths.

Two new developments partially mitigate this challenge. First,
M-Squared Lasers offers a Ti-sapphire laser whose tuning range can
be extended down to 671 nm, and second, Toptica has developed a
system employing second harmonic generation of a MOPA operat-
ing near 1.34 ωm. Both manufacturers claim that their systems can

Rev. Sci. Instrum. 91, 011101 (2020); doi: 10.1063/1.5131023 91, 011101-5

Published under license by AIP Publishing
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10 cm x 7 mm

 (i.d.) long tube

Stainless steel mesh 

(SS304, no. 80) 

for Li recycling 

several heater tapes

Operating temperature: 500 ℃

• UHV compatible

• Estimate run oven for 5 years with 10 g or lithium!!
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Component Overview: Oven

Possible alternative: R.G. Hulet et al., Rev. Sci. Instrum. 91, 011101 (2020)

Without recycling mesh: 

Temperature: 600 °C 

Flux                : 8.61 x 1017 atoms/s 
Molar rate      : 1.43 x 10-6 mol/s 
Lithium usage: 3.09 x 10–2 g/hour 
                         7.43 x 10-1 g/day

Seems reasonable
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Beam Formation: Transverse Laser Cooling

Simplified model

Mirror

Mirror

Laser beam in (671 nm)

Place mirrors at x = ± ~12 mm  
y = ± ~12 mm, L ~20 cm

Caution: Carefully 
collimate the incoming 
beam and maintain 
sufficient mirror 
spacing to prevent 
lithium deposition on 
the mirrors.
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Simplified  (idealized) model

Beam Formation: Transverse Laser Cooling
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No cooling             : 6.8 x 1011 atoms/s (in 1-cm circle) 
Transvers Cooling : 9.9 x 1012 atoms/s  (gain: 14.545×)

1 cm diameter 
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Collimator + Transverse Laser Cooling + 2D MOT

No cooling                            : 6.8 x 1011 atoms/s (in 1-cm circle) 
Transverse cooling                : 9.9 x 1012 atoms/s  (gain: 14.545×) 
Cooling + best 2D MOT flux: 1.35 x 1013 atoms/s  (gain vs cooling: 1.366×, total gain: 19.862×)

Note: A 2D MOT is  a quadrupole B-field 

configuration  but it is not a (strong) spin filter 

since dB/dr ~ 10s G/cm, not ~104 G/cm

Simplified  (idealized) model

Beam Formation: Transverse Laser Cooling
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Simplified 
Diagram

Polarizing the Atoms: Optical Pumping
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Figure 3: Level diagram of the ground and 2P excited states of 6Li. Energy splittings are
not to scale.
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𝜏 = 27.1 ns

Alignment

 ( ) → σ0 ̂z ⊥ ⃗B mF = ± 3
2

 ( ) → σ− ̂z ∥ ⃗B mF = −
3
2

 ( ) → σ+ ̂z ∥ ⃗B mF = +
3
2

hyperfine pumping (EOM)

} alternate and sum: → alignment
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Polarizing the Atoms: RF transitions for 6Li

~175 MHz

~25.0 MHz
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Polarizing the Atoms: RF transitions for 6Li

Pzz =
3⟨I2

z ⟩ − I(I + 1)
I(2I − 1)

=
N+1 + N−1 − 2N0

N

Pz =
⟨Iz⟩

I
=

N+1 − N−1

N

State 
preparation N+ N0 N- Pz Pzz

mI = +1 1 0 0 1 1

mI=-1 0 0 1 -1 1

mI=0 0 1 0 0 -2

Populate  and   equally|3/2, + 3/2⟩ |3/2, − 3/2⟩

Drive both  and   transitions|3/2, + 1/2⟩ |3/2, − 1/2⟩

Preliminary!

B (G)

Pzz

N = ∑
m

Nm
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Polarizing the Atoms: Optimizing RF Cavity

Example:  transition: length of cavity corresponds to -pulse for  (T = 600 ℃)|3/2, + 3/2⟩ → |3/2, + 1/2⟩ π vmp

Length Optimization (thermally averaged beam)

L (cm)

Lopt ~ 5 cm

B0 = 100 G

Preliminary!

Transition Probabilities (thermal beam)

Particle Speed (m/s)

Best  for L = 5 cm⟨PT⟩ = 0.766
16



Polarizing the Atoms: Optimizing RF Cavity

Thermally averaged beam

B0 = 100 G

Preliminary!!!

RF amplitude vs RF cavity length scan

Will need two cavities: 

• WFT: ~25 MHz (  transition) 

• SFT: ~175 MHz (  transition)

|3/2, + 3/2⟩ → |3/2, + 1/2⟩
|3/2, − 3/2⟩ → |3/2, − 1/2⟩

+ magnetic guiding fields (~few Gauss)  

+ adiabatic tapering?

Example:  transition: length of cavity corresponds to -pulse for  (T = 600 ℃)|3/2, + 3/2⟩ → |3/2, + 1/2⟩ π vmp
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7Li Operation

• Oven, laser cooling, 2D-MOT, optical pumping identical to 6Li (slightly 
different laser frequencies) 

•  RF units need to be replaced

Pzz =
(N+3/2 + N−3/2) − (N+1/2 + N−1/2)

N →{ Pzz = + 1 (N±1/2 = 0)
Pzz = − 1 (N±3/2 = 0)

Pz =
(N+3/2 − N−3/2) + 1/3(N+1/2 − N−1/2)

N
vector polarization: →{ Pz = + 1 (N−3/2 = N±1/2 = 0)

Pz = − 1 (N+3/2 = N±1/2 = 0)

tensor polarization: 

N = ∑
m

Nm

J = 1/2, I = 3/2
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Polarimetry etc.

Options:  
• Laser Induced Fluorescence (LIF) 
• Breit-Rabi Polarimeter 
•  …..

Atomic Beam Polarimetry:

Ion Polarimetry at Higher Energies:

• Work closely with polarized deuteron group(s) 

Injection into EBIS:

• Polarization transport 
• Phase-space matching 
• …..
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Infrastructure and Workforce 
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Current Experimental Setup at ANL
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CO2 Gas line 
(flushing chamber)

Oven and nozzle

Water lines

Temperature sensor

Vacuum pump

RGA

Controlling computer 
(with EPICS)

Vacuum gauge

1st wire-scanner

End viewport 
(visual measurement) 

2nd wire-scanner 
(will be installed) + Toptica DLC PRO 

Laser System (671 nm)



Beam Formation: Convergence-Divergence Nozzle
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▪ De Laval Nozzle 
▪ Replaceable 
▪ Fully contained in the heating filaments 

(prevent for clogging) 
▪ Convert the Lithium vapor into a non-

divergent beam 

▪ Inner contour design 
▪ 2-mm-diameter throat 
▪ Initial design from Computational Fluid 

Dynamics (CFD) simulation 
▪ Will be further optimized after 

benchmarking simulation with real profile 
measurements

Nozzle-Oven 
Interface



• Benchmark the simulation 
• Design and preparation for the measurements 
• Visual measurement: transverse deposit of Li-6 beam 
• Wire scan measurement 
‒ Ionizer-wire scan (thermal ionization) 
‒ Laser-wire scan
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Nuclear Instruments and Methods in 
Physics Research A242 (1986) 196-200

Li-6 Beam

Collimator Foil Foil Foil

Schematic of the visual measurement at different locations

Appl. Opt. 49, 6816-6823 (2010)

Beam Profile Measurements

Rhenium wire used in 
the measurement
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Workforce and Funding

Chao Peng, Zein-Eddine Meziani, partial postdoc — (ANL)

Peter Müller (ANL): advising (laser and spectroscopy expert)

Wolfgang Korsch, Dustin Pigg (graduate student will join project this summer) — UKy

Engineering support from ANL

Machine/Electronic shop support from UKy

Funding: 

• Chao Peng (ANL) - applied for DOE grant: Advanced Technology R&D for the Office of Nuclear Physics 

(NP) — 2025

• Wolfgang Korsch (UKy): EPSCoR grant: 2024 - 2025 
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Summary

Strong physics case for a polarized  

6 
, 
7 

6,7Li source 
→ access to novel spin observables and nuclear structure effects

Opportunity to leverage modern laser-based techniques 
→ efficient optical pumping and high polarization

Initial (0th-order) source design established 
→ oven, collimation, cooling, optical pumping, RF transitions

Significant R&D remains 
→ optimization of flux, polarization, and system integration

•

Strong physics case for a polarized  

6 
, 
7 

6,7Li source 
→ access to novel spin observables and nuclear structure effects

Opportunity to leverage modern laser-based techniques 
→ efficient optical pumping and high polarization

Initial (0th-order) source design established 
→ oven, collimation, cooling, optical pumping, RF transitions

Significant R&D remains 
→ optimization of flux, polarization, and system integration

• Strong physics case for a polarized 6,7Li source 
  → access to novel spin observables and nuclear structure effect 

• Opportunity to leverage modern laser-based techniques 
     → efficient optical pumping and high polarization 

• Initial (0th-order) conceptual source design presented 
     → oven, collimation, cooling, optical pumping, RF transitions 

• Significant R&D remains 
     → optimization of flux, polarization, polarimetry, and system integration


