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Figure 1: The ratio of structure functions Ft/F,” for 40 2 A < 64. The 

data are from SLAG j2], EMC f3,4j and ACHES /S/. 

2 The EMC effect 

The finding from the European Muon Coliaboratio~ that the ratio F:/F,L) is different from 

unity is often called the EMC-effect. Figure 1 shows published data from different experi- 

ments for the range of nuclear mass numbers 40 < A 5 64. At high values of the Bjorken 

scaling variable z, the ratio rises due to the Fermi motion of the nucleons inside the nucleus. 

In the range from z z 0.3 to zr z 0.7 , the ratio shows a linear decrease that is well estab- 

lished, mainly by the high precision data from the SLAC experiments. It is this decrease 

that has originally been termed the EMC-effect. 

Towards lower values of z the experimental situation seems less c1ea.r. The data from the 
muon scattering experiment BCDMS at CERN h s ow a rather strong enhancement above 
unity in the range from 2 z 0.1 to z z 0.2; in the d&a from the European Muon Col- 
laboration the enhancement is less prominent but still present, whereas the ?LAC groups 
claimed that their data would be compatible with unity in tha.t L- range. Below z =: 0.1 
the structure function ratio falls again below unity. This phenomenon has been termed 
shadowing in analogy to the decrease of cross section with nuclear mass number observed in 
photoproduction experiments. The only data published so far that extend deeply into the 
shadowing region down to 3c = lOme come from NA28, a dedicated small angle experiment 
of the EM collaboration and have rather large statistical and systematical uncertainties. 

Quark’s momentum distributions accessed by DIS: different for light
and heavy nuclei  ➾ Not anticipated results

From
U. Landgraf (NMC Collaboration.), 
Nucl. Phys. A527, 123C (1991) 

Compare for  F2(A) with F2(D)    ( A: Fe, Ca and Cu, D: deuteron )

F2: unpolarized
structure function

1

F2 (A)
F2 (D)

XBj

If NO EMC effects

1. EMC effects 
(European Muon
Collaboration)
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FIG. 18. Isoscalar EMC ratios for 3He (a) and 9Be (b) for the 40
degree data. Uncertainties are as described in Fig. 17. Also shown
are the HERMES 3He data [20,21] (updated to include our mod-
ified isoscalar correction). The solid curve shows an A dependent
parametrization [16] for the EMC effect.

isoscalar-corrected 3He / 2H ratio and the 3He /(2H + 1H) re-
sults are in good agreement below x ≈ 0.65, but the resonance
structure at large x in the proton is not washed out, and so
the extended scaling observed in nuclei [4] is not as effective,
limiting the useful range for this ratio to x <∼ 0.65.

Next, we examine the ratios for heavy nuclei in Fig. 20.
Several corrections to the data on heavy nuclei are larger
or more uncertain than for light nuclei. At low x, the ra-

FIG. 19. Comparison of the isoscalar-corrected 3He /D ratio
(blue circles) to 3He /(D + p) (red squares). The agreement is very
good below x = 0.65 (which corresponds to W ≈ 1.9 GeV). At
larger x, the resonance structure in the free proton is evident.

FIG. 20. EMC ratios for Fe and Cu (a) and for Au and Pb (b) as a
function of x for the 40 degree data. Uncertainties are as described in
Fig. 17. The SLAC E139 and E140 data include updated Coulomb
and isoscalar corrections, while the CLAS data has been updated
with isoscalar corrections only since Coulomb corrections had al-
ready been applied. BCDMS [108] Fe results are shown as published.

diative corrections and charge symmetric background (see
Sec. III C 2) are quite large. At high x, Coulomb distor-
tion becomes large for high-Z targets; the correction for Au
ranges from 3% at low x to 12% at high x values for the 40◦

data.
Taking normalization uncertainties into account, our large-

x results are in generally good agreement with the SLAC
data, although the SLAC ratios at x = 0.8 are always slightly
higher than our results. This is possibly because the x = 0.8
SLAC points were taken at higher Q2 values (Q2 = 10 GeV2)
than the E03103 data (Q2 ≈ 6 GeV2), leading to a noticeable
difference between the target mass corrections needed for the
two data sets. Figure 21 shows the points plotted as a function
of x (left panels) and ξ (right panels), where plotting the
ratio versus ξ provides the dominant part of the target mass
correction. The target mass correction shifts all points lower
values of ξ with the largest shifts occurring at large x. When
plotted as a function of ξ , the EMC ratios are consistent within
the scale uncertainties.

At small x values, we find systematic disagreements with
the SLAC measurements. While the light isoscalar nuclei
are in relatively good agreement with the E139 results, the
3He ratios are systematically lower than HERMES for x !
0.4 (although the region of overlap is small), and the very
heavy nuclei are systematically higher. Given the normaliza-
tion uncertainties, it is difficult to conclude that there is a
true inconsistency between the data sets, but we examine the
pattern of disagreement to evaluate possible explanations for
the small differences.

065203-21

(J. Arrington (Hall C), 
Phys. Rev. C 104, 065203 (2021)) 

7LI : between 3He and 9Be

1. EMC effects observed
for light nuclei

2

3He
D  

9Be
D  
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1. Polarized (Spin-Dependent) EMC effects

Proposed experiments (Hall B, (PR12-14-001)) for Spin dependent EMC effects:     
- measure and compare spin dependent structure function g1

from bound proton (p in 7!" ) with free proton (three H in N#3)
at same experimental setup 7

7Li
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FIG. 6: The EMC and polarized EMC effect in 7Li. The
empirical data is from Ref. [31].

11B
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FIG. 7: The EMC and polarized EMC effect in 11B. The
empirical data is from Ref. [31].

where we find a polarized EMC effect roughly twice that
of the unpolarized case.

IV. CONCLUSION

Using a relativistic formalism, where the quarks in the
bound nucleons respond to the nuclear environment, we
calculated the quark distributions and structure func-
tions of 7Li, 11B, 15N and 27Al. For a spin-J target there
are 2J + 1 independent quark distributions or structure
functions in the Bjorken limit. For example, 27Al there-
fore has six structure functions, however we find that the
higher multipoles are suppressed relative to the leading
result by at least an order of magnitude.

We were readily able to describe the EMC effect in
these nuclei, and importantly obtained the correct A-
dependence. Although we do not show the results we
also determined the EMC ratio for 12C, 16O and 28Si
and found results very similar to their A− 1 neighbours.
In Eq. (23) we define the polarized EMC ratio in nu-
clei. This ratio is such that in the extreme nonrelativis-
tic limit, with no medium modifications, it is unity. The

15N
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FIG. 8: The EMC and polarized EMC effect in 15N. The
empirical data is from Ref. [31].

27Al
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FIG. 9: The EMC and polarized EMC effect in 27Al. The
empirical data is from Ref. [31].

results for the polarized EMC effect in nuclei corroborate
earlier nuclear matter [11, 32], light nuclei [33] and small
x [28] studies that found large medium modifications to
the spin structure function relative to the unpolarized
case. In particular, we find that the fraction of the spin
of the nucleon carried by the quarks is decreased in nuclei
(see Table II). If this result is confirmed experimentally,
it would give important insights into in-medium quark
dynamics and help quantify the role of quark degrees of
freedom in the nuclear environment.
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Polarized EMC effect could be 
more enhanced than 
unpolarized Theoretical

predictions

An example of theoretical prediction for polarized EMC for 7Li 

(I. C. Clo ët etal. ADP-06-05/T636) x



PoS(PSTP2022)009
A Longitudinally Polarized Target with CLAS12 C.D. Keith

Figure 1: Side view of the polarized target installed in Hall B. The electron beam transverses the target from
left to right in this view. Only a few elements of the CLAS12 spectrometer are visible. For more details on
CLAS12, the reader is referred to Burkert et al. [1].

A 6000 m3/h roots system pumps the liquid in the bath to a base temperature of 0.9 K and provides
a cooling power of 1 K at approximately 1.1 K. The liquid flowing to the bath is cooled below
2 K by heat exchange with the helium vapor pumped from the bath and metered by a miniature
needle valve. A second, coarser needle valve bypasses both the separator and liquid-vapor heat ex-
changer and is used for rapidly cooling the bath after a target sample is loaded. Both needle valves
are actuated by computer-controlled stepper motors. A capacitance based level probe is located in
the target bath and can be used in a feedback loop with the fine needle valve to maintain the bath
level with a precision better than 1 mm. All refrigerator components are contained within a 2.5 m
long pumping tube composed of G-10 fiberglass and aluminum that confines the low pressure gas
evaporating from the target bath and guides it to the roots pumps. The pumping tube is in turn sur-
rounded by a stainless steel and carbon fiber vacuum chamber that insulates all interior cryogenic
components. A copper and aluminum heat shield is located between the pumping tube and vacuum
chamber and is cooled by cold gas pumped from the separator. All helium gas pumped from both
the separator and the target bath is returned to ESR for liquefaction. Cooling the refrigerator from
room temperature to 1 K requires 6–8 hours. The distributed control software system EPICS (Ex-
perimental Physics and Industrial Control System) is used to monitor and control all aspects of the
refrigerator operation.

Polarized target samples consist of 2-3 mm sized granules of frozen ammonia (14NH3 and
14ND3) prepared with paramagnetic radicals by irradiation in liquid argon using a 14 MeV electron
beam to a dose of approximately 0.9⇥ 1017 e/cm2. These irradiations were performed months or
even years prior to the present experiments and stored under liquid nitrogen. For Run Group C,
multiple samples were loaded into 5 cm long, perforated PCTFE containers (“target cells”) with
aluminum foils for beam entrance and exit windows. The cells are stored under liquid argon until
placed in the beam. As explained in the Introduction, the cells are 2.0 cm in diameter except for the

2

4
Side view of the polarized target installed in Hall B.   A few elements of the CLAS12 
spectrometer are shown. 

1. Longitudinally Polarized Solid Target for Spin dependent EMC effect at Hall B 
Use the same setup of target system as Run Group C (Run in 2022-23).

DNP at 5 Tesla (Solenoid) and 1 K (4He evaporation cryostat) 
Use Longitudinally polarized e- beams (11 GeV)      

(P. Pandey etal, Proc. of 25th Int. 
Symposium of Spin Physics. 2023, 211)



2. Advantages of using polarized solid  7LiD and NH3 targets
for Spin dependent EMC effects

No so much data for 7LiD;   use data from  7LiH, 6LiD and 6LiH

Solid  6LiD has been used as polarized targets in the past experiments:
its performances are rather well known, 7LiD is supposed to perform similarly.

a.  Low mass nuclei like 7Li; detailed structure of nuclei is well known

b. 7LiD and NH3 can be highly polarized with DNP

c. 7LiD and NH3 are highly radiaMon resistant on electron beams

d.  Reasonable DiluMon Factor

5



a.  Low mass nuclei like 7Li; detailed structure of nuclei is well known
Structure of 7Li in a simple shell model picture 11

S

P
3/2

1/2

FIG. 2. Structure of 7Li in a simple shell model picture. Protons are red and neutrons blue.

1. Näıve Nuclear Model

The first step towards a more realistic nuclear model is to incorporate the fact that the average polarization of
nucleons inside a nucleus is not equal to that of the nucleus overall. In the case of 7Li, which has total angular
momentum S = 3/2, the nuclear shell model predicts that 2 protons and 2 neutrons are in the 1s shell with total
angular momentum zero, while the spin quantum numbers of the nucleus are carried by the two neutrons and one
proton in the 1p3/2 shell (see Fig. 2). Näıvely, one might expect the two neutrons to couple to total angular momentum
zero (because of the Pauli principle), which means that a single 1p3/2 proton would carry the entire nuclear spin.
A standard shell model calculation [40] finds that there is some non-zero probability for the neutrons to couple to
angular momentum J > 0, and yields a proton polarization (or, rather, an expectation value for the z-component of
the spin, summed over all protons) of Pp = 13/15 ⇡ 0.867 and for the neutrons, Pn = 2/15 ⇡ 0.133. More recent,
state-of-the art microscopic calculations [41] yield a nearly identical result for the proton polarization, Pp = 0.866,
but a much smaller (and slightly negative) expectation value for the neutron spin, Pn = �0.037. Ignoring all other
nuclear e↵ects, we arrive at the “näıve nuclear model” prediction

RNNM
pol = 0.866 � 0.037

gn1
gp1

. (29)

2. Standard Nuclear Model

For a complete prediction of the various ratios defined in the previous section within in the context of “standard
nucleon-only nuclear physics”, one needs the following ingredients:

1. A realistic wave function model for the nucleus in question, which can predict the probability of finding a
nucleon of type N (neutron or proton) with three-momentum ~p relative to the quantization (z-) axis, as well as
the polarization ~P (~p) carried by that nucleon, for each possible magnetic substate mS of the nuclear spin.

2. Parametrizations of the nucleon unpolarized (FN
1 (x, Q2), FN

2 (x, Q2)) and spin structure functions gN1 (x, Q2),
gN2 (x, Q2) or alternatively the asymmetries AN

1 (x, Q2), AN
2 (x, Q2).

3. A convolution prescription on how to generate the nuclear structure functions defined in the previous section
from the above ingredients.

4. Potentially an interaction model that includes the e↵ects of final state interactions.

Such a model will be crucial as a benchmark to which we can compare the results of the proposed experiment. Any
deviation from the expectations of this model could be properly interpreted as a “genuine EMC-type e↵ect” in the
polarized structure functions. At present, most of these ingredients are either already available, or very close to what
will be needed for this program. In particular, the status for each of the 4 ingredients above can be summarized as
follows:

1. Recently, the properties of few-body nuclei have been modeled with unprecedented accuracy from first prin-
ciples, using realistic nucleon-nucleon potentials, three-body forces and sophisticated numerical methods like
Greens Function Monte Carlo (GFMC) [42]; for an example see Fig. 3. These and related methods (Variational
Monte Carlo) can be used for the purpose described above. A recent publication [41] provides realistic nucleon
momentum distributions in light nuclei, including 7Li, for each nucleon type and polarization direction sepa-
rately. We are using a simple implementation of the numerical tables provided by the authors for the purpose

NeutronsProtons

7Li:  p (∽ 87 % of Li spin)1,2 + n + n (− 0.04 %)1,2 + 4He (zero pol.)

6

(From proposal
PR12-14-001)

( 1 : Shell model; S. Cohen, D. Kurath, Nucl. Phys. 73 (1965) 1. 
2: Quantum Monte Carlo calculaUons; B.S. Pudliner etal., Phys. Rev. C 56 (1997) 1720) 



b. 7LiD and NH3 can be highly polarized with DNP

Polarization past records; as high as (at 5 Tesla and 1K on beam line)

* 7Li (in 7LiH) : ~ 60 %
(S. Bueltzmann etal. Nucl. Instr. and Meth. A 425 (1999) 23)

*  H (in NH3) : ≥ 90 %
(from past experiments at JLab)

7



Fig. 10. Deuteron polarization of the 2.0!10!" e#/cm$ sample as a function of the accumulated dose in the 48 GeV electron beam.
Deuterated ammonia shows the same behavior, but with a maximum polarization at about 10!% e#/cm$ [5].

9. Conclusions

The polarization behavior of &LiD as the polar-
ized deuteron target in a scattering experiment us-
ing a high-energy and high-intensity electron beam
was presented. In comparison with other polarized
target materials, such as deuterated ammonia, lith-
ium deuteride shows a superior radiation resist-
ance, high polarizations and good polarizability,
and an excellent dilution factor when taking the &Li
polarization into account. The major disadvantage
of &LiD is its long thermalization time, requiring
extensive calibration.

Acknowledgements

The authors wish to express their deep gratitude
to D. Bocek, M. Hernandez, C. Settakorn, and
H. Wiedemann of SUNSHINE at Stanford Univer-
sity for providing excellent irradiation conditions
at their facility and many hours of help. The tech-
nical support of the SLAC EF Division with W.

Kaminskas, W. Nichols, R. Pitthan, and M. Racine
was indispensable. This work was supported in part
by the Institute of Nuclear and Particle Physics at
the University of Virginia and the US Department
of Energy under Grant No. DE-FG02-96ER40950
and contract DE-AC03-76SF00515.

References

[1] B. Adeva et al., Phys. Lett. B 302 (1993) 533.
[2] D. Adams et al., Phys. Lett. B 329 (1994) 399.
[3] K. Abe et al., Phys. Rev. Lett. 74 (1995) 346.
[4] D.G. Crabb, W. Meyer, Annu. Rev. Nucl. Part. Sci. 47

(1997) 67.
[5] D.G. Crabb, D.B. Day, Nucl. Instr. and Meth. A 356

(1995) 9.
[6] J. Ball et al., Nucl. Instr. and Meth. A 381 (1996) 4.
[7] G.R. Court et al., Nucl. Instr. and Meth. A 324 (1993) 433.
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c. Radia(on resistance for 6LiD (No data for 7LiD nor 7LiH)

Data for 6LiD;
Irradiation (180 K) dose of 2.0x1017 e-/cm2

During E155 experiments at SLAC, 50 GeV e beam

Max pol. at 5x1015 e-/cm2. : about 5 (mes larger than ND3

Expect similar radia(on resistance for 7LiD

8



d. Acceptable dilution factor for 7LiD and NH3

Ratio (7LiD)  ≈

Ratio (NH3)  ≈

Other nuclei candidates with a single valence polarized proton; 
11B (5p, 6n), 15N (7p, 8n), 19F(9p, 10n) and 27Al (13p, 14n), for example.
Heavier nuclei: smaller dilution factor.

9

Number of polarizable bound proton

Total number of nucleons
= 

1

9

Number of polarizable free protons

Total number of nucleons
=

3

17

=  0.11

=  0.18



3. Three processes of producing and testing polarized target 
materials of 7LiD

I. Fabrications of a disc from 7LiD powder

II. Irradiation of 7LiD on CEBAF injector beam line

III. Polarization measurements at 5 Tesla and 1 K

10



I. Fabrica*ons of a disc from 7LiD powder

* 7LiD powder is commercially available on the following condi*ons

- Isotopic purity of Lithium,  7Li : ∽ 93 %  and  6Li  : ∽ 7 % 
- Isotopic purity of Deuterium, D : ∽ 98 % and  H : ∽ 2 %
- Chemical purity,  ≤ 5 % of impuri*es (LiOD, LiOD-H2O, Li2CO2 …)

(Analysis of 7LiH powder (from a commercial company) by a group
of LLNL (C.G. Bus*llos etal., Annals of Nuclear Energy 185 (2023) 109709 ))       

* Reques*ng service work to Y12 to fabricate disc (2 cm diameter and 2 mm thick)

11



II. Irradiation of 7LiD on CEBAF injector beam line (JLab) : New  

e- beam

12

~ 10 MeV and "#$%#& "' uA
of electron beams

Beam dump

Faraday Cup
(Dose 
measurements)

NH3 and ND3 had been irradiated at NIST with collaboration of UVA target group in the past

IrradiaQon 
Cryostat

BPM

Raster Magnet



II. Irradiation Cryostat (detail)

13

Veritically
Rastered e- beam

Variable Temperature Irradia=on 
cryostat (under design & construc=on)

3 K He coolant from Central He Liquefier
Temperature controlled by heater

Irradiate  7LiD and NH3   at different  
temperatures

Target materials
inserted and 
uninserted 
vertically

Solid 7LiD/NH3

Rotating 1 turn/min
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II. Irradia*on condi*ons for 7LiD  (higher polariza*on and shorter polariza*on building Time)

Group Tirrad
(K)

Ee-
(MeV) 

Dose (
X 1017 

e/cm2 )

PLi(%) TBuild T(K) B(Tesla) Year & note

Bonn1 180 20 1 12 50 min 1 2.5 1995  (7LiH)

15 8 min Ad. Irad. 1K  1015 e-

Bochum3 190 20 0.1 -17.8 220 min 1 2.5 2001 (6LiD)
140 1 -17.9 60 min 1 2.5 Warm RT

(3)  6LiD at room temperature for 10 min; as od as on standard and may shorten Tbuild

∗ Irradiate NH3 at 80 K (standard irradiation temperature) and 3 K (low temperature as (1)) in prior to 11 GeV beam.
NH3 materials will be supplied by Univ. New Hampshire group.

Standard

(1) Additional irradiations at Lower Temperature (3K): can increase Pmax and shorten Tbuild

Some noteworthy past records for 7LiH & 6LiD (different irradiation temperatures and option) 

SLAC2 183 ±3 30 1.3 – 4.5 ~ 60 1 5 1999 (7LiH)

(2) 7Li in 7LiD is expected to polarize as high as 60 % at 5 Tesla (may optimize dose)

(1)

(2)

(3)
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2. S. Bueltmann etal. Nuclear Instruments and Methods in Physics Research A 425 (1999) 23 
3. A. Meier,  6LiD for the polarized target of the COMPASS experiment, PhD. Thesis,  Ruhr-University Bochum 2001 
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III. DNP cryostat with 5 Tesla and 1 Kelvin (under design and construction) 

Vertical 1 K cryostat

(Refer J. Brock’s presentation)

Cryomagnetics Cryo-Free 5 T Warm Bore Magnet



Summary

1. We are developing polarized 7LiD target system for Spin dependent EMC 
effect experiments at Hall B.

2.  For this purpose, designing and constructing irradiation and polarizing
cryostats.

3. Plan to irradiate and polarize 7LiD target materials in the middle of 2025.
Test materials and optimize parameters to obtain higher polarization
and shorter building up time of polarization on the beamline.

17
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II. Irradiation of 7LiD  (higher polarization and shorter polarization building Time)

Summary of some past records; Tirrad, PolMax, TimeBuild and polarizing conditions for 7LiH

Group Tirrad(K) Ee- (MeV) Dose 
(e/cm2 )

PLi(%) PH(%) BuildT T(K) B(Tesla) Year

Abragam1 77 3 2 x 10 17 80 95 50 h 0.2 6.5 1978

Saclay2 183 300-650 1 50 70 24 h 0.2 – 0.4 5 1985-87

183 300-650 2 47 56 6 h 0.2 - 0.4 2.5 1985-87

PSI3 180 3 2 90 0.2 - 0.4 2.5 1990

Saclay4 184 ±4 30 0.5 31 42 3 h 0.2 – 0.4 2.5 1992

Bonn5 180 20 1 12 50 min 1 2.5 1995

15 8 min Ad. Irad. 

1K  1015 e-

SLAC6 183 ±3 30 1.3 – 4.5 ~ 60 1 5 1999

Bochum7 190 0.1 -17.8 -18.6 220 min 1 2.5 2001

140 1 -17.9 -18.7 60 min 1 2.5 Warm RT

Optional procedure: after irradiation keep 6LiD at room temperature for 10 min.
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