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1 Coupling of Dark-Matter Axions and Axion-Like-Particles
(ALPs) to Spins

The original motivation for introducing axions (pseudoscalar particles) emerged
from an elegant solution to the strong-CP problem1 by Peccei and Quinn [1, 2]. The
strong-CP problem is the observation that the theory of quantum chromodynamics
(QCD) requires extreme fine-tuning of parameters in order to be reconciled with
the observation that the strong interaction is found experimentally to respect CP

symmetry to a high degree, as evidenced by experimental constraints on the neutron
permanent electric dipole moment (EDM) [3]. The so-called QCD axion emerges
when the strong-CP problem is resolved by introducing a new symmetry that is
broken at a high energy scale fa , possibly as high as the Planck scale [4, 5]. Since
the original proposal of Peccei and Quinn [1, 2], the axion concept has had a broad
and significant impact on theoretical physics. Axion-like-particles (ALPs) emerge
naturally whenever a global symmetry is broken [4–9]: such global symmetry
breaking is a ubiquitous feature of beyond-Standard-Model physics, including grand
unified theories (GUTs), models with extra dimensions, and string theory [10, 11].
In the following, we use the term axion to refer to both the QCD axion and ALPs as
long as the discussion pertains to both and make distinctions when necessary.

Interactions of the axion field a, via QCD or other mechanisms in the case of
ALPs [12, 13], generate a potential energy density ∼m2

ac
2a2/(2h̄2), where ma is

the axion mass. Initial displacement of the axion field from the minimum of this
potential results in oscillations of the axion field at the Compton frequency

ωa = mac
2

h̄
. (1)

The energy density in these oscillations can constitute the mass-energy associated
with dark matter. The temporal coherence of oscillations of the dark-matter axion
field a(r, t) observed in a terrestrial experiment is limited by relative motion through
random spatial fluctuations of the field. The size of such fluctuations corresponds to
the axion de Broglie wavelength λdB, thus the coherence time is

τa ≈ λdB

v
≈ 2πh̄

mav2
, (2)

where v ∼ 10−3c is the galactic virial velocity of the dark-matter axion field.
Therefore the “quality factor” Q corresponding to a dark-matter axion field is given

1CP refers to the combined symmetry with respect to charge-conjugation (C), transformation
between matter and anti-matter, and spatial inversion, i.e., parity transformation (P ).
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b y

Q =
ω a τ a

2 π
≈

c

v

2
≈ 1 0 6 . ( 3)

T h e Q of t h e a xi o n fi el d c a n als o b e u n d erst o o d b y n oti n g t h at d u e t o t h e s e c o n d-
or d er  D o p pl er s hift t h at aris es fr o m t h e c o ntri b uti o n of t h e ki n eti c e n er g y of t h e
a xi o ns t o t h eir t ot al e n er g y, a xi o ns  m o vi n g at v r el ati v e t o a d et e ct or ar e  m e as ur e d
t o h a v e a fr e q u e n c y

ω ≈ ω a 1 +
v 2

2 c 2
. ( 4)

T h us t h e s pr e a d i n a xi o n v el o citi es l e a ds t o a s pr e a d i n o bs er v e d fr e q u e n ci es, gi vi n g
t h e a xi o n fi el d t h e Q s h o w n i n  E q. ( 3 ).

T h e a xi o n fi el d s e e n b y a d et e ct or o n t h e  E art h is a (t ) = a 0 c os ω t , a fi el d
os cill ati n g at ≈ ω a , a n d t h e a m plit u d e of t h e fi el d a 0 c a n b e esti m at e d b y ass u mi n g
t h e e n er g y of t h e a xi o n fi el d c o m pris es t h e t ot alit y of t h e l o c al d ar k  m att er e n er g y
d e nsit y ρ D M ≈ 0 .4 G e V / c m 3 [1 4 – 1 6 ]:

ρ D M ≈
c 2

2 h̄ 2
m 2

a a 2
0 . ( 5)

I n or d er t o i nt er pr et e x p eri m e nts s e ar c hi n g f or a xi o n d ar k  m att er fi el ds, it is
i m p ort a nt t o t a k e i nt o a c c o u nt t h e f a ct t h at t h e a m plit u d e, v el o cit y, a n d p h as e of t h e
a xi o n fi el d v ar y st o c h asti c all y o n s c al es ∼ λ d B , as dis c uss e d i n d et ail i n  R ef. [1 7 ].

T o d et e ct s u c h a n os cill ati n g a xi o n fi el d  wit h a t err estri al s e ns or, o n e s e ar c h es f or
( n o n- gr a vit ati o n al) i nt er a cti o ns of a ( r , t ) wit h St a n d ar d  M o d el fi el ds a n d p arti cl es.
A xi o n/ A L P fi el ds a ( r , t ) p oss ess t hr e e s u c h i nt er a cti o ns, i n g e n er al, t h at c a n b e
d es cri b e d b y t h e  L a gr a n gi a ns ( gi v e n i n n at ur al u nits  w h er e h̄ = c = 1) [ 1 8 ]

L E M ≈ g a γ γ a ( r , t ) Fμ ν ˜F μ ν , ( 6)

L E D M ≈ − i
2 g d a ( r , t )Ψ n σ μ ν γ 5 Ψ n F μ ν , ( 7)

L s pi n ≈ g a N N ∂ μ a ( r , t ) Ψ n γ μ γ 5 Ψ n , ( 8)

w h er e g a γ γ p ar a m et eri z es t h e a xi o n – p h ot o n c o u pli n g, g d p ar a m et eri z es t h e a xi o n-
gl u o n c o u pli n g t h at g e n er at es n u cl e ar  E D Ms, g a N N p ar a m et eri z es t h e c o u pli n g t o
n u cl e ar s pi ns, 2 F μ ν i s t h e el e ctr o m a g n eti c fi el d t e ns or, Ψ n i s t h e n u cl e o n  w a v e
f u n cti o n, a n d σ a n d γ ar e t h e st a n d ar d  Dir a c  m atri c es.  N ot e t h at t h e c o u pli n g
c o nst a nts g a γ γ , g d , a n d g a N N ar e pr o p orti o n al t o 1 / f a [1 8 ].  T h e a xi o n – p h ot o n

2 T h er e c a n b e a si mil ar c o u pli n g t o el e ctr o n s pi ns.
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i nt er a cti o n d es cri b e d b y  E q. (6 ) is us e d i n a v ari et y of “ h al os c o p e ” e x p eri m e nts3

t o s e ar c h f or a xi o n d ar k  m att er as dis c uss e d els e w h er e i n t his v ol u m e, s u c h as t h e
A xi o n  D ar k  M att er e X p eri m e nt ( A D M X) [ 2 4 , 2 5 ], t h e  H al os c o p e  At  Yal e S e nsiti v e
T o  A xi o n  C ol d d ar k  m att er ( H A Y S T A C) [ 2 6 ], a n d  C A P P’s ( C e nt er f or  A xi o n
a n d Pr e cisi o n P h ysi cs  R es e ar c h)  Ultr a  L o w  Te m p er at ur e  A xi o n S e ar c h i n  K or e a
( C U L T A S K) [2 7 ]. I n c o ntr ast t o ot h er h al os c o p e e x p eri m e nts s e ar c hi n g f or a xi o n –
p h ot o n i nt er a cti o ns, t h e  C os mi c  A xi o n S pi n Pr e c essi o n  E x p eri m e nt ( C A S P Er, s e e
R ef. [ 2 8 ] a n d a n e arli er o nli n e v ersi o n of t his p a p er [2 9 ]) e x pl oits t h e a xi o n
c o u pli n gs t o n u cl e ar s pi ns d es cri b e d b y  E qs. ( 7 ) a n d (8 ).

T h e  L a gr a n gi a n L E D M d e s cri b es a n os cill ati n g n u cl e ar  E D M d n (t ), g e n er at e d
b y a (t ) al o n g t h e dir e cti o n of t h e n u cl e ar s pi n σ̂ n , gi v e n i n n at ur al u nits b y t h e
e x pr essi o n

d n (t ) = g d a 0 c os (ω a t) σ̂ n ( 9)

t h at i nt er a cts  wit h a n e xt er n al el e ctri c fi el d E .  T h e os cill ati n g  E D M a m plit u d e c a n
b e esti m at e d fr o m  E q. ( 5 ):

d n = g d a 0 ≈
g d

m a
2 ρ D M ≈ 6 × 1 0 − 2 5 e · c m ×

g d G e V − 2

m a [e V ]
, ( 1 0)

w h er e [· · · ] i n di c at es t h e u nits of t h e r es p e cti v e q u a ntit y.  T h e n o n-r el ati visti c
H a milt o ni a n d es cri bi n g t his i nt er a cti o n is

H E D M = − d n (t ) · E , ( 1 1)

a n d t h er e is a c orr es p o n di n g s pi n-t or q u e τ E D M

τ E D M = d n (t ) × E . ( 1 2)

T h e  L a gr a n gi a n L s pi n r e s ults i n a n o n-r el ati visti c  H a milt o ni a n (i n n at ur al u nits)

H s pi n = g a N N ∇ a ( r , t ) · σ̂ n , ( 1 3)

w hi c h d es cri b es t h e i nt er a cti o n of n u cl e ar s pi ns  wit h a n os cill ati n g “ ps e u d o-
m a g n eti c fi el d ” g e n er at e d b y t h e gr a di e nt of t h e a xi o n fi el d.  T h e  m a g nit u d e of t h e

3 H al os c o p e e x p eri m e nts dir e ctl y d et e ct t h e d ar k  m att er fr o m t h e g al a cti c h al o [ 1 9 , 2 0 ].  C o m-
pl e m e nt ar y a p pr o a c h es i n cl u d e ( 1) “ h eli os c o p e ” e x p eri m e nts t h at s e ar c h f or a xi o ns e mitt e d b y
t h e S u n; ( 2) “li g ht-s hi ni n g-t hr o u g h- w alls ” e x p eri m e nts  w h er e a xi o ns ar e cr e at e d fr o m a n i nt e ns e
l as er li g ht fi el d p assi n g t hr o u g h a str o n g  m a g n eti c fi el d ( w hi c h f a cilit at es  mi xi n g b et w e e n p h ot o ns
a n d a xi o ns) a n d t h e n d et e ct e d b y c o n v erti n g t h e m b a c k t o p h ot o ns aft er t h e y cr oss a  w all t h at
is tr a ns p ar e nt t o t h e m b ut c o m pl et el y bl o c ks t h e li g ht; a n d ( 3) i n dir e ct e x p eri m e nts t h at s e ar c h
f or  m o di fi c ati o ns of k n o w n i nt er a cti o ns d u e t o e x c h a n g e of virt u al a xi o ns. S e e  R efs. [ 2 1 – 2 3 ] f or
r e vi e ws of t h es e alt er n ati v e a p pr o a c h es.
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gr a di e nt ∇ a ( r , t ) c a n b e esti m at e d b y n oti n g t h at si n c e p = − i h̄ ∇

|∇ a | ≈
m a v

h̄
a 0 . ( 1 4)

T his is t h e s o- c all e d a xi o n  wi n d  w hi c h a cts as a ps e u d o- m a g n eti c fi el d dir e ct e d
al o n g v [1 8 ].  T h e r es ult a nt  H a milt o ni a n is

H wi n d ≈ g a N N m a a 0 c os (ω a t)v · σ̂ n , ( 1 5)

≈ g a N N 2 h̄ 3 c ρ D M c o s (ω a t)v · σ̂ n , ( 1 6)

w h er e t h e a m plit u d e of t h e a xi o n fi el d ass u m e d i n  E q. ( 5 )  w as us e d i n  E q. (1 6 ),
i n  w hi c h H wi n d i s e x pr ess e d i n  G a ussi a n u nits.  Gi v e n a n u cl e us  wit h a p arti c ul ar
g yr o m a g n eti c r ati o γ n = g n μ N / h̄ ,  w h er e g n i s t h e n u cl e ar  L a n d é f a ct or a n d μ N

i s t h e n u cl e ar  m a g n et o n, t h e a m plit u d e B a of t h e os cill ati n g ps e u d o- m a g n eti c fi el d
pr o d u c e d b y t h e a xi o n fi el d c a n b e esti m at e d t o b e

B a ≈ 1 0 − 3 ×
g a N N

h̄ γ n
2 h̄ 3 c 3 ρ D M , ( 1 7)

B a [T ] ≈ 1 0 − 7 ×
g a N N G e V − 1

g n
, ( 1 8)

w h er e  w e h a v e ass u m e d t h at v ≈ 1 0 − 3 c , t h e viri al v el o cit y of t h e a xi o ns.  A n al o g o us
t o t h e c as e of t h e a xi o n-i n d u c e d os cill ati n g n u cl e ar  E D M d n (t ) dis c uss e d a b o v e,
h er e  w e h a v e a n os cill ati n g ps e u d o- m a g n eti c fi el d B a (t ) t h at i nt er a cts  wit h t h e
n u cl e ar  m a g n eti c di p ol e  m o m e nt μ n :

H wi n d = − μ n · B a (t ) , ( 1 9)

a n d a c orr es p o n di n g s pi n-t or q u e τ wi n d

τ wi n d = μ n × B a (t ) . ( 2 0)

O n t h e o n e h a n d, t h e i nt er a cti o ns d es cri b e d b y  E qs. ( 1 1 a n d 1 2 ) a n d (1 9 a n d
2 0 ) h a v e si mil ar si g n at ur es a n d t h us s u g g est si mil ar e x p eri m e nt al a p pr o a c h es:
i n b ot h c as es t h e g o al of a n a xi o n d ar k  m att er e x p eri m e nt  w o ul d b e t o d et e ct
a n os cill ati n g n u cl e ar-s pi n- d e p e n d e nt e n er g y s hift ( or, a n al o g o usl y, a n os cill ati n g
t or q u e o n n u cl e ar s pi ns).  T h e  w ell- d e v el o p e d t e c h ni q u es of n u cl e ar  m a g n eti c
r es o n a n c e ( N M R) ar e i d e all y s uit e d t o t his t as k.  O n t h e ot h er h a n d, t h er e is a n
ess e nti al diff er e n c e b et w e e n t h e si g n at ur es of L E D M a n d L s pi n , n a m el y i n t h e c as e
of L E D M a n el e ctri c fi el d E is r e q uir e d f or o bs er v ati o n of t h e eff e ct. F or t his r e as o n,
t h e  C A S P Er e x p eri m e nt al pr o gr a m is di vi d e d i nt o t w o br a n c h es:  C A S P Er  El e ctri c,
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w hi c h s e ar c h es f or a n os cill ati n g  E D M d n (t ), a n d  C A S P Er  Wi n d,  w hi c h s e ar c h es
f or a n os cill ati n g ps e u d o- m a g n eti c fi el d B a (t ) [2 8 ].

2  G e n e r al  P ri n ci pl es of t h e  C A S P E r  N u cl e a r  M a g n eti c
R es o n a n c e ( N M R)  A p p r o a c h

B ot h  C A S P Er  El e ctri c a n d  C A S P Er  Wi n d us e  N M R t e c h ni q u es t o s e ar c h f or a xi o n
d ar k  m att er.  T h e e x p eri m e nt al g e o m etri es ar e s h o w n i n Fi g. 1 .  T h e l e a di n g fi el d B 0

d et er mi n es t h e  L ar m or fr e q u e n c y

Ω L = γ n B 0 , ( 2 1)

f or t h e n u cl e ar s pi ns,  w hi c h ar e i niti all y ori e nt e d al o n g B 0 . If Ω L = ω a , t h e n t h e
ti m e- d e p e n d e nt t or q u es gi v e n b y  E qs. (1 2 ) a n d (2 0 ) a v er a g e o ut a n d t h er e is n o
a p pr e ci a bl e eff e ct o n t h e s pi ns.  H o w e v er,  w h e n Ω L ≈ ω a , a r es o n a n c e o c c urs a n d
t h e s pi ns ar e tilt e d a w a y fr o m t h e dir e cti o n of B 0 .  Vi e w e d fr o m t h e fr a m e r ot ati n g
wit h t h e s pi ns at Ω L , t h e eff e cti v e l e a di n g fi el d i n t h e r ot ati n g fr a m e g o es t o z er o

B eff (r ot) = B 0 −
Ω L

γ n
= 0 . ( 2 2)

T h e a xi o n-i n d u c e d t or q u e os cill ati n g i n t h e l a b or at or y fr a m e h as a st ati c c o m p o n e nt
i n t h e r ot ati n g fr a m e  w h e n Ω L ≈ ω a , a n d t h us is a bl e t o tilt σ̂ n a w a y fr o m t h e
dir e cti o n of B 0 ( s e e, f or e x a m pl e, Pr o bl e m 2. 6 of  R ef. [3 0 ] f or a t ut ori al dis c ussi o n
of t his  w ell- k n o w n eff e ct). I n t h e l a b or at or y fr a m e, t h e tilt e d n u cl e ar s pi ns ar e
o bs er v e d t o pr e c ess i n B 0 .  T his a xi o n-i n d u c e d n u cl e ar s pi n pr e c essi o n at Ω L ≈ ω a

i s t h e si g n at ur e of t h e a xi o n d ar k  m att er d et e ct e d i n b ot h  C A S P Er  El e ctri c a n d

Fi g. 1 E x p eri m e nt al
g e o m etri es f or  C A S P Er
El e ctri c (t o p) a n d  C A S P Er
Wi n d ( b ott o m). I n b ot h c as es,
t h e n u cl e ar s pi ns σ̂ n ar e
ori e nt e d al o n g a l e a di n g
m a g n eti c fi el d B 0 . A n
os cill ati n g t or q u e,
τ E D M = d n (t ) × E i n t h e
c as e of  C A S P Er  El e ctri c a n d
τ wi n d = μ n × B a (t ) i n t h e
c as e of  C A S P Er  Wi n d, ti ps
t h e n u cl e ar s pi ns a w a y fr o m
B 0 if t h e  L ar m or fr e q u e n c y
Ω L m at c h es ω a

C A S P Er El e ctri c

C A S P Er  Wi n d
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s a m pl e

m a g n et o m et er
( e. g., S Q UI D)

Fi g. 2 S c h e m ati c di a gr a m of t h e  C A S P Er e x p eri m e nt.  W h e n Ω L ≈ ω a , t h e n u cl e ar s pi ns i n t h e
s a m pl e ar e ti p p e d a w a y fr o m t h eir i niti al ori e nt ati o n al o n g B 0 d u e t o t h e a xi o n-i n d u c e d t or q u e.  T h e
pr e c essi n g  m a g n eti z ati o n at Ω L c a n b e d et e ct e d  wit h a  m a g n et o m et er s u c h as a S Q UI D pl a c e d n e ar
t h e s a m pl e

C A S P Er  Wi n d.  T h e pr e c essi n g  m a g n eti z ati o n c a n b e  m e as ur e d, f or e x a m pl e, b y
i n d u cti o n t hr o u g h a pi c k- u p l o o p or  wit h a S u p er c o n d u cti n g  Q U a nt u m I nt erf er e n c e
D e vi c e ( S Q UI D), s e e Fi g. 2 .

T h e a m plit u d e of t h e  N M R si g n al is pr o p orti o n al t o t h e tilt a n gl e ϕ of t h e s pi ns
(si n c e u n d er o ur c o n diti o ns ϕ 1),  w hi c h f or  C A S P Er  El e ctri c is gi v e n b y

ϕ E D M ≈
d n E T 2

h̄
≈ g d

E T 2

h̄ m a

2 h̄ 3

c
ρ D M , ( 2 3)

a n d f or  C A S P Er  Wi n d is gi v e n b y

ϕ wi n d ≈
μ n B a T 2

h̄
≈ g a N N

μ n T 2

1 0 0 0 h̄ 2 γ n

2 h̄ 3 c 3 ρ D M , ( 2 4)

w h er e T 2 i s t h e s pi n- pr e c essi o n (tr a ns v ers e) c o h er e n c e ti m e.  T h e ulti m at e li mit o n
T 2 i s t h e a xi o n c o h er e n c e ti m e τ a [ E q. (2 )], b ut i n  m a n y c as es T 2 i s d et er mi n e d b y
t h e  m at eri al pr o p erti es of t h e n u cl e ar s pi n s a m pl e.

A k e y t o  C A S P Er’s s e nsiti vit y is t h e c o h er e nt “ a m pli fi c ati o n ” of t h e eff e cts of
t h e a xi o n d ar k  m att er fi el d t hr o u g h a l ar g e n u m b er of p ol ari z e d n u cl e ar s pi ns. F or
e x a m pl e, i n t h e c as e of  C A S P Er  Wi n d, t h e s pi ns ti p b y a n a n gl e ϕ wi n d d uri n g t h e
c o h er e n c e ti m e [ E q. ( 2 4 )].  C o nsi d er a s p h eri c al s a m pl e  wit h a p ol ari z e d n u cl e ar s pi n
d e nsit y of n .  T h e a m plit u d e of t h e os cill ati n g fi el d B 1 g e n er at e d b y t h e pr e c essi n g
m a g n eti z ati o n t h at is d et e ct e d b y t h e  m a g n et o m et er as s h o w n i n Fi g. 2 is

B 1 ≈
8 π

3
μ n n ϕ wi n d ≈

8 π

3 h̄
μ 2

n n T 2 B a = η B a , ( 2 5)

w h er e t h e f a ct or η is t h e eff e cti v e e n h a n c e m e nt of t h e  m e as ur e d os cill ati n g fi el d B 1

o v er t h e ps e u d o- m a g n eti c fi el d B a g e n er at e d b y t h e a xi o n d ar k  m att er fi el d.  T h e
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e n h a n c e m e nt f a ct or η c a n b e c o nsi d er a bl e: f or e x a m pl e, a f ull y p ol ari z e d s a m pl e of
li q ui d 1 2 9 X e h as n ≈ 1 0 2 2 s pi ns / c m 3 a n d c a n h a v e T 2 1 0 0 0 s [ 3 1 ],  w hi c h gi v es
η 1 0 6 .

T h e a xi o n  m ass m a t o  w hi c h a n  N M R e x p eri m e nt of t his t y p e is s e nsiti v e is s et
b y t h e r es o n a n c e fr e q u e n c y Ω L = ω a ( alt h o u g h n ot e t h at  R efs. [3 2 – 3 4 ] dis c uss
alt er n ati v e br o a d b a n d  m et h o ds s uit a bl e f or v er y l o w m a ).  T h us t h er e is a n u p p er
li mit t o t h e p ossi bl e r a n g e of a xi o n  m ass es e x pl or e d b y  C A S P Er, gi v e n b y t h e l ar g est
d c  m a g n eti c fi el d a c hi e v a bl e i n l a b or at ori es ( ∼ 3 0  T)  w hi c h c orr es p o n ds t o ω a ∼
4 0 0  M H z a n d m a c 2 ∼ 1 0 − 6 e V.  T h e pr o c e d ur e t o s e ar c h f or a xi o ns of diff er e nt
m ass es ( wit h a n e x c e pti o n f or v er y s m all ω a a s dis c uss e d i n  R efs. [ 3 2 – 3 4 ]) is t o
s c a n B 0 i n i n cr e m e nts pr o p orti o n al t o t h e  wi dt h of t h e  N M R r es o n a n c e (≈ 1 / T 2 ).
T h e i nt e gr ati o n ti m e at e a c h p oi nt i n t h e  m a g n eti c fi el d s c a n s h o ul d b e T 2 i n or d er
t o t a k e f ull a d v a nt a g e of t h e c o h er e nt b uil d- u p of tilt e d  m a g n eti z ati o n.

3  L o w  M ass ( 1 µ e V)  A xi o ns a n d  C os m ol o g y

As n ot e d a b o v e,  C A S P Er s e ar c h es f or a xi o ns  wit h  m ass es m a c 2 1 0 − 6 e V. It
is  w ort h  m e nti o ni n g t h at c os m ol o gi c al c o nstr ai nts h a v e b e e n c o nsi d er e d f or  Q C D
a xi o ns  wit h  m ass es b el o w 1 0 − 6 e V [ 1 2 , 1 3 ].  H o w e v er, t h es e c o nstr ai nts ar e hi g hl y
d e p e n d e nt u p o n ass u m pti o ns a b o ut u n k n o w n i niti al c o n diti o ns of t h e u ni v ers e. S u c h
li g ht er  m ass  Q C D a xi o ns ar e n ot r ul e d o ut eit h er b y e x p eri m e nt al or astr o p h ysi c al
o bs er v ati o ns.  C os m ol o gi c al ar g u m e nts s u g g esti n g t h at m a c 2 1 0 − 6 e V ar e b as e d
o n a p arti c ul ar s c e n ari o f or t h e e arli est e p o c hs i n t h e u ni v ers e, a ti m e a b o ut  w hi c h
w e k n o w littl e.

T h e ori gi n al ar g u m e nt p osit e d t h at  Q C D a xi o ns  wit h  m ass es b el o w 1 0 − 6 e V
pr o d u c e d t o o  m u c h d ar k  m att er a n d t h er e b y “ o v er- cl os e d ” t h e u ni v ers e [ 1 2 , 1 3 ].
I n t h e a bs e n c e of a d diti o n al p h ysi cs, t his st at e m e nt is tr u e if i n fl ati o n pr e c e d es
a xi o n pr o d u cti o n.  O n t h e ot h er h a n d, if i n fl ati o n o c c urs aft er a xi o n pr o d u cti o n,
t h e a xi o n a b u n d a n c e i n t h e u ni v ers e d e p e n ds s e nsiti v el y u p o n t h e u n k n o w n i niti al
“ mis ali g n m e nt ” a n gl e of t h e a xi o n fi el d [ 3 5 ], t h e dis pl a c e m e nt of t h e a xi o n fi el d
fr o m t h e l o c al  mi ni m u m of its p ot e nti al. If t h e  mis ali g n m e nt a n gl e is s uf fi ci e ntl y
s m all o v er cl os ur e c a n b e a v oi d e d.  A n i niti al  mis ali g n m e nt a n gl e 1 c a n b e
n at ur all y e x pl ai n e d b y a nt hr o pi c c o nsi d er ati o ns: n a m el y t h e i d e a t h at t h er e is
a n i niti al r a n d o m distri b uti o n of  mis ali g n m e nt a n gl es i n t h e u ni v ers e s o t h at, of
c o urs e, h u m a ns e xist i n r e gi o ns of t h e u ni v ers e  w h er e t h e  mis ali g n m e nt a n gl e
is s u c h t h at lif e is p ossi bl e [3 5 , 3 6 ].  N ot e t h at s u c h a nt hr o pi c ar g u m e nts ar e a
g e n eri c e x pl a n ati o n f or t h e o bs er v e d c oi n ci d e n c e i n t h e e n er g y d e nsit y of d ar k
m att er a n d t h e b ar y o n c o nt e nt of t h e u ni v ers e [ 3 7 ].  T his c oi n ci d e n c e is p arti c ul arl y
s u g g esti v e f or a xi o n d ar k  m att er si n c e t h e a xi o n a n d t h e b ar y o n a b u n d a n c es aris e
fr o m c o m pl et el y diff er e nt p h ysi cs. It s h o ul d als o b e n ot e d t h at s u c h “t u n e d ” v al u es
of t h e a xi o n  mis ali g n m e nt a n gl e als o n at ur all y e m er g e i n  m o d els s u c h as t h e r el a xi o n
s c e n ari o  w h er e t h e a xi o n s ol v es t h e hi er ar c h y pr o bl e m [ 3 8 ].
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It is als o cr u ci al t o n ot e t h at t h e p ossi bl e c os m ol o gi c al c o nstr ai nts dis c uss e d
a b o v e d o n ot a p pl y t o  A L Ps. I n s u m m ar y, n ot o nl y d o a xi o ns  wit h  m ass es 1 0 − 6 e V
fit  w ell  wit hi n t h e l a n ds c a p e of t h e or eti c al p arti cl e p h ysi cs, b ut t h e y als o pr o b e
p arti c ul arl y i nt er esti n g p h ysi cs as t h e y aris e fr o m s y m m etr y br e a ki n g at t h e  G U T
a n d Pl a n c k s c al es [ 1 0 , 1 1 , 1 8 , 2 1 , 2 2 , 2 8 ].

4  C A S P E r  El e ct ri c

T h e s a m pl e t o b e e m pl o y e d i n t h e  C A S P Er  El e ctri c e x p eri m e nt is a f err o el e ctri c
cr yst al s u c h as t h os e c o nsi d er e d f or st ati c n u cl e ar  E D M e x p eri m e nts [ 3 9 – 4 2 ];
r e c e ntl y e x p eri m e nts  w er e c arri e d o ut  wit h p ar a m a g n eti c f err o el e ctri cs t o s e ar c h
f or t h e el e ctr o n  E D M [4 3 – 4 5 ].  A f err o el e ctri c cr yst al p oss ess es p er m a n e nt el e ctri c
p ol ari z ati o n t h at cr e at es a str o n g eff e cti v e i nt er n al el e ctri c fi el d E ∗ ( o n t h e or d er of
1 0 0  M V/ c m) 4 wit h  w hi c h a n a xi o n-i n d u c e d n u cl e ar  E D M c a n i nt er a ct. S e ar c hi n g
f or a n a xi o n-i n d u c e d  E D M r e q uir es a h e a v y at o m i n or d er t o  mi ni mi z e t h e S c hiff
s cr e e ni n g,  w hi c h aris es b e c a us e t h e p ositi o ns of c h ar g e d p arti cl es i n t h e s a m pl e
t e n d t o a dj ust t h e ms el v es t o c a n c el i nt er n al el e ctri c fi el ds [4 7 , 4 8 ]. I n f err o el e ctri c
cr yst als, t h e eff e cti v e e n er g y s hift pr o d u c e d b y a n u cl e ar  E D M is gi v e n b y S d n E ∗ ,
w h er e S i s t h e S c hiff s u p pr essi o n f a ct or [3 9 – 4 1 ].

It is a d v a nt a g e o us f or  N M R d et e cti o n t h at t h e h e a v y at o m h as a l ar g e n u cl e ar
m a g n eti c  m o m e nt, a n d f or  mi ni mi zi n g s pi n r el a x ati o n it is d esir a bl e t h at t h e
n u cl e us h as s pi n I = 1 / 2 [ 3 9 – 4 1 ].  T h e s a m pl e  m at eri al  m ust als o h a v e n o n-
c e ntr os y m m etri c cr yst al str u ct ur e i n or d er t o pr o vi d e t h e eff e cti v e el e ctri c fi el d
E ∗ .  B as e d o n t h es e r e q uir e m e nts,  w e h a v e i d e nti fi e d s e v er al p ot e nti al s a m pl es t o
i n v esti g at e: l e a d g er m a n at e ( P G O, P b5 G e 3 O 1 1 ), l e a d tit a n at e ( P T, P b Ti O3 ), l e a d
zir c o n at e tit a n at e ( P Z T, P b Zr y Ti 1 − y O 3 ), l a nt h a n u m- d o p e d l e a d zir c o ni u m tit a n at e
( P L Z T, P bx L a 1 − x Zr y Ti 1 − y O 3 ), l e a d  m a g n esi u m ni o b at e-l e a d tit a n at e [ P M N- P T,
(1 − x ) P b M g 1 / 3 N b 2 / 3 O 3 − ( x )P b Ti O 3 ], c a d mi u m tit a n at e ( C d Ti O3 ), a n d p ar a-
el e ctri c  m at eri als s u c h as Sr Ti O 3 , Li Ta O3 , a n d  K Ta O3 .  T h e diff er e nt s a m pl es h a v e
diff er e nt p ot e nti al a d v a nt a g es, s u c h as t u n a bl e f err o el e ctri c pr o p erti es a n d o pti c al
tr a ns p ar e n c y ( w hi c h  m a y e n a bl e o pti c al c o ntr ol of n u cl e ar s pi n r el a x ati o n or e v e n
o pti c al p u m pi n g of n u cl e ar s pi ns [ 4 9 , 5 0 ]).

P h as e I of  C A S P Er  El e ctri c  will us e t h er m all y p ol ari z e d 2 0 7 P b n u cl e ar s pi ns ( I =
1 / 2, 2 2 % a b u n d a n c e) i n f err o el e ctri c P M N- P T cr yst als at cr y o g e ni c t e m p er at ur es.
T h e f err o el e ctri c dis pl a c e m e nt of t h e P b i o n  wit h r es p e ct t o its s urr o u n di n g o x y g e n
c a g e gi v es ris e t o a l ar g e eff e cti v e el e ctri c fi el d E ∗ ≈ 3 × 1 0 8 V / c m [ 4 1 ].  T h e
tr a ns v ers e c o h er e n c e ti m e f or t h e 2 0 7 P b n u cl e ar s pi ns i n si n gl e- cr yst al P M N- P T
s a m pl es is e x p e ct e d t o b e T 2 ≈ 1 0 − 3 s, si mil ar t o t h at o bs er v e d f or P b Ti O 3

[5 1 ].  T h us o v er t h e e ntir e r a n g e of ω a v al u es t o b e s e ar c h e d, T 2 τ a . T h e

4 T h e  m e c h a nis m g e n er ati n g E ∗ i s si mil ar t o t h at g e n er ati n g t h e eff e cti v e el e ctri c fi el ds e x p eri e n c e d
b y  E D Ms i n p ol ar  m ol e c ul es [ 4 6 ].
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l o n git u di n al n u cl e ar s pi n p ol ari z ati o n ti m e is e x p e ct e d t o b e T 1 ≈ 1 0 0 0 s at
cr y o g e ni c t e m p er at ur es [ 5 1 ], a n d s o t h e str at e g y is t o st art at a r el ati v el y hi g h
m a g n eti c fi el d B 0 ∼ 1 0  T a n d t h e n r a m p d o w n B 0 o v er a ti m e s c al e ∼ T 1 w hil e
t h er e r e m ai ns si g ni fi c a nt t h er m al s pi n p ol ari z ati o n.  N ot e t h at i n t his s c h e m e t h er e
is a l o w er b o u n d o n B 0 d u e t o r el a x ati o n c a us e d b y p ar a m a g n eti c i m p uriti es i n
t h e P M N- P T s a m pl e, i. e.,  w h e n B 0 b e c o m es t o o s m all l o c al  m a g n eti c fi el ds d u e t o
p ar a m a g n eti c i m p uriti es c a us e s pi ns t o d e p h as e  wit h r es p e ct t o o n e a n ot h er.

T h e a m plit u d e of t h e tr a ns v ers e pr e c essi n g c o m p o n e nt of  m a g n eti z ati o n M t h at
aris es d u e t o i nt er a cti o n  wit h t h e d ar k- m att er a xi o n fi el d, f or a s pi n d e nsit y n a n d
p ol ari z ati o n P , is gi v e n b y

M ≈ n P  μ n ϕ E D M ≈ n P  μ n
S d n E ∗ T 2

h̄ ( 2 6)

≈ n P  μ n
S E ∗ T 2

h̄
g d
m a

2 h̄ 3

c ρ D M , ( 2 7)

w h er e  E qs. ( 2 3 ) a n d (1 0 )  w er e us e d t o d eri v e  E qs. (2 6 ) a n d (2 7 ), r es p e cti v el y.  T h e
t h er m al p ol ari z ati o n of 2 0 7 P b n u cl ei at a t e m p er at ur e of T ≈ 4  K a n d B 0 ≈ 1 0  T is

P = t a n h
μ n B 0

k B T
≈

μ n B 0

k B T
≈ 3 × 1 0 − 4 , ( 2 8)

w h er e μ n = h̄ γ n μ N / 2 a n d γ n ≈ 0 .5 8 f or 2 0 7 P b.  T h e s pi n d e nsit y n ≈ 1 0 2 2 c m − 3

a n d  w e ass u m e S ≈ 1 0 − 2 i s t h e S c hiff s u p pr essi o n f a ct or f or 2 0 7 P b i n P M N- P T,
si mil ar t o P b Ti O 3 [4 1 ].

A  m aj or li miti n g f a ct or i n t h e  m e as ur e m e nt s e nsiti vit y is t h e  m a g n et o m et er
d et e cti n g M (t ) as s h o w n i n Fi g. 2 . F or fr e q u e n ci es 1 0  H z ω a /( 2 π ) 1 0 6 H z,
S Q UI D  m a g n et o m et ers off er t h e b est s e nsiti vit y ( ≈ 1 0 − 1 5 T /

√
H z),  w hil e f or

fr e q u e n ci es 1 0 6 H z a n i n d u cti v e pi c k- u p c oil c o n n e ct e d t o a n  R F a m pli fi er
off ers s u p eri or s e nsiti vit y, alt h o u g h p ot e nti all y a d v a nt a g e o us alt er n ati v e at o mi c
m a g n et o m etr y s c h e m es  w er e c o nsi d er e d i n  R ef. [ 5 2 ].  T o r e d u c e n ois e a n d s yst e m-
ati c err ors,  m ulti pl e s a m pl es  wit h diff er e nt ori e nt ati o ns of t h eir i nt er n al el e ctri c
fi el ds E ∗ will b e us e d.  T his all o ws r ej e cti o n of  m a n y t y p es of c o m m o n- m o d e
n ois e t h at all s a m pl es  w o ul d s h ar e, s u c h as vi br ati o ns or u nif or m  m a g n eti c fi el d
n ois e. S a m pl es  wit h o p p osit e ori e nt ati o ns s h o ul d e x hi bit os cill ati n g a xi o n-i n d u c e d
tr a ns v ers e  m a g n eti z ati o ns 1 8 0◦ o ut- of- p h as e.

A n i m p ort a nt eff e ct t o c o nsi d er i n  C A S P Er  El e ctri c is c h e mi c al s hift a nis otr o p y
( C S A).  C h e mi c al s hift r ef ers t o t h e s hift of t h e  N M R fr e q u e n c y of a n u cl e us
fr o m a r ef er e n c e  N M R fr e q u e n c y f or t h at p arti c ul ar n u cl e us ( m e as ur e d u n d er
st a n d ar d c o n diti o ns).  T his s hift is pri m aril y pr o d u c e d b y t h e l o c al distri b uti o n of
el e ctr o n c urr e nts n e ar t h e n u cl e us i n q u esti o n a n d t h er ef or e v ari es as t h e c h e mi c al
str u ct ur e/ e n vir o n m e nt v ari es.  T h er e is b ot h is otr o pi c c h e mi c al s hift, a n o v er all
offs et of t h e  N M R fr e q u e n c y i n d e p e n d e nt of t h e ori e nt ati o n of B 0 , a n d a nis otr o pi c
c h e mi c al s hift t h at d e p e n ds o n t h e r el ati v e ori e nt ati o n of B 0 wit h r es p e ct t o t h e
l o c al e n vir o n m e nt ( cr yst al a x es). F or a si n gl e- cr yst al s a m pl e, t h e  C S A c a n b e
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Fig. 3 Experimental reach of CASPEr Electric. The green band is excluded by astrophysical
observations [22, 23]. The blue region shows the axion mass range covered by ADMX and
HAYSTAC. Orange, red, and maroon regions show sensitivity projections explained in text. Phases
II and III reach the QCD axion coupling strength. The fundamental quantum sensitivity limit is
given by magnetization noise, shown by the dashed red line. The vertical dashed gray line indicates
the mass ma and frequency ωa corresponding to axions generated by symmetry breaking at the
Planck scale. See Ref. [28] for details of these estimates

fully characterized and, in principle, relatively narrow NMR lines (widths ∼1/T2,
where T2 is the transverse spin relaxation time) can be obtained by various NMR
techniques.

The orange-shaded region in Fig. 3 shows the parameter space to which CASPEr
Electric Phase I will be sensitive based on the above estimates and an overall
integration time of 106 s. Phases II and III of CASPEr Electric rely on improving
several important experimental parameters:

1. increasing the degree of nuclear polarization P by using optical pumping and
other hyperpolarization techniques;

2. increasing the nuclear spin relaxation time T2 by using decoupling protocols;
3. implementing resonant circuit detection schemes;
4. increasing the sample size;
5. longer integration time.

The risk factors for CASPEr Electric Phases II and III are mainly technical
in nature, representing uncertainties on how well the sample material can be
fabricated free of paramagnetic impurities and how effectively vibrations can be
controlled. The main scientific uncertainty is the achievable degree of nuclear spin
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h y p er p ol ari z ati o n.  T h e ulti m at e s e nsiti vit y li mit is gi v e n b y t h e n u cl e ar s pi n n ois e
of t h e s a m pl e ( Fi g. 3 ),  w hi c h h as b e e n e x p eri m e nt all y o bs er v e d i n t h e p ast usi n g
si mil ar t o ols [ 5 3 ] a n d a p p e ars t o b e a f e asi bl e l o n g-t er m s e nsiti vit y g o al.

5  C A S P E r  Wi n d

I n  C A S P Er  Wi n d, n o el e ctri c fi el d is r e q uir e d a n d s o diff er e nt p ossi biliti es f or t h e
c h oi c e of t h e s a m pl e ar e o p e n e d.  Ot h er wis e, t h e pr o c e d ur e is si mil ar t o t h at f or
C A S P Er  El e ctri c: t h e s a m pl e is pl a c e d  wit hi n a  m a g n eti c fi el d B 0 ; as B 0 i s s c a n n e d,
t h e c orr es p o n di n g  L ar m or fr e q u e n c y c h a n g es; a n d if Ω L i s t u n e d t o r es o n a n c e  wit h
t h e a xi o n os cill ati o n fr e q u e n c y, a n os cill ati n g  m a g n eti z ati o n M (t ) will b uil d u p i n
t h e s a m pl e.  T h e os cill ati n g  m a g n eti z ati o n is d et e ct e d  wit h a pi c k- u p l o o p c o n n e ct e d
t o a S Q UI D or  R F a m pli fi er.

T h e s a m pl e of c h oi c e f or  C A S P Er  Wi n d is li q ui d 1 2 9 X e, a hi g h- d e nsit y s a m pl e
t h at c a n b e h y p er p ol ari z e d t hr o u g h s pi n- e x c h a n g e  wit h o pti c all y p u m p e d  R b [3 1 ].
B e c a us e 1 2 9 X e is i n t h e li q ui d p h as e, t h e e n vir o n m e nt is is otr o pi c o n a v er a g e  w hi c h
r e m o v es  C S A.  T h e tr a ns v ers e s pi n r el a x ati o n ti m es T 2 f or li q ui d 1 2 9 X e c a n b e o n
t h e or d er of 1 0 0 0 s a n d o v er ess e nti all y t h e e ntir e r a n g e of a xi o n  m ass es t o b e
i n v esti g at e d b y  C A S P Er, t h e f a ct or li miti n g t h e i nt e gr ati o n ti m e  will b e τ a .

As dis c uss e d i n S e ct. 4 , diff er e nt d et e ct ors ar e o pti m al f or diff er e nt fr e q u e n c y
( a n d t h er ef or e,  m a g n eti c fi el d) r a n g es.  A b o v e ≈ 1 M H z ( B 0 ≈ 0 .1 T f or 1 2 9 X e),
st a n d ar d i n d u cti v e d et e cti o n usi n g a n  L C cir c uit gi v es o pti m al si g n al-t o- n ois e.
H o w e v er, b el o w ≈ 1  M H z, S Q UI D  m a g n et o m et ers p erf or m b ett er.  At n e ar- z er o
fi el ds c orr es p o n di n g t o ω a /( 2 π ) 1 0  H z, ot h er e x p eri m e nt al str at e gi es b e c o m e
vi a bl e.  T h us t h e  C A S P Er  Wi n d e x p eri m e nt is b ei n g r e ali z e d  wit h t hr e e disti n ct
s et u ps:  C A S P Er  Wi n d  Hi g h Fi el d ( m a g n eti c fi el ds 0 .1 T B 0 1 4  T),  C A S P Er
Wi n d  L o w Fi el d ( 1 0 − 4 T B 0 1 0 − 1 T), a n d  C A S P Er  Wi n d  Z U L F ( z er o-t o-
ultr al o w fi el d) t h at pr o b es B 0 1 0 − 4 T.

5. 1  C A S P Er  Wi n d:  Hi g h a n d  L o w  Fi el d

F or t h e  C A S P Er  Wi n d  Hi g h a n d  L o w Fi el d e x p eri m e nts t h e pr e p ar ati o n of t h e
h y p er p ol ari z e d li q ui d  X e s a m pl e is i d e nti c al ( a n d i n f a ct b ot h e x p eri m e nts us e
t h e s a m e  X e p ol ari z er).  T o pr e p ar e t h e s pi n- p ol ari z e d li q ui d  X e s a m pl e, first  X e
g as is  mi x e d  wit h ot h er g as es ( N 2 ,  H e, a n d  R b) a n d t h e n h y p er p ol ari z e d vi a s pi n-
e x c h a n g e o pti c al p u m pi n g ( S E O P, s e e  R efs. [ 5 4 , 5 5 ]).  T h e h y p er p ol ari z e d  X e is
c o n d e ns e d i nt o s oli d f or m i nsi d e a r e gi o n c o ol e d b y a li q ui d- nitr o g e n b at h i n t h e
pr es e n c e of a l e a di n g  m a g n eti c fi el d.  H e a n d  N 2 u s e d i n S E O P ar e t h e n v e nt e d
o ut. S u bs e q u e ntl y t h e fr o z e n  X e is s u bli m at e d t o b e c o m e a g as a n d t h e v al v e t o
t h e e x p eri m e nt al c ell is o p e n e d a n d a pist o n c o m pr ess es t h e  X e i nt o li q ui d f or m.
T h e li q ui d  X e is t h e n fl o w e d i nt o t h e e x p eri m e nt al c ell.  Aft er t h e  X e p ol ari z ati o n
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decays, the Xe is pumped out and recycled. This procedure has been demonstrated
to achieve near unity polarization and spin densities on the order of 1022 per cm3

[31, 56]. The design of the experiment should allow nearly continuous cycling
between the Xe polarizer and the experimental cell, enabling a high duty cycle for
the measurements.

For CASPEr Wind High Field, a tunable magnetic field of up to ≈14T will
be applied to the liquid Xe with a cryogen-free superconducting magnet, thus
enabling access to axion frequencies of up to ≈60MHz. One of the technical
challenges to be addressed is maintaining the required magnetic-field homogeneity
over the course of a scan. This challenge can be addressed by dynamic shimming
techniques aided by in-situ-magnetic-field gradient measurements with additional
magnetometers. Another possible approach is to take advantage of magnetic field
gradients to multiplex the measurement and operate the experiment in analogy with
a magnetic resonance imaging (MRI) measurement where different regions of the
sample access different ωa .

For CASPEr Wind Low Field, the magnet requirements are less challenging,
thus allowing for more rapid development of the experiment. CASPEr Wind
Low Field will employ a sweepable superconducting magnet assembly inside a
superconducting magnetic shield.

The projected sensitivities of Phase I CASPEr Wind High Field and Low Field
experiments are shown in Fig. 4. The sensitivity of CASPEr Wind Phase II is
improved by significantly increasing the sample size: for Phase I the sample volume
is ≈1 cm3.
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5. 2  C A S P Er  Wi n d:  Z er o-t o- Ultr al o w  Fi el d ( Z U L F)

A n i ntri g ui n g n e w p ossi bilit y f or a  C A S P Er  Wi n d e x p eri m e nt at ultr al o w  m a g n eti c
fi el ds h as r e c e ntl y e m er g e d b as e d o n  Z U L F- N M R (s e e  R efs. [ 5 7 , 5 8 ] f or r e vi e ws).
T h e b asi c i d e a of  Z U L F- N M R is t h at t h e us u al r e q uir e m e nt of l ar g e  m a g n eti c fi el ds
f or n u cl e ar p ol ari z ati o n, i nf or m ati o n e n c o di n g, a n d r e a d- o ut is all e vi at e d b y t h e us e
of h y p er p ol ari z ati o n t e c h ni q u es, e n c o di n g b as e d o n i ntri nsi c s pi n –s pi n i nt er a cti o ns,
a n d d et e cti o n  m et h o ds n ot b as e d o n F ar a d a y i n d u cti o n ( e. g., S Q UI Ds a n d at o mi c
m a g n et o m et ers). 1 5 N ,1 3 C 2 - a c et o nitril e (1 3 C H 1 3

3 C 1 5 N) a p p e ars t o b e a s uit a bl e
c a n di d at e f or a  C A S P Er  Wi n d s a m pl e, si n c e n o n- h y dr o g e n ati v e p ar a h y dr o g e n-
i n d u c e d p ol ari z ati o n ( N H- P HI P) h as b e e n s h o w n [5 9 ] t o pr o d u c e n u cl e ar s pi n
p ol ari z ati o ns o n t h e or d er of 1 0 %.  A d diti o n al b e n e fits of t his e x p eri m e nt al a p pr o a c h
ar e t h at it is r el ati v el y l o w- c ost a n d n o n- d estr u cti v e (t h e is ot o pi c all y e nri c h e d
a c et o nitril e c a n b e r e us e d i n d e fi nit el y), a n d it e n a bl es p ar all el o bs er v ati o n of
t hr e e diff er e nt fr e q u e n ci es si m ult a n e o usl y [t h e g yr o m a g n eti c r ati os f or t h e pr o b e d
n u cl ei ar e γ n

1 H = 4 2 .5 7  M H z / T, γ n
1 3 C = 1 0 .7 1  M H z / T, a n d γ n

1 5 N =
− 4 .3 2  M H z / T],  w hi c h r e d u c es t h e s c a n ni n g ti m e a n d  m a y b e a d v a nt a g e o us f or
u n d erst a n di n g a n d  miti g ati n g s yst e m ati c eff e cts.

L o w- fi el d  N H- P HI P e x p eri m e nts t a k e a d v a nt a g e of  m at c hi n g c o n diti o ns t h at
o c c ur i n μ T  m a g n eti c fi el ds b et w e e n h y dri d e 1 H s pi ns a n d ot h er n u cl e ar s pi ns
i n tr a nsi e nt iri di u m “ p ol ari z ati o n-tr a nsf er ” c at al ysts.  Ess e nti all y, p ar a h y dr o g e n is
b u b bl e d i nt o a s ol uti o n c o nt ai ni n g a n iri di u m c at al yst a n d t h e a n al yt e  m ol e c ul e.  T h e
Ir f or ms a c o m pl e x  w h er ei n t h e p ar a h y dr o g e n,  w hi c h is i n a si n gl et st at e, tr a nsf ers
its s pi n or d er t o ot h er n u cl e ar s pi ns vi a el e ctr o n- m e di at e d i n dir e ct di p ol e – di p ol e
c o u pli n g (J- c o u pli n g).  B e c a us e t h e bi n di n g of p ar a h y dr o g e n a n d t h e a n al yt e li g a n ds
is r e v ersi bl e (r esi d e n c e ti m es o n t h e or d er of a  ms),  m a n y p ar a h y dr o g e n  m ol e c ul es
ar e br o u g ht i nt o c o nt a ct  wit h  m a n y a n al yt e  m ol e c ul es o v er t h e b u b bli n g ti m es c al e,
all o wi n g f or a b uil d u p of s u bst a nti al n o n-t h er m al s pi n p o p ul ati o ns o v er s e v er al
s e c o n ds.  W hi c h s pi n st at es ar e p o p ul at e d is d e p e n d e nt o n t h e s p e ci fi c s pi n-t o p ol o g y
of t h e p ar a h y dr o g e n-iri di u m- a n al yt e c o m pl e x, b ut it h as b e e n c o nsist e ntl y s h o w n
t h at p ol ari z ati o n e n h a n c e m e nts of 4 – 5 or d ers of  m a g nit u d e c a n b e a c hi e v e d [5 9 ].

If a v ersi o n of t his e x p eri m e nt is p erf or m e d at z er o or ultr al o w fi el d (t h e  Z U L F
r e gi m e, B 1 µ T), t w o-s pi n or d er h a vi n g n o n et  m a g n eti z ati o n  will b e pr o d u c e d.
T his s pi n or d er  m a y b e c o n v ert e d t o  m a g n eti z ati o n vi a s e q u e n c es of  m a g n eti c fi el d
p uls es.  Alt er n ati v el y, it  m a y b e p ossi bl e t o s e ar c h f or os cill ati n g  m a g n eti z ati o n
pr o d u c e d b y s el e cti v e p o p ul ati o n of n u cl e ar s pi n st at es b y t h e os cill ati n g a xi o n fi el d.
B e c a us e t h e si n gl et s pi n or d er h as n o n et  m a g n eti z ati o n, it is i m m u n e t o d e c o h er e n c e
d u e t o di p ol e – di p ol e i nt er a cti o ns. S u c h l o n g-li v e d n u cl e ar s pi n st at es ( d e m o nstr at e d
i n ot h er s yst e ms, s u c h as 1 3 C-f or mi c a ci d at z er o fi el d [ 6 0 ])  m a y all o w f or l o n g er
i nt e gr ati o n ti m es a n d l o n g er e x p eri m e nt al r u ns b et w e e n r e p ol ari z ati o n.

A n ot h er i ntri g ui n g as p e ct of t h e  C A S P Er  Z U L F e x p eri m e nt is t h at o n e c a n
us e a n o nr es o n a nt  m e as ur e m e nt c o nsisti n g of s e ar c hi n g f or si d e b a n ds i n d u c e d b y
m o d ul ati o n of Ω L b y t h e a xi o n  wi n d i nt er a cti o n, r e m o vi n g t h e n e e d t o s c a n f or
t h e r es o n a n c e.  T his is dis c uss e d i n d et ail i n  R ef. [3 2 ] a n d h as b e e n e x p eri m e nt all y
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realized as described in Ref. [34]. The potential sensitivity of the CASPEr ZULF
experiments using NH-PHIP is shown in Fig. 4. Results of ZULF-NMR CASPEr
searches for axion dark matter using thermally polarized samples have been recently
reported in Refs. [33, 34].

6 Conclusion

The CASPEr program involves a multi-pronged experimental strategy employing
NMR techniques to search for the coupling of axion dark matter to nuclear spins.
First-generation experiments have the potential to probe a vast range of unexplored
ALP parameter space. Future generations of CASPEr experiments should achieve
sufficient sensitivity to search for the QCD axion.
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