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AXION COUPLING

AXION-FERMION interaction

detection of atomic transitions
|0y — i) in which axions are absorbed El—_
> AXIOMA = detection of VIS-NIR photons in — £ m,
rare-earth doped materials B=0 I N
» QUAX = axions are converted to magnons in a B
ferri-/para-magnet
QUAX and AXIOMA
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AXIOMA - AN UPCONVERSION SCHEME

AXION-FERMION interaction

detection of atomic transitions

E
|0) — |i) in which axions are absorbed _ —
» QUAX — axions are converted to magnons ~_E, m,
. B=0 -
» AXIOMA = axions are converted to VIS-NIR photons S
Bs —F T — pump laser resonant with transition 2 — 3
OPTICAL PUMP E — material transparent to the pump until an IR photon is
ho ! __,[l >> absorbed (1 — 2)
32 h . . .
— i s — level 3 is fluorescent = detection can be accomplished
— i FILTER ;’l?}?;um via conventional detectors (PMT or PD)
A — such energy level scheme can be realized in wide
4 bandgap materials doped with trivalent rare-earth ions
IR quantum EZ TH by kT N. Bloembergen, Phys. Rev. Lett. 2, 84 (1959)
I

] = =




INTRODUCTION AXIOMA BkUP
0®000000000000

AXIOMA - AN UPCONVERSION SCHEME - material transparent to the pump until an AXION is
absorbed (1 — 2)

— transition 1 — 2 takes place between

Es —F T GS ZEEMAN-SPLIT LEVELS to allow for tunability
OPTICAL PUMP ! (By field) in the interesting axion mass range
|
| - level 3 is fluorescent = detection can be accomplished via
hvse D o IR single photon detectors
—_— |
—_— ! furer | PHOTO- — dopant (rare-earth ion) concentration compatible with
—_— | MULTIPLIER transition rate by axion absorption R; for a MOLE of target
R atoms:
4
-2
axion field NuR; = 2N, 0° % min(z, 1, 1,)
—IR guantum- —’hv > kT a
S C213x10° [ p, 10" GeV2
BO © sec GeV/cm?® fa

- ]
@ vi min(z, 1, t,)
10-¢ sec
P. Sikivie, PRL 113, 201301 (2014)

1% +— ~ 10% target atoms/cm® «— > 1 liter ACTIVE VOLUME -
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ENERGY LEVEL DIAGRAM OF RE3t IN LaCl;
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— further splitting by spin-orbit interaction 103 cm™

~ 4f electrons — crystal field (Stark splitting)

— electrostatic interaction 104 cm ™!
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RE IN INORGANIC MATRICES
POSSIBLE UPCONVERSION SCHEMES IN Er3+ AND DETECTOR INTRINSIC THRESHOLD

20 [E x 103(em 200 . .
4 4
—— S» — S (A) pump at 113/2 - 53/2
" " (A ~ 840 nm)
—T7 ‘o 3 '» — fluorescence at 540 nm
4 4
D E— 19/2 D E— 19/2
[ T [ S —1
10 ° 1in 10 S Lin
$ 5 4 4
:
i Sy, (B) pump at *15/, =" Fg 5
o transition (A ~ 1120 nm)
° 2 — fluorescence at ~ 650 nm
% ¢
or 4115/2 0 4115/7
N — intrinsic threshold ~ 0.7 eV
TUNABLE PUMP LASERS
Loss Output
Pump Lenses o Tiscrystal M2 0 (50%)
) | — (10%) | Beam Mo es
spll/“er ) Gain-chip
optal e tingent e s oo | () RE982
— d N Feedback || U
, TN o RONNG0% | Go%) w2 R<O001%
. "’ Loss plate
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RE IN INORGANIC MATRICES

IMPROVING THE DETECTOR INTRINSIC THRESHOLD
pump laser tuned to 4115/275/2’_'_ —* Io/2,9/2,+

transition (A ~ 809 nm)

— IR fluorescence
20" 200" B
Ex 10_3(cm'1) Ol Ex 10 3(cm'l)
05T < By <25T
Fop — Ry, 20GHz < vz < 110GHz
71 Iy, I, 83 eV < my; < 0.45meV (“dressed” e~ )
o gg | 411”2 or 4111/2
zl ; 4 4 44
——t71 lin 1i3n £
g 1 <
% >
k o >
g 3| 5
s Vi hv
J_L 47 152,52, +
o — 15/2 0F B
115/2,5/2._
B=0 B=0 ‘ 4

0.0 015 110 1?5 20 25
Magnetic Field (T)
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A DRESSED ELECTRON

The Er3*, 4f shell electrons are dressed of their

"g N interaction with the matrix.
i 41 T Calculated Zeeman level energies as a function of By
2 . . . : magnetic field parallel to c (solid lines) or to a (dashed
8 4] b L lines) in Er:YLE.
o () *113/2(0) and *I335(1)
(b) *I15/2(0)
-4
0.0 05 10 15 20 25

Magnetic Field (T)
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LASER-INDUCED IR FLUORESCENCE AND AXION TRANSITION
Er:YLF (0.01%, 1% doping), oriented

Ex 103(em™)

immersed in liquid He (4.2 K)/superfluid He (1.51K)

— axion transition saturated

tunable laser (Ti:Sa)

infrared (1.5 um) fluorescence scheme

By = 370mT (permanent magnet)

— Ry

B#0

Vi

Vi

4
4

4,

912

12

1312

15/2,5/2,+

15/2,5/2, -

>

>

identify Zeeman
splitting

investigate
laser-induced noise
(in a LIF scheme that
involves phonon
generation)

LASER

DA
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Elc [ 808.931 nm B=370 mT
4808.964 nm 809.019 nmpgq9 951
il
i
E|le ! ! B=370 mT
oo.=>1 B=0 T = l T
15/2,5/2 9/2,9/2 15/2,5/2 - 9/2,9/2 g
T=4K T=4K
808,95 809,00 809,05 808,95 809,00 809,05

A3 — A1 = 88pm — 166.7 peV — 40.3GHz

A3 — A = 41.3pm — 78.2 peV — 189GHz

Ay — A3 = 32pm — 60.5 ueV — 14.7GHz

Ay — A3 = 32.99pm — 62.5 peV —152GHz
By comparison with data in the literature we are able to identify the splitting of the ground state in the (A)

upconversion scheme with B || c.
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X3 — M\ = 41.3pm — 78.2 eV — 18.9GHz

Ay — A3 =32.99pm — 62.5 ueV —15.2 GHz

NO ATOMS IN THE EXCITED STATE REQUEST

Nye=(m/T) < 0.1 < T = 12mK [

g (eV)
0.6-10—%

Blc
A3 — A\ = 88pm — 166.7 peV — 40.3GHz

As — A3 = 32pm — 60.5 eV — 14.7 GHz

] = 15.6 mK = 1} By field (thus m;) to operate at T ~ 200 mK
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LASER-INDUCED BACKGROUNDS

Is the laser heating the crystal? / At which level is the transparency condition not satisfied?
Measure the temperature of the active volume of the detector via LIF from the Stark levels.

20[ 3
Ex 10~ (cm™)

4
Fypy
4
ﬁTﬁ 19/2
2, | . Stark splitting of the free ion terms
2 | V . P level M| E,, em™")
———+—"ls, Ly 52 0
3 || 15/2 17
[ee]
; w O 3/2 28
o
E I 172 57
Ly o 9/2 255
| i ; L 712 290
0 I {}?@-" 11/2 320
"""""" 13/2 355
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LASER-INDUCED BACKGROUNDS

Measure the temperature of the active volume of the detector via LIF from the Stark levels:
LIF from (15/2,15/2) at two different temperatures scales as the ratio of the Boltzmann factors P(E)

Tl RS« cm-1] P(E) GS PE) 1S

1.67 0.144 1.162; 1.0000 4.40e-07
2.00 0.172 1.391 1.0000 4.93e-06
4.20 0.362 2.921 0.9970 0.00296
10.0 0.862 6.955 0.9053! 0.0786
67.0 5.78 46.60 0.4459 0.310
15/2,5/2 --->9/2,9/2 15/2,15/2 --> 9/2,9/2
1400 v L b e e
2,000 I S S S S S S N S M R R 1400 T
1 e 4.2k 106 mw,Ellc r ] [
]| xc=808.992 nm+\-0.06 pm [ 1,200 L
4| w=1.8 pm +\- 0.2 N L ] r
1,500 - A=2.5 \ = 9 E
1 m 219K, 242mW,E_|_c F 1,000j r
7| xc=808.992 nm+\-0.02 r s 4 L
< ] stl.%\—o.z [ £ s00] E
% 1,000 r z ] r
> 4 t 3 600 L
] r > ] [
500 r 400 F
] [ 200 =
0 L ] [
- . ot+r—r—r+r T 1T T T

T
808.985

— T T T T T
808.99 808.995 809
wavelength (nm)

810.1 810.105 810.11 810.115 810.12 810.125 810.13
wavelength (nm)

] = =




INTRODUCTION AXIOMA BkUP
00000000000e00

LASER-INDUCED BACKGROUNDS

Measure the temperature of the active volume of the detector via LIF from the Stark levels:
LIF from (15/2,15/2) is linear with laser power

Ex 107 (™)
20 F
5000 2000
45
N :
o/ 31500
o, 4000 | [ O rescuas]
- 1000
4
N ol I
S g
10 %'E 111/2 ;E’ D_DD - 0 1’ ?
B 2000 R s
% | : 4 -500
v 4
74|_'7 1372 ‘S 4 -1000
§ | | 1000 -
I I 4 -1500
HE] /
0 i ‘ s 22000
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The linewidth Af = 1/77y (74 lifetime of the upper Zeeman level) of the transition between the GS
Zeeman-split levels should be matched to Q, ~ 2 - 10° (axion linewidth)

108 —
107 t—
R 4
f e F 912
Y
= 4
§ 1y T4 ~ 300 s at lT .
S 5| . (20 GHz/1kHz) is compatible
E L 12 with an efficient upconversion
&
= rocess
2 10— 4 p
H 1312
o .
105 —
4
Lisp s+
1078 — 4r
‘. ) 152,512, _
1074 1072 10° 10? 0% 08 108
n‘r? 1078 1073 u‘)“ \E‘)‘ 12;3 \(‘)5 B # 0

PUMP FLUX (Pp), W/em? o & =
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CONCLUSIONS

AXIOMA » results for a gas system New J. Phys. 17 (2015) 113025

» upconversion in RE-doped crystals Appl. Phys. Lett. 107 (2015) 93501
» solid crystals of inert gasses: demonstrated apparatus that allows high purity crystals

growth and verified electrons emission through the solid-vacuum interface in s-Ne and
s-CH4

Currently investigating:
- laser-induced noise
— matching Q, with the Zeeman transition ()
— upconversion efficiency and lifetime of the excited state
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BACKUP SLIDES
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AXION DETECTION IN A GAS SYSTEM
> BGC (buffer gas cooling). 1°0, cooled by collisions with a helium-3 thermal o DREME e
bath at temperature Tp, ~ 280 mK = Wy, (Bmin) = 11 cm~1 (1.4eV) +1P ph to fonize o
> magnetic field region: Continuum
Wy, saturates for B > Bmax = 18T £
l4eV< m,; <19eV g
» detection: REMPI (resonance-enhanced multi-photon ionization spectroscopy) Q
» N = 13500 to maximize the fraction of molecules that interacts with the ¢
laser beam F = (Npep m w?)/(hd + h?* tan 0) cen,v=2) i
£
c
(=
Q
2
£
c
o
Y
14
X35, (v=0),N=1;=1;M,=-1

New J. Phys. 17 (2015) 113025 o = - -
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In 15, the number of oxygen molecules that have been exposed to the axion field is

n
Nmolec = %W(d/z)zvﬂh
where vy, = \/(8kp T)/mm

and #max =~ (1/30) nge = 10'° cm—3 max molecular density that can be cooled to T,
= the axion-induced absorption event number

N= NmoleCTRnbf(ndays 24 3600)
m
In the worst case R, = 1Hz/Ny — N ~ 1 for an acquisition time of 10 days

is it possible to increase the density?
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