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High-field magnets for next generation axion haloscopes
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Abstract:

This LOI describes our vision of a path forward for the next generation of axion haloscopes: the use
of a strong magnet to extend the sensitivity to QCD axions up to axion masses of 50 ueV. The QCD axion
affects two important issues in particle physics and astrophysics: the origin of CP symmetry in the strong
interactions and the composition of the dark matter of the universe. Current laboratory, astrophysical, and
cosmological observations place the mass m,, of the axion in the 1 ;,eV-10 meV range. Axions are especially
significant as dark matter if their mass is of order 1-50 peV. They would then make up the dark-matter halos
of galaxies. These halo axions may be detected using the Sikivie process, by which they decay to photons
through the E - By interaction in a tunable high-Q microwave cavity whose resonant frequency f satisfies
hf = mqc?, permeated by a strong external magnetic field By. (Here, E is the photon field of the cavity’s
resonant mode.) The Axion Dark Matter eXperiment (ADMX) conducts the preeminent microwave-cavity
based axion search, using a cavity with ~200 ¢ volume and a 7.6 T magnet in conjunction with a near
quantum-limited SQUID-based receiver. Both cavity and amplifier are operated at ultralow temperatures
(below 0.2 K) to reduce background and technical noise. Generation-2 ADMX has demonstrated the sen-
sitivity to detect even the most weakly-coupled QCD axions, the so-called DFSZ limit. Over the next 2—-3
years, ADMX will search the 2-8 peV range at the DFSZ limit. A stronger magnet is required to enable
searches up to 50 peV. Here we describe a process to build and deploy an axion haloscope employing a 32
T high-temperature superconducting magnet that will increase the power emitted from the cavity by more
than an order of magnitude.



Axion haloscopes® search for axions®® in the
halo of our galaxy* by stimulating their decay to
photons through an E - B, interaction in a tun-
able high-@Q microwave cavity immersed in a strong
static magnetic field. This method has been used by
the Axion Dark Matter eXperiment (ADMX)>~ to
search for axions with masses between 2.7 and 3.3
ueV; over the next two years the experiment will
continue to 8 eV with sensitivity to even the most
weakly-coupled QCD axions, the DFSZ limit.

The power emitted by the detector is propor-
tional to the stored energy of the magnet: B3V.
As the search moves to higher axion masses, and
therefore also to higher photon frequencies, the size
of the cavities, typically half of the wavelength in
two dimensions and 4-8 times the wavelength in the
third, becomes smaller. To maintain adequate con-
verted power, one may employ multiple cavities'®
or very elaborate resonant structures.'* (The number
of cavities increases more or less as the cube of the
mass.) Clever microwave engineering can support
the growth in cavity complexity to some extent, but
there is a substantial cost of such intricate resonant
structures and the supporting bits and pieces.

We believe that a superior approach is to in-
crease the magnetic field substantially and decrease
the volume. This large-volume, high-field magnet
is a necessary although not sufficient condition for
axion detection at higher frequencies. Exceptional
microwave resonator engineering and ultra-sensitive
quantum-limited detectors are also needed. But un-
less the product B2V is large enough, the signal gen-
erated in the cavity will not be large enough to be
pulled out of the noise.

A conservative, two phase process is proposed.
For the Phase-1 detector, searching in the 8-16 peV
range, we will use a conventional if large magnet
based on NbsSn or NbTi technology. In Phase 2,
searching in the 16-50 peV range, we add a high-
temperature superconducting (HTSC) insert.

There is a reason that we seek to search for ax-
ions with masses up to about 50 ueV. In the last few
years there have been a very large number of es-
timates of the axion mass that included the timing
of inflation and the PQ transition, string decay, do-
mains with various PQ realignment angles, and re-
lated considerations.'>?! The results are scattered

over a range of 5-50 ueV.

If axions are the dominant constituent of our
galactic halo,?? their local mass density is of order
0.8x 10724 g/cm?. Galactic halo axions have speeds
v of order 103¢ and hence their energies, e, =
mac? + mqv? /2, have a spread of order 10~% above
the axion mass.?® Consider a cylindrical electromag-
netic cavity of arbitrary cross-sectional shape, per-
meated by a large static longitudinal magnetic field
of magnitude By. When the frequency w = 27 f of
an appropriate cavity mode equals m,[1+O(107°)],
galactic halo axions can convert to quanta of ex-
citations (photons) of that cavity mode. Only the
TM,,»o0 modes couple in the limit where the cav-
ity is much smaller than the de Broglie wavelength
Ao = 27(Bmg) "t ~ 27103m ! of the galactic halo
axions (10 meters for m, = 12 peV).

The power on resonance from axion — photon
conversion into the TM,,s0 mode is?
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where g4+~ is the coupling of the axion to two pho-
tons, V' is the the cavity volume, By is the magnetic
field strength, p, is the local dark-matter density,
Chreo 1s @ mode-dependent form factor, proportional
to the integral of E,,; - By over the cavity volume,
and @, is the loaded quality factor of the cavity. The
output of the detector is spectrum-analyzed to search
for an axion peak within the cavity bandwidth. Be-
cause the axion mass is only known within a factor of
10-20 at best, the cavity must be tunable and allow
the exploration of a large a range of frequencies.

The magnet requirements are chosen to enable
a cavity search covering an octave in two to three
years, allowing for several changes of cavity and am-
plifiers during this time as well as for rescans of po-
tential candidate signals. This LOI gives details of a
system that will do the job; our last paragraph sum-
marizes more ambitious possibilities. The Phase-1
magnet will produce a 15 T field in a 25 cm clear
bore and with an overall length of 60 cm. This mag-
net uses both Nb3Sn and NbTi coils. Some distance
above the main magnet, there is another coil to pro-
vide a zero-field region. The superconducting elec-
tronics are located in this zero-field region. In Phase
2, an inner coil is added to the main magnet to raise
the central field to 32 T over a 15 cm diameter.



The magnet, current leads, the cryostat contain-
ing the magnet, liquid helium reservoirs, sensors,
and the dilution refrigerator would be built as a sin-
gle unit. A diagram of the magnet, with the high-
T, insert in place, is shown in Fig. 1. The Phase-1
magnet, composed of NbTi (blue) and Nb3Sn (red)
coils and the Phase-2 high-temperature superconduc-
tor (yellow) are shown. The zero-field coil is shown
in yellow also, although it almost certainly will use
NbTi. The inside diameter of this “bucking coil”
will be as big as the main magnet to allow the cav-
ity/superconducting amplifier package to be installed
from above.

The dilution refrigerator maintains the cavity and
superconducting electronics at milliKelvin tempera-
tures. A very high cooling capacity is required: at
least 1000 pW at 100 mK, 200 W at 50 mK, and 15
uW at 20 mK.

The Phase 2 insert adds 17 T within a 15-cm-
diameter bore to the 15 T Phase 1 magnet. It
must be made from high temperature superconduct-
ing (HTSC) tape, probably YBayCu3O7_s, REBCO
for short. Unlike the Phase-1 magnet, there is a sub-
stantial engineering and R&D investment required
before the 32 T field can be completed.

While the proposed HTSC magnet is beyond to-
day’s state-of-the-art, HTSC magnet technology is
advancing rapidly. In 2017 the National High Mag-
netic Field Laboratory (MagLab) operated a 32 T, 34
mm bore user magnet, with a REBCO coil inside a
Nb3Sn/NbTi outer magnet.?* The same year a small
MagLab REBCO test coil made 14 T inside a 31 T
resistive magnet for a total field of 45 T. Bruker is
now delivering 28.2 T NMR magnets based on RE-
BCO. The MagLab is now developing a 40 T super-
conducting magnet also using REBCO.

The REBCO conductor (a multi-layer tape) is
now a commercial product with nine suppliers
worldwide. Production has risen steadily in recent
years as engineers develop applications from high
field magnets to power transmission cables to gener-
ators, etc. Quality of the tape continues to improve.
However, the magnets proposed here store several
MJ of energy which can damage the magnet if not
properly managed if a section of conductor were to
go normal (quench). Quench management involves
sensors to detect the onset of a quench and heaters
to drive the rest of the coil normal, spreading out

the energy dissipation from a small hot spot to (in
principal) the entire magnet. The engineering study
will insure that local hotspots as well as large internal
stresses will be avoided during quench.

The location of the dilution refrigerator is be-
tween the the main magnet and the bucking coil. It
is built to mate with the cavity/SQUID package as a
“top loader,” allowing the cavities and superconduct-
ing electronics to be removed and installed without
removing the dilution refrigerator.
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Fig. 1. Magnet and magnet cryostat.

The magnet specifications above give us an ade-
quate magnetic volume, but many years are required
to cover the 8-50 peV range. We also therefore will
consider a magnetic volume that is bigger in every
phase. On the one hand, we will investigate the pos-
sibility of utilizing existing magnets, in both US and
Europe, as the outsert. On the other, we could start
with a new-build MRI-size NbTi outsert magnet of
90 cm diameter and 9.4 T field, with B2V about 5x
that of the ADMX magnet. To establish capability,
we would build HTSC coils of 25 T/16 cm, 32 T/16
cm, 32 T/28 cm, and finally 32 T/40 cm. Inserts 1
and 3 might be used briefly; inserts 2 and 4 could
conduct serious searches. The final magnet has B3V
about 12x that of the ADMX magnet; it would en-
able a greater than 50 times increase in scan speed.
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