
Abstract:  Axion is a hypothetical elementary particle proposed to solve the 
strong CP problem in QCD. It is suggested that the sun is a strong axion emitter 
through Primakoff effect, and that the emission has an energy spectrum with a 
shape of a blackbody spectrum with kT ∼ 1.3 keV, reflecting the photon 
temperature at the center of the sun. Moriyama (1995) first suggested that 
monochromatic lines will be also emitted by M1 transition of nuclei. He also 
suggested that such axion lines could be detected by using a proper conversion 
material at the Earth. Several experiments have been done so far, however, the 
upper limit is still high compared to estimations basing on axion models. In this 
paper, we will investigate methods to detect solar-axion line emission using TES 
microcalorimeter arrays and estimate the sensitivities. We consider that by using 
TES array of a size discussed for future X-ray astronomy mission, such as Athena X-
IFU, we can reach a meaningful sensitivity. 
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2. Solar axions: continuum and line emission

Tab. 1.  Monochromatic solar-axion lines

Isotope Energy Reference

57Fe 14.4 keV Moriyama 1995 [2], [3-5]

7Li 0.745 keV Kremar+ 2001 [6] 

83Kr 9.7 keV Jakovcic+ 2004 [7]

169Tm 8.4 keV Derbin+ 2009 [8]
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where B —0 is the E2/M 1 mixing ratio. p, o and
p, 3 are the isoscalar and isovector magnetic moments,
respectively: IM, O

—1/2 —0.38 and IIL3 —4.71. p =—1.19 and g = 0.80 are the nuclear-structure-dependent
terms. go and g3 are defined as [12]
= a%I.ys(go + g3r3)N, (3)

s(6.2 X 106' (3F —D + 25'
go = —7.8 x 10 4( f /GeV )( 3 )

t62X10 5 1 —z
g3 = —78 X 10 (D+F), (5)( f /GeV ) 1 + z

m~
~z f m ~z 1.3 X 10= 1eV, (6)1+z f 1+z f /GeV

where D and F denote the reduced matrix elements for the
SU(3) octet axial vector currents and 5 characterizes the
flavor singlet coupling. The naive quark model (NQM)
predicts 5 = 0.68 [11],but the latest measurement shows
that S = 0.30 ~ 0.06 [13]. z = m /md —0.56 in the
first order calculation. m is evaluated to be 1 eV with
z = 0.56 and f, = 6.2 X 10 GeV. Using Eqs. (2)—(5),
Eq. (1) becomes

BE(T) = 4.6 X 10 ergsg ' s

106GeVx! C exp( —PT), (7)
a

(3F —D + 25'
!C(D, F, 5, z) —= —1.19! )

+(D+F) (8)1+ z'
where Pr » 1 is assumed in the solar interior. Our
estimation differs slightly from that of Ref. [11],because
a different value of Fe abundance in the Sun is used [9].
Equation (7) provides an estimation of the differential

axion Aux at the Earth,

R~ =Ao p, I „,7r/2,
op =2o.oyI /I

(11)
(12)

where o.oy 26 + 10 ' cm is the maximum res-
onant cross section of y rays [14], and I „, = 4.7 X
10 ' keV is the total decay width of the first excited
state of Fe. The factor 2 in Eq. (12) represents the
difference of the spin multiplicity between photons and
axions.

sharp peak in Fig. 1 corresponds to the axion flux eval-
uated with D = 0.77, F = 0.48, 5 = 0.68, z = 0.56, and
f, = 106 GeV . Also shown is the expected axion flux
generated through the Primakoff effect [6]. It is a strik-
ing fact that substantial axion emission is expected from
the nuclear deexcitation. The differential flux at Ey is
obtained to be

, (106 GeV)A =2.0 && 10' cm s 'keV ! ! C,)
(10)

where dependences on D, F, S, and z are included in C.
The effects of the nuclear recoil and of the redshift due
to the gravitation of the Sun are negligible. The former
decreases the axion energy by only about 1.9 X 10 eV
and the latter about 1.5 X 10 ' eV, which are negligibly
small compared with the width of the peak in Fig. 1.
In a laboratory, these axions would resonantly excite
Fe. The rate of the excitation is calculated as follows.

It is a reasonable approximation that d4(E, )/dE, =
A over the natural width of 7Fe, 6(10 neV), around
14.4 keV, because the width of the peak in Fig. 1 is
extremely broadened to about 5 eV. Hence the rate of
the excitation per Fe nucleus is

d&b(E, ) 1

dE 4m RE
exp$2vr rr(T)

(E. —E,)'-
2o(T)z- 10 13

10 12

X p(r)4vrr dr,BE(T) (9)

where R~ is the average distance between the Sun and the
Earth. Ro denotes the solar radius. T(r) and p(r) are
the temperature and the mass density at the radius r, re-
spectively. o(T) = E~(kT/m). '~ represents the Doppler
broadening. I is the mass of the Fe nucleus. It should
be noted that the number of iron atoms per unit mass is
assumed to be uniform as in the framework of the stan-
dard solar model (SSM) [8], i.e., that N is independent of
r. In addition, the SSM provides the mass density and
the temperature as a function of the radius r, which are
necessary for calculating Eq. (9). The values of the func-
tions are taken from Table XVI in Ref. [8]. Thus Eq. (9)
can be evaluated if one fixes D, F, S, z, and f, . The
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FIG. 1. Differential Aux of the axion from the Sun. The
sharp peak corresponds to the axion emission from the Fe
deexcitation. The broad part of the differential Aux corresponds
to the axion generated through the Primakoff effect.
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In this paper we consider the parameter space with the the Peccei-Quinn (PQ) 
symmetry breaking scale  fa ~ 106 GeV, corresponding to the mass ma ~ 6 eV.   
This mass range is totally excluded from cosmological and astronomical 
constraints, but is not just with experiments.  We consider that it is worth 
searching axions in this mass range.

At the central region of the sun, axions are considered to be generated with the 
Primakoff effect from photons and magnetic fields.  Reflecting the photon energy 
spectrum, the axion should have a continuum spectrum of a shape of blackbody 
emission with a temperature of 1.3 keV.  Moriyama 1995 [2] was the first who 
pointed out monochromatic line emission from an M1 nuclear transition.  this 
paper we consider the parameter space with the the Peccei-Quinn (PQ) symmetry 
breaking scale  fa ~ 106 GeV, corresponding to the mass ma ~ 6 eV.   This mass 
range is totally excluded from cosmological and astronomical constraints, but is 
not just with experiments.  We consider that it is worth searching axions in this 
mass range.

3. Search for axions from 57Fe

57Fe
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TABLE 1 

Radiative and radiationless transitions associated with de-excitation of  57Fe *. 

103 

Kind of  radiation Energy (keV) Probability of occurrence 

Resonant  gamma ray 
M shell conversion electron 
L shell conversion electron 
K shell conversion electron 
K~x X-ray 
L shell Auger electron 
Other X-rays and electrons 

ERS = 14.4 
ER8-- BM = 14.3 
ERS-- BL = 13.6 
ERs--BK = 7,3 

BK-BtJ  = 6.3 
BK-- 2 BL = 5.4 

Less than BL = 0.85 

1/(1+~) = 0.09 
~M/(I +:¢) = 0.01 
0~L/(1 +00  = 0.09 
~¢i¢/(1+:¢) = 0.81 

I~K/(I +(x)] (FY)K = 0.24 
[~K/(I +ct)] [ I - ( F Y ) K ]  = 0.57 

~/(1+00 = 0.91 

radiation on the basis of a single nuclear de-excitation Bi 
of 57Fe. The importance of the 5.4 keV Auger electron b 
with respect to the K shell conversion electron is noted, e 
For every K shell conversion electron observed, an d 
accompanying L shell Auger electron will be observed e 
with a probability of 0.7 I. E 

Therefore, the use of beta spectroscopy in conjunc- EK 
tion with the M6ssbauer effect for STFe must in prin- EKO 
ciple consider the 5.4 keV L-shell Auger electron as ER 
well as the 7.3 keV conversion electron. However, the Ez(x) 
results displayed on fig. 5 indicate that spatial resolu- ~¢2 
tion at energies which are a few keV below EKO is E~ 
beginning to degrade severely, and the additional 
spectral complexities introduced by the Auger electron (ERA)j 
may be dominated by dispersive effects in this energy 
region. ERS 

& 
4. Summary 

The dependence of important M6ssbauer parameters f 
on resonator thickness and enrichments have been F 
treated theoretically using an exponential attenuation (FY)i 
and a Fermi-age/diffusion model for the conversion 
electron interaction. The appropriate attenuation h 
coefficient to be used in the former approach has been 1 
resolved by theoretical and experimental electron I* 
diffusion results. The theoretical capability of  diffusion I¢ 
theory to predict experimental electron spectra has been L (E)dE 
demonstrated. The Fermi-age/diffusion theory should nA 
provide a means to lend spatial resolution to M6ss- 
bauer spectra obtained from thin films using a beta N 
spectrometer. No 

5. Nomenclature 
a b,/[l+(~x)2]+b2; 
ao Bohr radius, h2/me 2 (0.53 × 10 - 8  c m ) ;  
AREA reduced area of resonance; 
bl PR/YK or YR X/(4Z); 
b 2 /dE//2 K or PE x/'(4T) ; 

N(E) 

NK(X,y,z) 

binding energy of electron in ith shell; 
/ pK t or t/x: (4r),  

velocity of light (cm/sec); 
extrapolation distance, 0.71 2(cm); 
electronic charge (1.6 × 10-19 C); 
photon energy (eV); 
conversion electron energy (eV); 
initial conversion electron energy (eV); 
Rydberg energy, e2/2 ao (13,6 eV); 
Placzek exponential function; 
exponentially weighted integral of E z ( X ) ;  
energy of conversion electron emitted 
from ith shell; 
resonance energy of j th  resonance in 
resonator (eV); 
energy of source resonance (eV); 
recoil-free fraction associated with reso- 
nator; 
vector electron density; 
j ' f ( r ,~ ,v )d~ ,  total electron density; 
fluorescence yield associated with electron 
vacancy in ith shell; 
(h/270 Plank's constant; 
ground spin state of  MSssbauer nuclide; 
excited spin state of M6ssbauer nuclide; 
mean energy of ionization (eV); 
normalized Lorentzian function; 
density of M6ssbauer nuclei in resonator 
(atoms/cm 3) ; 
atomic density of resonator (atoms/cm 3) ; 
intensity of incident, recoilless photons at 
z = 0 (photons/cm 2 sec) ; 
intensity of incident, recoilless photons 
with energy in the interval E to E+dE 
(photons/cm 2 sec) ; 
electrons/cm z sec which emerge from the 
surface of resonator which originate at a 
depth z in volume dz when the reduced 

Tab. 2 57Fe branching ratio. From Krakowsky & Miller (1971)

Axions from M1 transitions can be detect on the earth using the same isotope as a 
converter.  Among the nuclei in Table 1, 57Fe is most easy to handle.  All the 
experiments so far [3-5] try to detect 14.4 keV gamma-ray associated with the de-
excitation.  However, the branching ratio of 14.4 keV gamma-ray is only 9%.  The 
background counts and the low branching ratio limits the sensitivity.  

With a macrocalorimeter at a 
cryogenic temperature, we can 
increase detection efficiency by an 
order of magnitude by detecting 
all energies released in the 
isotope, and make the background 
low by the high energy resolution.

4. A model TES microcalorimeter design

Au

57Fe

TES

(Al shield)

Tab. 2. Material properties assumes

Au Fe
density g/cc 19.32 7.874

specific heat 
@100mK

J/(gK) 3.72E-07 9.11E-06

thickness µm 1 5

one side length um 150 150

heat capacity J/K 1.62E-13 8.07E-12

mass g 4.35E-07 8.86E-07

intrinsic resolution <10eV if C < 8 pJ/K @ 100mK 

Anti-co detector

5. Thermal simulation of detector response

No. 1] The Suzaku High Resolution X-Ray Spectrometer (XRS) S109

Fig. 44. XRS residual background spectrum.

window for pairs would minimize dead time without sacri-
ficing the effectiveness of the screening, but this software
was not developed. After removing events within 0.5 ms
of another event and events with the anticoincidence flag,
we had 207 events remaining. This corresponds to a rate
of 5 × 10−2 c s−1 cm−2 (0.1–12 keV). The spectrum of the
background events (excluding low-resolution events, which
removes 14 events) is shown in figure 44; there are no lines
apparent with these statistics. The average rate in the anticoin-
cidence detector during that time interval was 0.9 c s−1 cm−2.
If this rate were generated by minimum ionizing particles,
then the background rate in the calorimeter after applying
the anticoincidence veto would be 9 × 10−4 c s−1 cm−2, so
the measured residual background is dominated by secondary
particles, as expected. The rate of frame events (for which
one group of correlated calorimeter pulses is considered a
single event) also works out to 0.9 c s−1 cm−2 of frame area,
though the different effective thresholds and the shielding of
the anticoincidence detector by the calorimeter chip make it
unlikely that the two rates refer precisely to the same popula-
tion of events.

Another view of the particle environment is provided by
counting all events that involve direct deposition of energy in a
calorimeter absorber and the anticoincidence detector. Because
there is a narrow acceptance angle for incident particles to
hit an absorber and the anticoincidence detector but not the
calorimeter frame, we must identify the frame events that also
contain a pulse from a direct absorber hit. This is easily done
by taking the ratio of the biggest pulse to the second-biggest
pulse in a frame event cluster. The pulses of most frame events
are similar in energy, but there is a distinct population for which
the biggest pulse is greater than six times the height of the
next biggest pulse. Tallying the veto-flagged events among
these pulses and the isolated pulses (making no energy cuts)
results in a rate of 0.55 c s−1 cm−2. Even this rate is likely to
be dominated by high-energy secondary particles because the
range in cut-off rigidity sampled by the Suzaku orbit should
have reduced the 1cs−1 cm−2 primary cosmic ray rate (in low
Earth orbit in a flat detector at solar minimum) by more than a
factor of five. More sophisticated GEANT models are needed
to understand the nature of the secondary particles and what
future designs could be implemented to reduce the residual

instrument background.

10.3. Detector Housing and Electronics

The in-flight performance of the FEA has been nominal
through one year on-orbit. The three major performance
criteria are 1) structural integrity, 2) thermal contact to the
refrigerator, and 3) noise performance of the JFET first stage
preamplifiers. We were able to confirm that all three items were
unchanged from ground characterization during the period of
normal operation before the evaporation of the liquid helium.
The structural integrity of the CTS suspension, the JFET
suspension, the CTS thermal bus, and the wiring layers are
easily verified by the fact that all of the tensioned leads are
intact and show no unusual microphonic response on-orbit.
The thermal contact to the refrigerator is also unchanged from
ground operations showing a nominal 1.7 mK temperature
difference between the CTS and the salt pill bus thermome-
ters. We’ve also been able to monitor the noise performance
over the year since launch, which is the topic for the rest of this
section.

The on-orbit performance of the JFET’s is predicted to
be limited by proton bombardment of the small-gate JFET.
Implantation of the JFET conduction channel has the potential
to seriously degrade the noise performance of the JFET and
thus degrade the performance of that detector. Traditionally,
JFET’s are considered relatively radiation hard and these
JFET’s are no exception. The JFET will continue to operate
even after a substantial radiation dose but a degradation in
the noise performance could quickly move the XRS detector
system from being detector-noise limited to being amplifier-
noise limited. For example, figure 45 shows the broadband
noise of the detector channels at 1.2 K on-orbit shortly after
launch. The broadband noise is between 4 and 6 nV Hz−1/2.
This is composed of ∼ 2 nV Hz−1/2 of detector Johnson noise
and 4–5 nV Hz−1/2 of noise from the JFET’s. For compar-
ison, the in-flight noise at 60 mK is shown in figure 46.
Here the detector noise dominates with a white noise level
of ∼ 18nVHz−1/2 at most frequencies and a small bump at
frequencies below 100 Hz. The low-frequency bump is due
to fluctuations in the detector frame temperature caused by
cosmic-ray heating. In figure 46, the phonon and Johnson noise
of the detector system contributes ∼17nVHz−1/2 and the JFET
amplifier 4–5nVHz−1/2. In this situation we are detector-noise
limited, which is by design. However, if the noise performance
of the JFET’s were to degrade to an equivalent level as the
detector noise, then the spectral resolving power of the associ-
ated detector channel would degrade by 40%.

The noise spectra after 11 months on-orbit is shown in
figure 47. Here the broadband noise level is higher than
in figure 45 due to the loss of helium cryogen and the
resulting higher detector temperature and associated Johnson
noise. Since 2005 August, the detector system has been
in thermal equilibrium with the solid-neon cryogen tank at
15 K. In this case the broadband noise of the detector system
is around 8–9 nV Hz−1/2 on the majority of channels. The
noise is composed of the 4–5 nV Hz−1/2 from the JFET’s and
7 nV Hz−1/2 of Johnson noise from the detectors which are
nominally 60 kΩ at 15 K. Thus, on the majority of channels
there is no change in the white-noise level or the 1/f -noise
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6. Background rate

We constructed a model TES microcaloriemter design with a < 10 eV energy 
resolution as a requirement. The material properties are taken from literatures.

Fig 1.  hadronic axion constraints.  From Wong & Aachen (2011) [1]. 

Fig 2.  Energy spectrum of solar axion with M1 transition line at 14.4 keV.  From Moriyama 1995 [2]. 

Fig 3.  Emission and detection of M1 transition line at 14.4 keV.

Fig. 3.  Model TES microcalorimeter 

We employed thermal model simulation using FEM (Finite Element Method).  The 
simulation shows the pulse-height dependence of conversion position across the 
57Fe convertor can be made small with the parameters we used in the simulation.

Fig. 4.  FEM model of the model TES microcalorimeter  (left) and the pulse shapes when an axion is 
converted at different positions of the 57Fe converter (right). 

on ground 
1x10-3 c/s/cm2/keV

We estimated the background rate from two experiments. The first is the spectrum 
obtained with 6x105 sec (=6.9 day) run of our TES microcalorimeter.  The other one 
was from XRS, the microcalorimeter onboard the Suzaku spacecraft.  The latter had 
an anti-coincidence detector and significantly low rate.  In the estimation in the 
next section we assume the value from XRS, assuming that we will use anti-co 
detectors.

Fig. 5.  Background estimations from two experiments. The one without anti-coincidence detector 
shows about 30 times higher rate compared with the one with.

7. Sensitivity
95% upper limit by Namba (2007) 
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We estimated the sensitivity to the solar axion line emission as a function of the 
array size of the detector.  With an 8x8 pixel array, we can reach the present best 
upper limit with a conventional Si detector.  With this size of array, the background 
rate is negligible and the sensitivity is limited by event Poisson statistics.  With 
increasing array size we can lower the upper limit.  At some point, the background 
starts to limit the sensitivity.  With a M pixel array we can improve the sensitivity by 
four orders of magnitude, which corresponds to lower mass limit improvement by 
an order of magnitude since sensitivity is proportional to the 4th power of ma.  

Fig. 5.  Sensitivity to solar axion 14.4 keV line emission as a function of  array size.

(a) bgd = 1x10-3 c/s/cm2/keV 
(b) bgd = (a)/2

(a)

(b)

Sensitivity of TES Microcalorimeter Arrays for Solar-Axion 
Line Emission  
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