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coherently convert injected X rays or ALPs with an energy of ∼ 10 keV. The
conversion probability can be represented as follows,

Pa→γ =

(
1

2
gaγγETLeffcosθB

)2

, (5)

Leff = 2Latt

(
1− exp

(
− L

2Latt

))
, (6)

where ET is an effective electric field, Leff is an effective conversion length, θB
is the Bragg angle, L is an X-ray path length within the crystal, and Latt is an
X-ray attenuation length. The effective conversion length is shorter than L since
the crystal absorbs X rays. The Bragg-case conversion, in which lattice planes
are parallel to the crystal surfaces, has been utilized by solar axion searches [18–
21]. It is recently shown in Ref. [41] that Leff for the Laue-case conversion, in
which lattice planes are perpendicular to the crystal surfaces, is longer than
that of the Bragg-case one. The effective conversion lengths of silicon crystals
are ∼ 10−3 m, and the sensitivity to gaγγ (∝ ETLeff) is the same order as that
of X-ray LSW experiments using external magnetic fields [35, 36].

The resonant ALPs’ mass of the Laue-case conversion can be represented as
follows [40, 41],

∣∣∣m2
a −m2

γ − 2qT
(
kγsinθ

γ
T − qT

2

)∣∣∣<∼
4kγ
L

, (7)

where mγ = O(10) eV is the plasma frequency of the crystal, qT = O(10) keV is
the reciprocal lattice spacing, and θγT is an X-ray injection angle. Although the
expression is almost the same as Eq. (4), an additional factor emerges on the left
side. The factor within the parenthesis is equivalent to the deviation from the
Bragg condition, kγsinθB = qT

2 . This factor can be simplified as kγ∆θcosθB in
the case of ∆θ ≃ 0, where ∆θ = θγT − θB is the deviation of the X-ray injection
angle from the Bragg angle (the detuning angle). The resonant ALPs’ mass can
be scanned by rotating conversion crystals and varying ∆θ since it is roughly
proportional to

√
∆θ. The scanning procedure can easily search massive ALPs

(up to 1 ∼ 10 keV) in comparison with the previous LSW experiments.
This paper reports the first LSW experiment using the Laue-case conversion

within a single crystal. The experiment utilizes BL19LXU beam line of SPring-
8. Injected X rays are converted and reconverted by a novel system composed of
thin silicon blades and an opaque wall. The resonant ALPs’ mass is continuously
scanned by rotating the conversion system.

2. Experimental setup and measurement

The experiment has been performed during a 96-hour beam time of BL19LXU
in Oct. 2017. SPring-8 is a third-generation synchrotron radiation facility pro-
ducing nearly continuous X-ray beams. BL19LXU beam line is the strongest
beam line among the facility [42]. The undulator of BL19LXU radiates horizontally-
polarized X rays.
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the reciprocal lattice spacing, and θγT is an X-ray injection angle. Although the
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side. The factor within the parenthesis is equivalent to the deviation from the
Bragg condition, kγsinθB = qT

2 . This factor can be simplified as kγ∆θcosθB in
the case of ∆θ ≃ 0, where ∆θ = θγT − θB is the deviation of the X-ray injection
angle from the Bragg angle (the detuning angle). The resonant ALPs’ mass can
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proportional to
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∆θ. The scanning procedure can easily search massive ALPs

(up to 1 ∼ 10 keV) in comparison with the previous LSW experiments.
This paper reports the first LSW experiment using the Laue-case conversion

within a single crystal. The experiment utilizes BL19LXU beam line of SPring-
8. Injected X rays are converted and reconverted by a novel system composed of
thin silicon blades and an opaque wall. The resonant ALPs’ mass is continuously
scanned by rotating the conversion system.
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The experiment has been performed during a 96-hour beam time of BL19LXU
in Oct. 2017. SPring-8 is a third-generation synchrotron radiation facility pro-
ducing nearly continuous X-ray beams. BL19LXU beam line is the strongest
beam line among the facility [42]. The undulator of BL19LXU radiates horizontally-
polarized X rays.

3



������
• ����
!��(2,2,0)�*(

• %���%�	#)���
$���!��	���&�
• � �������'�"�ALP�+����

5

����
&+�����

/"�./

(� ����,*'�
��(�
����,*'�

!$%

����0-
��


���#�

"

4567��3	�12
./ ��-)3�

(����



�������������	�
�
����

6

��
�

�

���

���������������
	�������µ�


	�������
����
1pulse=0.17µrad������

��



���

7

��KHG*53+
�'KHG
*13+,

ENHI

29���

�8" *,/):97+

1

,/:97)8"

ENHI

13- 13.
�

046;

<BQDMOSF
R����8"A��

��!�	��
R8"ALJCP


����%
R(#�8"A&�

��� 
R $?�=@��>��

�29���
R���8"A��

SPring-8 BL19LXU ���	�
��� (2017/10/01�10/5(96h))
• ���: 2.5x1013 X-rays/s (@17keV)
• ��: 2.1eV (FWHM)�����: 6.1µrad(1s)
• ����: 0.6(H)x0.5(V) mm2 (FWHM)

BL19LXU

10m



�������	
(X�
������)
• &/0"�-'<�.�#��Bragg!(qB=10.95�)
���X4�2�����3	����� 9
• $+
�Dq;/RR(=�,6�2%�5728�1)

8

rad]µ [qD
40- 30- 20- 10- 0 10 20 30 40

R
R

 e
ffi

ci
en

cy
 [%

]

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

%.')
�����;601
"����583727�

��!�9:"�

,,�����	�

:#�9:

�
/�

�
��
/�
�,,�

��/�
�-�

�
/�
�,�

<?>@=

+(* &2

$'� $'�

���

���
+(*

 ��
44

&/��3;: 10.8µrad
X4�!8:*: 6.1µrad ��%��
X4������;:  2.1eV



��	����
(������
���)

• �!��'(ma�0keV-1)��
Dq=4.6mrad(ma�1keV-1)��
�� #
• 4����� #(4.6�

9.7µrad/min.0)�)46.2*(
(�	����
2&����
�#��,4)
• +�$02%����"��: �
� #3�10�15µrad/0

9


	���

������

����

����

������������

���
���

�	��



������

• ma;���1014 photons�,*=�2!�	����
• 2"+�7����&1�	6�)45←$<����
(�4.4%)
• ��5�-(��.(�
��

10

 [mrad]θ∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

En
er

gy
 [k

eV
]

16

16.5

17

17.5

18

 [mrad]θ∆
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

X 
ra

ys
 w

ith
in

 s
ig

na
l w

in
do

w
 [p

ho
to

n]
0

1

2

3

4

5

6

7

 ������	 �������	


�
����
.��	�.

 ������	 �������	

#�	%7(ma�2!)

0����:8 (����4#:)

����
> 

'3�������9 (27.2µrad)
�/:�	����:8

#�	%7(ma�2!)



	�
��������
• �ma	������
%�+ ��$

11

mass. The number integrated within the ∆θ window, N i
eff , can be interpreted

as an effective number of injected X rays which can be converted into ALPs
with a certain mass. N i

eff can be represented as follows by assuming that N i
γ is

constant within the ∆θ window,

N i
eff = N i

γ
∆θCV

∆θstep

∑

|θX |<∆θBL
2

[
dF

dθX
∆θstep

]
(9)

where the summation is performed with the same stepping as∆θ (θX = n∆θstep).
The values ofN i

eff are about 1.6×1014 (∆θ < 3.17 mrad), 1.3×1014 (3.17 mrad <
∆θ < 3.99 mrad), and 8.1× 1013 photons (∆θ > 3.99 mrad), respectively.

The upper limit can be simplified as follows by assuming that the conversion-
reconversion probability has a constant value shown in Eq. (5) within the re-
quired angular precision,

gaγγ <

(
1

2
ETLeffcosθB

)−1 (Ns
i,CL

N i
effϵd

) 1
4

(10)

for ma =

√
m2

γ + 2qT
{
kγsin(θB +∆θi)−

qT
2

}
. (11)

Ns
i,CL is an upper limit on the number of X rays within the signal window, which

is calculated from the integrated ∆θ distribution of detected X rays by assuming
the Poisson distribution. The upper limit can be obtained as a function of
ma ∝

√
∆θ.

Systematic uncertainties related to gaγγ and ma are summarized in Tab. 1.
The largest uncertainties among them come from the estimation of Leff and
the effect of X-ray heat load. Minor X-ray diffraction on lattice planes other
than Si(220) takes place during the scanning at ∆θ = 3.67 mrad. The X-ray
diffraction reduces the X-ray attenuation length at ∆θ >∼ 3.67 mrad. The
sensitivity to gaγγ is reduced by 3.7% at ∆θ = 3.40 ∼ 3.84 mrad and 1.4%
at ∆θ = 3.84 ∼ 4.9 mrad, where these values are estimated by the monitored
X-ray intensity. The X-ray heat load on the first blade (∼ 41.5 mW) reduces
the Bragg angle at the conversion by expanding the crystal lattice. The effect
on the Bragg angle is evaluated by a finite-element-method simulation code,
ANSYS [45]. The simulation ignores heat conduction via the atmosphere and
assumes the X-ray beam profile to be rectangular with the same widths as the
FWHM of injected X rays. These approximations overestimate the effect of the
X-ray heat load. The shift of the Bragg angle is estimated to be < 97.3 nrad,
which reduces the reconversion efficiency and the sensitivity to gaγγ by < 17.4%
and < 4.4%, respectively.

The uncertainties shown in Tab. 1 are linearly accumulated, and the sensitiv-
ities to gaγγ and ma are deteriorated by 1σ of the overall uncertainty, as much as
9.5% (gaγγ , max) and 0.33% (ma). The upper limits are numerically calculated
as shown in Fig. 5, and their values can be represented by the maximum upper

7

Figure 1: Schematics of the whole experimental setup. The shaded regions are evacuated to
avoid the X-ray absorption due to atmospheric molecules.

Figure 2: Schematics of the conversion system.

uncertainty affected factor uncertainties on gaγγ ma

blade thickness Leff/∆θCV ±0.48%
the beam intensity N i

γ ±0.33%
stray X rays from TRMs N i

γ +0.18%
drift of ∆θ N i

γ/∆θi ±0.08% ±0.15%
absolute accuracy of ∆θ ∆θi ±0.18%
detector efficiency ϵd ±0.37%
accidental X-ray diffraction Leff 0/3.7/1.4%
X-ray heat load P 2 4.4%

Overall (conservative) 9.5% (max) 0.33%

Table 1: Summary of systematic uncertainties on gaγγ and ma.
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limits shown below,

gaγγ < 4.2× 10−3 GeV−1 (for ma < 10 eV), (12)

gaγγ < 5.0× 10−3 GeV−1 (for 46 eV < ma < 1020 eV). (13)

The sensitivity around the plasma frequency of silicon, mγ = 31 eV, is reduced
due to the effect of the Laue-case diffraction [41]. X rays propagate through the
crystal as two standing waves, the Bloch waves α/β, under the Bragg condi-
tion. The plasma frequencies of the Bloch waves are shifted from mγ , and their
contribution to the conversion of ALPs with a mass of ∼ mγ interferes destruc-
tively. Figure 5 also shows upper limits imposed by previous LSW experiments.
The obtained upper limits provide the most stringent laboratorial constraints
on ALPs heavier than ma = 300 eV. The sensitivity to ALPs heavier than reso-
nant ALPs’ mass has large uncertainties since the sensitivity fluctuates rapidly
as a function of experimental parameters. The obtained limits are also the first
rigid constraints in the range of 40 eV < ma < 1 keV.

3. Conclusion

We have performed a novel LSW search using the Laue-case conversion in a
silicon crystal. The resonant ALPs’ mass is continuously scanned by rotating the
conversion system and varying the detuning angle. The obtained upper limits
are the most stringent conditions on ALPs with a mass of 300 eV < ma < 1 keV
as a pure-laboratorial search. The experimental results can be also considered
as the first rigid constraints on ALPs heavier than ∼40 eV, where previous
experiments using external magnetic fields cannot resonantly convert ALPs.
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