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Recently, axion-like particle search has received renewed interest, and several groups have started
experiments. In this paper, we present the final results of our experiment on photon-axion oscilla-
tions in the presence of a magnetic field, which took place at LULI (Laboratoire pour ’Utilisation
des Lasers Intenses, Palaiseau, France). Our null measurement allowed us to exclude the existence
of axions with inverse coupling constant M > 9. x 10° GeV for low axion masses and to improve
the preceding BFRT limits by a factor 3 or more for axion masses 1.1 meV < m, < 2.6meV. We
also show that our experimental results improve the existing limits on the parameters of a low mass
hidden-sector boson usually dubbed “paraphoton” because of its similarity with the usual photon.
We detail our apparatus which is based on the “light shining through the wall” technique. We

compare our results to other existing ones.

PACS numbers: 12.20.Fv, 14.80.-j

I. INTRODUCTION

Ever since the Standard Model was built, various the-
ories have been proposed to go beyond it. Many of these
involve, if not imply for the sake of consistency, some
light, neutral, spinless particles very weakly coupled to
standard model particles, hence difficult to detect.

One famous particle beyond the Standard Model is the
axion. Proposed more than 30 years ago to solve the
strong CP problem [El, E], this neutral, spinless, pseu-
doscalar particle has not been detected yet, in spite of
constant experimental efforts [E, E, E, E] Whereas the
most sensitive experiments aim at detecting axions of so-
lar or cosmic origin, laboratory experiments including the
axion source do not depend on models of the incoming
axion flux. Because the axion is not coupled to a single
photon but to a two-photon vertex, axion-photon con-
version requires an external electric or - preferentially -
magnetic field to provide for a virtual second photon [ﬂ]

At present, purely terrestrial experiments are built ac-
cording to two main schemes. The first one, proposed
in 1979 by lacopini and Zavattini [E], aims at measuring
the ellipticity induced on a linearly polarized laser beam
by the presence of a transverse magnetic field, but is also
sensitive to the ellipticity and, slightly modified, to the
dichroism induced by the coupling of low mass, neutral,
spinless bosons with laser beam photons and the mag-
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netic field [E] The second popular experimental scheme,
named “light shining through the wall” [m, consists of
first converting incoming photons into axions in a trans-
verse magnetic field, then blocking the remaining pho-
tonic beam with an opaque wall. Behind this wall with
which the axions do not interact, a second magnetic field
region allows the axions to convert back into photons
with the same frequency as the incoming ones. Counting
these regenerated photons, one can calculate the axion-
photon coupling or put some limits on it. This set-u

was first realized by the BFRT collaboration in 1993 [E]p

Due to their impressive precision, optical experiments
relying on couplings between photons and these hidden-
sector particles seem most promising. Thanks to such
couplings, the initial photons oscillate into the massive
particle to be detected. The strength of optical experi-
ments lies in the huge accessible dynamical range: from
more than 10%2° incoming photons, one can be sensitive
to 1 regenerated photon!

In fact, the “light shining through the wall” experiment
also yields some valuable information on another hidden-
sector hypothetical particle [@] After the observation
of a deviation from blackbody curve in the cosmic back-
ground radiation @}, some theoretical works suggested
photon oscillations into a low mass hidden sector parti-
cle as a possible explanation [@] The supporting model
for such a phenomenon is a modified version of electro-
dynamics proposed in 1982 ], based on the existence
of two U(1) gauge bosons. One of the two can be taken
as the usual massless photon, while the second one cor-
responds to an additional massive particle usually called
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paraphoton. Both gauge bosons are coupled, giving rise
to photon-paraphoton oscillations. Several years later,
more precise observations did not confirm any anomaly
in the cosmic background radiation spectrum [B] and
the interest for paraphoton decreased, although its exis-
tence was not excluded. More recently, it was found out
that similar additional U(1) gauges generally appear in
string embeddings of the standard model L], reviving
the interest for experimental limits on the paraphoton
parameters [, [[§, [Ld).

Some limits on the mass and the coupling constant of
the paraphoton have already been obtained by a photore-
generation experiment [E] Astrophysical limits on para-
photon parameters also exist. They have been derived
from the agreement of the cosmic microwave background
with the blackbody radiation [@], and more recently by
the absence of distortions in the optical spectrum of dis-
tant Type Ia supernovae [@]

Our effort was motivated by the observation published
by the PVLAS collaboration, and subsequently retracted
[BZ), which they claimed could be explained by the ex-
istence of axions in the mass range 1-2 meV. We have
therefore designed an apparatus optimised for that mass
region to rapidly prove or disprove the interpretation in
terms of axion-like particles of the PVLAS signal. Our
preliminary results, excluding at a 3o confidence level the
existence of axions with parameters consistent with the
PVLAS observation, have been published in November
2007 [@] This paper is devoted to the final results of
our “light shining through the wall” experiment, sensi-
tive to axion-like particles and to paraphotons. We first
derive the detection probabilities for both particles. We
then detail our apparatus which strength lies in pulsed
laser and magnetic field, thus reducing the demand on the
detector noise. Finally, we present our latest experimen-
tal results and compare them with the limits obtained by
other searches.

II. PHOTOREGENERATION PROBABILITY
A. Axion-Like Particle

The photon to axion-like particle conversion and recon-
version transition probability (in natural units h = ¢ =1,
with 1 T =195eV2 and 1 m = 5 x 10°eV~1) after prop-
agating over a distance z in the inhomogeneous magnetic

field B writes [f], P4):

2

pa(e) = | [ B () x et ()
0
where Ay = Q—?M and A, = 772”—5, w being the pho-

ton energy, m, the axion-like particle mass and M its in-
verse coupling constant with two photons. Note that this
equation is valid for a light polarization parallel to the
magnetic field since the axion has to be a pseudoscalar

[m] Finally, as we have two identical magnets, the photon
regeneration probability due to axion-like particles is

Pa:pi(L)v (2)

with L the magnet length.

In order to have a number of regenerated photons as
large as possible, the number of incident photons, the de-
tection efficiency and the integral of the transverse mag-
netic field over the magnet length L have to be maxi-
mized. We define By as the maximum field and L.q as
the equivalent length of a magnet producing a uniform
magnetic field By such that

+L/2
/ Bdz = ByLe, 3)
—L/2

On the other hand, p,(z) oscillates for too long magnets.
Actually, for a homogeneous magnetic field By, Eq. ()
gives:

pe — (BOL)2 sin®(fe=L) @

) By

where Aqse = —A,. In our case, our search was focused
on the 1meV < m, < 2meV, so that a length larger
than 1 m would have been useless.

Finally, very recently a detailed theoretical study of
the photon to axion-like particle conversion probability
pointed out that an enhancement of this probability is
predicted at m, = w [@] In this particular condition,
the probability of getting a photon after the wall is :

334 2gm?
b= 16gm? log( B4 )’ (5)

with 8 = Bg/M and ¢ = A/w the quality factor of the
laser source, A being the laser bandwidth.

B. Paraphoton

In the modified version of electrodynamics developed
in 1982 [@], the paraphoton weakly couples with the pho-
ton through kinetic mixing. Contrary to axion-like par-
ticles, photon-paraphoton oscillations are therefore pos-
sible without any external field and are independent on
photon polarization.

Recently, the experimental signatures of paraphoton
have been discussed in details in Ref. [Ig]. The conver-
sion probability of a photon into a paraphoton of mass u
and vice-versa after a distance L is given by:

2
.o (ML
p,y = 4X2 SlIl2 <E> (6)



where x is the photon-paraphoton coupling constant,
which arbitrary value is to be determined experimentally.
This equation is valid for a relativistic paraphoton satis-
fying p < w.

Comparing Eqs. (f) and ({f), one notes that from a
mathematical point of view the two are equivalent, p
corresponding to mg, and x to 1537‘:2 . This analogy origi-
nates from the fact that both formulas describe the same
physical phenomenon, i.e. quantum oscillations of a two
level system. Using this mathematical equivalence be-
tween paraphoton parameters and axion-like particle pa-
rameters, we were able to derive for the enhancement of
the paraphoton conversion probability at u = w a for-
mula equivalent to Eq. (f):

e ()
P,=——log|—|. 7

In the case of a typical photoregeneration experiment,
the incoming photons freely propagate for a distance
L, and might oscillate into paraphotons before being
stopped by a wall, after which the paraphotons prop-
agate for a distance Lo and have a chance to oscillate
back into photons that are detected with efficiency 7qet-
The photon regeneration probability due to paraphotons
can therefore be written as:

P, = p'y(Ll)p'v(LZ)

2 2
. Ll . 1% L2
16v4sin2 [ P 2
6" sin ( " )sm " (8)

In our experiment, L; is the distance between the fo-
cusing lens at the entrance of the vacuum system, which
focuses photons but not paraphotons, and the wall, which
blocks photons only. Similarly, Ly represents the distance
separating the blind flange just before the regenerating
magnet and the lens coupling the renegerated photons
into the optical fibre (see Fig. [l).

Note that Eq. (F) is a priori valid in the absence of
magnetic field. If a magnetic field is applied, the formula
remains valid provided that it can be considered as static
during the experiment and its transverse spatial extent is
larger than 1/ [[Lq], which is the case in our experiment
for paraphoton masses larger than 2 x 1075 eV.

IIT. EXPERIMENTAL SETUP

As shown in Fig.ﬂl, the experimental setup consists of
two main parts separated by the wall. An intense laser
beam travels through a first magnetic region (generation
magnet) where photons might be converted into axion-
like particles. The wall blocks every incident photon
while axion-like particles would cross it without interact-
ing and may be converted back into photons in a second
magnetic region (regeneration magnet). The regenerated
photons are finally detected by a single photon detector.

Focalisation lens

1.5k
in3to5ns,
% = 1.053 um

Vacuum

30 m multimode
fibre to the single
photon detector

Cryostat

[,=202m LL=105m

FIG. 1: Sketch of the apparatus. The wall and the blind
flanges are removable for fibre alignment.

The three key elements leading to a high detection rate
are the laser, the generation and regeneration magnets
placed on each side of the wall and the single photon
detector. Each element is described in the following sec-
tions.

A. Laser

In order to have the maximum number of incident pho-
tons at a wavelength that can be efficiently detected,
the experiment has been set up at Laboratoire pour
I'Utilisation des Lasers Intenses (LULI) in Palaiseau, on
the Nano 2000 chain [Rg]. Tt can deliver more than 1.5kJ
over a few nanoseconds with w = 1.17eV. This corre-
sponds to N; = 8 x 102! photons per pulse.

The nanosecond pulse is generated by a YLF seeded
oscillator with a A = 1.7meV bandwidth. It delivers
4mJ with a duration adjustable between 500 ps and 5 ns.
Temporal shaping is realized with five Pockels cells. Then
this pulse seeds single-pass Nd:Phosphate glass rods and
disk amplifiers. During our 4 weeks of campaign, the to-
tal duration was decreased from 5 ns the first week to 4 ns
and finally 3 ns while keeping the total energy constant.
A typical time profile is shown in the inset of Fig. E with a
full width at half maximum of 2.5 ns and a total duration
of 4ns.

The repetition rate of high energy pulses is imposed
by the relaxation time of the thermal load in the am-
plifiers which implies wave-front distortions. Dynamic
wave-front correction is applied by use of an adaptive-
optics system [E] To this end a deformable mirror is
included in the middle of the amplification chain. It cor-
rects the spatial phase of the beam to obtain at focus
a spot of about once or twice the diffraction limit, as
shown in Fig. E This system allows to increase the repe-
tition rate while maintaining good focusability although
the amplifiers are not at thermal equilibrium. During
data acquisition, the repetition rate has typically varied
between 1 pulse per hour and 1 pulse every other hour.

At the end of the amplification chain, the vertically
linearly polarized incident beam has a 186 mm diameter
and is almost perfectly collimated. It is then focused
using a lens which focal length is 20.4m. The wall is
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FIG. 2: Focal spot without correction(a) and with wave-front
correction (b). This correction allows to maintain a spot of
one or two diffraction limits despite the amplifiers’ not being
in thermal equilibrium.
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FIG. 3: Number of high energy pulses versus laser energy
during the four weeks of data acquisition.

placed at L; = 20.2m from the lens in order to have
the focusing point a few centimeters behind this wall.
The beam is well apodized to prevent the incoming light
from generating a disturbing plasma on the sides of the
vacuum tubes.

Before the wall where the laser beam propagates, a
vacuum better than 1072 mbar is necessary in order to
avoid air ionization. Two turbo pumps along the vacuum
line easily give 1073 mbar near the lens and better than
10~*mbar close to the wall. The wall is made of a 15 mm
width aluminum plate to stop every incident photon. It
is tilted by 45 ° with respect to the laser beam axis in or-
der to increase the area of the laser impact and to avoid
retroreflected photons. In the second magnetic field re-
gion, a vacuum better than 1073 mbar is also maintained.

Fig.E shows a histogram of laser energy per pulse for
the 82 laser pulses performed during our campaign. The
laser energy per pulse ranges from 700J to 2.1kJ, with a
mean value of 1.3kJ.

FIG. 4: Scheme of XCoil. Magnetic fields 51 and éz are cre-
ated by each of the race-track shaped windings. This yields a
high transverse magnetic field B while allowing the necessary
optical access for the laser photons ~.

B. Magnetic field

Concerning the magnets, we use a pulsed technology.
The pulsed magnetic field is produced by a transportable
generator developed at LNCMP [Rg], which consists of
a capacitor bank releasing its energy in the coils in a
few milliseconds. Besides, a special coil geometry has
been developed in order to reach the highest and longest
transverse magnetic field. Coil properties are explained
in Ref. @] Briefly, the basic idea is to get the wires gen-
erating the magnetic field as close as possible to the light
path. As shown in Fig.H, the coil consists of two inter-
laced race-track shaped windings that are tilted one with
respect to the other. This makes room for the necessary
optical access at both ends in order to let the laser in
while providing a maximum BgL.q. Because of the par-
ticular arrangement of wires, these magnets are called
Xcoils.

The coil frame is made of G10 which is a non con-
ducting material commonly used in high stress and cryo-
genic temperature conditions. External reinforcements
with the same material have been added after wiring to
contain the magnetic pressure that can be as high as
500 MPa. A 12mm diameter aperture has been dug into
the magnets for the light path.

As for usual pulsed magnets, the coils are immersed
in a liquid nitrogen cryostat to limit the consequences of
heating. The whole cryostat is double-walled for a vac-
uum thermal insulation. This vacuum is in common with
the vacuum line and is better than 10™% mbar. A delay
between two pulses is necessary for the magnet to cool
down to the equilibrium temperature which is monitored
via the Xcoils’ resistance. Therefore, the repetition rate
is set to 5 pulses per hour. Furthermore the coils’ re-
sistance is precisely measured after each pulse and when
equilibrium is reached, in order to check the Xcoils’ non
embrittlement. Indeed variations of the resistance pro-
vide a measurement of the accumulation of defects in the
conductor material that occur as a consequence of plastic
deformation. These defects lead to hardening and em-
brittlement of the conductor material, which ultimately
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FIG. 5: Transverse magnetic field inside the magnet along the
laser direction. At the center of the magnet we have a mean
maximum magnetic field Bo = 12 T. Integrating B along the
optical path yields 4.38 T.m.
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FIG. 6: Magnetic field By at the center of the magnet as a
function of time. The maximum is reached within 1.75 ms and
can be considered as constant (£0.3%) during 73 = 150 ps.
The 3 to 5 ns laser pulse is applied during this interval. Inset:
temporal profile of a 4 ns laser pulse.

leads to failure.

The magnetic field is measured by a calibrated pick-up
coil. This yields the spatial profile shown in Fig.E. The
maximum field By is obtained at the center of the mag-
net. Xcoils have provided By > 13.5T over an equivalent
length Leq = 365mm. However, during the whole cam-
paign a lower magnetic field of By = 12(0.3) T was used
to increase the coils’ lifetime.

A typical time dependence of the pulsed magnetic field
at the center of the magnet is represented in Fig. H The
total duration is a few milliseconds. The magnetic field
reaches its maximum value within less than 2 ms and re-
mains constant (£0.3%) during 75 = 150 us, a very long
time compared to the laser pulse.

C. Detector

The last key element is the detector that has to meet
several criteria. In order to have a sensitivity as good as
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FIG. 7: Amplified APD output (upper curve) and logic sig-
nal (lower curve) of the detector as a function of time. The
capacitive transients on the APD output signals are due to
the gated polarisation of the photodiode in Geiger mode. (a)
Signals with no incident photon. (b) Signals when a photon
is detected.

possible, the regenerated photon detection has to be at
the single photon level. The integration time is limited by
the longest duration of the laser pulse which is 5 ns. Since
we expected about 100 laser pulses during our four week
campaign, which corresponds to a total integration time
of 500ns, we required a detector with a dark count rate
[@] far lower than 1 over this integration time, so that
any increment of the counting would be unambiguously
associated to the detection of one regenerated photon.

Our detector is a commercially available single photon
receiver from Princeton Lightwave which has a high de-
tection efficiency at 1.05 um. It integrates a 80 x 80 pm?
InGaAs Avalanche Photodiode (APD) with all the nec-
essary bias, control and counting electronics. Light is
coupled to the photodiode through a FC/PC connector
and a multimode fiber. When the detector is triggered,
the APD bias voltage is raised above its reverse break-
down voltage V4, to operate in “Geiger mode”. A short
time later — adjustable between 1ns and 5ns — the bias
is reduced below Vi, to avoid false events. For our ex-
periment, the bias pulse width is 5ns to correspond with
the longest laser pulse.

Typical output signals available on the detector are
plotted in Fig.[]. Let’s first consider Fig. ﬂa with no inci-
dent photon. The upper signal corresponds to the ampli-
fied APD output. The application of such a short pulse
to a reverse-biased APD produces a capacitive transient.
The first two transients temporally shifted by 5ns corre-
spond to the bias pulse. This signal enables to precisely
determine the moment when detection starts. The last
transients are due to an electronic reflection of the bias



pulse.

When a photon is detected (Fig.[ib), the signal result-
ing from a photon-induced avalanche superimposes upon
transients. The transient component may be much larger
than the photon-induced component, making it difficult
to discern. The detector uses a patented transient can-
celation scheme to overcome this problem [Bd]. A replica
of the unwanted transient is created and subtracted from
the initial signal. The photon-induced signal will thus
appear against a flat, low-noise background, as it is ob-
served in Fig.ﬁb between the initial bias pulse and the
reflected one. It can then be easily detected using a dis-
criminator. To this end, this signal is sent to a fast com-
parator with adjustable threshold that serves as a dis-
criminator and outputs a logic pulse, as shown by lower
traces on Fig.ﬂ.

To optimize the dark count rate and the detection ef-
ficiency 7qet, three different parameters can be adjusted:
the APD temperature, the discriminator threshold Vg
set to reject electronic noise and the APD bias voltage
Vapp- The dark count rate is first optimized by choos-
ing the lowest achievable temperature which is around
221 K. This rate is measured with no incident light, a
trigger frequency of 5kHz and an integration time of at
least 1s. Dark counts for a 5ns detection gate as a func-
tion of V4 is shown in Fig. Ea. It increases rapidly when
V4 is too low. On the other hand, 74et remains constant
for a large range of V4. We set V4 to a value far from the
region where dark count increases and where nqet is still
constant. This corresponds to less than 2.5 x 1072 dark
count over 500 ns integration time.

The detection efficiency is precisely measured by illu-
minating the detector with a laser intensity lower than
0.1 photon per detection gate at 1.05 um. The probability
to have more than one photon per gate is thus negligible.
Such a low intensity is obtained with the setup described
in Fig. E A c.w. laser is transmitted through two super-
mirrors with a reflectivity higher than 99.98 % [@] The
angle of incidence is near normal in order to intercept the
reflected beam and avoid spurious light without increas-
ing transmission. This gives a measured transmission of
0.015 % for each mirror. Finally, to calculate the number
of incident photons on the detector, we measure the laser
power before the two supermirrors with a precise power
sensor.

The detection efficiency as a function of the bias
voltage is plotted in Fig. Eb. Our measurements
show that nqet slowly increases with Vapp until a
threshold where it increases dramatically for a value
of Vapp shortly below the dark count runaway value.
The best compromise between detection efficiency and
dark count rate is found at Vapp = 78.4(0.05)V with
Naet = 0.48(0.025).

As said in the introduction, other similar experiments
generally require long integration times which implies an
experimental limitation due to the detection noise. Us-
ing pulsed laser, magnetic field and detection is an origi-
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FIG. 8: Detection efficiency (o) and dark count per 5ns bias
pulse (») as a function of the discriminator threshold (a)
(Vapp fixed to 78.4V) or APD bias voltage (b) (Va fixed to
0.760 V). The APD temperature is fixed to the lowest achiev-
able value 221.5 K. Dashed lines indicate the chosen working
point.
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FIG. 9: Experimental setup to measure the detection effi-
ciency of the single photon detector. The detector is illumi-
nated with a laser intensity lower than 0.1 photon per 5ns.
This intensity is calculated through the measurement of the
supermirrors transmission and the laser power before those
supermirrors. An half waveplate and a polarizer are used to
change the number of incident photons.

nal and efficient way to overcome this problem. Photons
are concentrated in very intense short laser pulses dur-
ing which the detection background is negligible. This
also means that if a photon is detected in our experi-
ment in correlation with the magnetic field, it will be
an unambiguous signature of axion generation inside our
apparatus.
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FIG. 10: Monitoring of the optical path followed by the high
energy beam. Losses due to misalignment are estimated by
comparing the centre of the beam to the centre of the black
cross. The upper image corresponding to an uncorrected laser
beam pointing exhibits 30% injection losses, while the lower
one is perfectly corrected.

IV. EXPERIMENTAL PROTOCOL AND TESTS
A. Alignment

After the second magnet, the regenerated photons are
injected into the detector through a coupling lens and a
graded index multimode fiber with a 62.5 ym core diam-
eter, a 0.27 numerical aperture and an attenuation lower
than 1dB/km. These parameters ensure that we can in-
ject light into the fiber with a high coupling ratio, even
when one takes into account the pulse by pulse instability
of the propagation axis that can be up to 9 urad.

Injection is adjusted thanks to the fiber coupler, and by
removing the wall and the blind flanges (see Fig. 1). As
the high energy laser beam, the alignment beam comes
from the pilot oscillator without chopping nor amplifying
it. This procedure ensures that the pulsed kJ beam is
perfectly superimposed to the alignment beam. During
data acquisition, the mean coupling efficiency through
the fibre was found to be 7. = 0.85.

The alignment of the high energy beam is performed
with a low energy 5 ns pulsed beam, allowing for a 10 Hz
repetition rate. During alignment, several black crosses
are distributed along the laser path to mark the optical
axis. Mirrors mounted on stepper motors allow to align
the beam very precisely on this axis. This procedure is
carried out a few minutes before each high energy pulse.

The only remaining source of misalignment lies in ther-
mal effects during the high energy pulse, which could
slightly deviate the laser beam, hence generating sup-
plementary losses in fibre coupling. This misalignment is
mostly reproducible. This means that it can be corrected
by a proper offset on the initial laser pointing. The far
field of the high energy beam is imaged for each pulse at
the output of the amplification chain (see Fig. [L0). Since
the focal length of the imaging system is similar to that
of our focalisation lens, the position of the far field image
on the alignment mark is a fair diagnosis of the alignment
on the fiber coupler. The best offset was determined by
trial and error method after a few high energy pulses.

B. Optical and electro-magnetic noise

In order to have the best sensitivity, a perfect optical
shielding is necessary. As shown in Fig., an aluminum
blind flange closes the entrance to the regeneration mag-
net. A black soft PVC bellow placed between the exit
of the magnet and the fibre coupler prevents stray light
while mechanically decoupling the magnet which vibrates
during its pulse and the fibre coupler which should stay
perfectly still. Finally, another aluminum blind flange
closes the exit of the generation area in order to stop any
incident photon scattered inside the vacuum line.

A count on the single-photon receiver is most probably
due to an incident photon on the photodiode but it may
also originate from electro-magnetic noise during laser
or magnetic pulses. To avoid such noise, the detector is
placed in a Faraday shielding bay. In addition, a 30m
long fibre is used so that the detector can be placed far
away from the magnets.

To test our protective device, laser and magnetic pulses
were separately applied while triggering the detector.
No fake signal was detected, validating the optical and
electro-magnetic shielding.

C. Synchronization

Our experiment is based on pulsed elements which re-
quire a perfect synchronization : the laser pulse must
cross the magnets when the magnetic field is maximum
and fall on the photodiode during the detection gate.

The magnetic pulse is triggered with a TTL signal from
the laser chain. The delay between this signal and the
laser trigger is adjusted once and for all by monitoring
on the same oscilloscope the magnetic field and the laser
trigger. Then, the magnetic trigger has a jitter lower
than 10 ps, ensuring that the laser pulse travels through
the magnets within the 150 us interval during which the
magnetic field is constant and maximum.

Synchronization of the laser pulse and the detector
needs to be far more accurate since both have a 5ns du-
ration. The detector gate is triggered with the same fast
signal as the laser, using delay lines. We have measured
the coincidence rate between the arrival of photons on
the detector and the opening of the 5 ns detector gate as
a function of an adjustable delay. We have chosen our
working point in order to maximize the coincidence rate
(see Fig. [L1]). To perform such a measurement we used
the laser pilot beam which was maximally attenuated by
shutting off 4 Pockels cells along the amplification chain
and chopped with a pulsed duration of 5ns, which corre-
sponds to the longest duration of the kJ beam.



S 60 }

& 50 { { { {

Q I

§ 40 { 1

[}

g 304 : }

g 204 E : }

=]

5 104 ¢ !

© O—L? : »

T T T T T T T T T T T T

332 334 336 338 340 342 344

Delay (ns)

FIG. 11: Coincidence rate between the arrival of photons on
the detector and its 5ns detection gate as a function of an
arbitrary delay time. The dashed line indicates our working
point, chosen in order to maximize the coincidence rate.

V. DATA ANALYSIS
A. Detection sensitivity

The best experimental limits are achieved when no fake
signal is detected during the experiment. In this case, to
estimate the corresponding upper conversion probability
of regenerated photons, we have to calculate the upper
number of photons that could have been missed by the
detector for a given confidence level (CL).

The probability P, that n incident photons have been
missed by the detector is P, = (1 — nget)™ when dark
count is negligible. Therefore, the probability that n pho-
tons at most were missed by the detector writes

ZZ:O Pk =1
Zk:o By,
and has to be compared with the required confidence level

CL. This yields the upper number of possibly missed
photons nyisseq s the smallest integer n satisfying

1—(1—nee)" ™ > CL,

(1 - ndet)nJrl

which writes

log(1 — CL)
log(1 — nact)

For example, with our value of 74et, a confidence level of
99.7% corresponds to less than 8 missed photons. The
upper photon regeneration probability is then

S 9)

Nmissed =

TNmissed

P, a or vy Neﬁ‘ ) (10)
where Neg is the number of effective incident photons
over the total number of laser shots, taking into account
the losses described hereafter. Our experimental sensitiv-
ity limit for the coupling constant versus mass is finally
calculated by numerically solving Eqs. ([l) and (f) for
axion-like particles, and Eqs. () and (§) for parapho-
tons.

B. Photon losses

The number of photons per laser pulse NN; is measured
at the end of the amplification chain with a calibrated
calorimeter. Then the number of effective incident pho-
tons on the detector Neg should take into account every
losses. The first source of losses is due to the coupling
efficiency through the fibre. This is precisely calibrated
once a day. Injection is checked before each pulse, just
after the alignement of the high energy beam. The mean
coupling efficiency is 7. = 0.85.

As said before, the main source of misalignment lies in
thermal effects during the high energy laser pulse, which
mean value was corrected. Furthermore, using the c.w.
alignment beam we calibrated the injection losses in the
fibre as a function of the misalignment visible on the far
field imaging. Thanks to this procedure, we were able to
estimate the actual alignment losses for each pulse: they
amounted to 30% for a non-corrected pulse and varied
between 0 and 10 % for corrected pulses, because of pulse-
to-pulse instabilities.

Possible jitter between the beginning of the detection
and the arrival of the laser pulse on the detector is also
taken into account. For each pulse, a single oscilloscope
acquires the laser trigger, the detector trigger as well
as the detection gate. Those curves allow to precisely
calculate the moment ¢y when detection actually starts
compared to the laser pulse arrival. Furthermore, the
temporal profile of each laser pulse is also monitored. By
integrating this signal from ¢y and during the 5ns of de-
tection, the fraction 7 of photons inside the detection
gate is calculated. This fraction has fluctuated between
0.6 and 1 at the beginning of our data acquisition with
the 5ns pulse, mainly due a 1ns jitter that was then re-
duced to about 200 ps. Then, with the 4ns and 3 ns laser
pulses, jitter is less critical and ny = 1 is obtained almost
all the time.

Finally, for axion-like particles the numerical solving
of Eq.(f]) is performed with a fixed magnetic field Bo.
Variations of this magnetic field along data acquisition
are taken into account by multiplying each number of
incident photons by the factor (By;/Bo)*, where By ; is
the maximum field for the i*" pulse.

Integration of every losses yields a total number of ef-
fective photons

Boi\ 4
Net,a = ch,inp,inf,i(B—O(;) Ni, (11)

K2

the sum being taken over the total number of laser and
magnetic pulses.

Concerning paraphotons, given that the magnetic
fields has no effect on the oscillations, the formula writes

Neff,'y = ch,inp,inf,iNi- (12)

2
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FIG. 12: 30 limits for the axion-like particle - two photon
inverse coupling constant M, as a function of the axion-like
particle mass ma, obtained from our null result. The area
below our curve is excluded.

VI. RESULTS

Data acquisition was spread over 4 different weeks. As
shown in Fig.ﬂ, 82 high energy pulses have reached the
wall with a total energy of about 110kJ. This corresponds
to 5.9 x 1023 photons. During the whole data acquisition,
no signal has been detected.

A. Axion-Like Particles

The magnetic field was applied during 56 of those
laser pulses, with a mean value of 12 T. The laser pulses
without magnetic field aimed at testing for possible fake
counts.

Our experimental sensitivity limits for axion-like parti-
cle at 99.7 % confidence level are plotted on Fig. E They
correspond to a detection probability of regenerated pho-
tons P, = 3.3x 10723 and give M > 9.1 x 10° GeV at low
masses. The dark gray area below our curve is excluded.
This improves the limits we have published in [, which
already excluded the PVLAS results [@]

We also compared our limits to other laboratory exper-
iments in Fig.@. They are comparable to other purely
laboratory experiments [E, @, , especially in the meV
region of mass. On the other hand, they are still far
from experiments which limits (stripes) approach models
predictions [, , @, @]

Using Eq. (f]), our experimental results correspond to
M > 8GeV at m, = 1.17eV. Despite this enhancement,
our limits are still very far from the inverse coupling con-
stant of model predictions which is around 10° GeV for
a 1eV mass.

B. Paraphotons

In the case of paraphotons, we take into account the
laser bandwidth A by averaging P, (w) over A:

M (GeV)

5

4 3

107 107 107 10 107
m, (eV)
B Our experiment 2 CAST
O BFRT B Microwave
---- GammeV cavity experiments
------- PVLAS Axion models

FIG. 13: Limits on the axion-like particle - two photon inverse
coupling constant M as a function of the axion-like particle
mass m, obtained by experimental searches. Our exclusion
region is first compared to other purely laboratory experi-
ments such as the BFRT photon regeneration experiment [J],
the GammeV experiment [E] and the PVLAS collaboration
[@] with a 30 confidence level. Those curves are finally com-
pared to the 95 % confidence level exclusion region obtained
on CAST [ﬂ] and the more than 90 % confidence level on mi-
crowave cavity experiments [, B, B4. Model predictions are
also shown as a dotted stripe between the predictions of the
KSVZ model (lower line, E/N = 0) [@] and of the DFSZ
model (upper line, E/N = 8/3) [@]

A
1 U2
P, = Z/w_é P (w)dw. (13)

The experimental sensitivity is then calculated by nu-
merically solving

5 Nmissed
R (14)

where Nog is given by Eq. ([[J). In the regime of low
mass pu < \/w/Lg, it is equivalent to P_AY = P, and the
mixing parameter oscillates as a function of the parapho-
ton mass. For higher masses, oscillations are smoothed
to a mean value. Note that the relevant mass ranges con-
cerning axion-like particles are situated in the low mass
regime, which explains why the averaging over the laser
bandwidth was not useful.

The deep gray area in Fig. @ represents the parame-
ters for paraphoton that our measurements exclude with
a 95 % confidence level. It corresponds to a maximum
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FIG. 14: 95% confidence level limits on photon-paraphoton
mixing parameter as a function of the paraphoton mass ob-
tained to our null result (deep gray area). Shaded regions are
excluded. This is compared to excluded regions obtained on
BFRT photon regeneration experiment [B] (light gray area),
to searches for deviations of the Coulomb law [Bq] (points) and
to comparisons of the Rydberg constant for different atomic
transitions @] (stripes).

photon regeneration probability P, = 9.4 x 1072, This
sets a limit y < 1.1 x 107 for 1meV< p <10meV (for
higher masses, Eq.(f]) is not valid anymore). This im-
proves by almost one order of magnitude the exclusion
area obtained on BFRT photon regeneration experiment
[Bl. The enhanced probability at 1 = w given by Eq. ()
corresponds to y < 1.9 x 1077, For other ranges of mass,
a more complicated calculation is required [RH] which is
beyond the scope of this article. Nevertheless, compar-
ing to other laboratory experiments [B7, B (see B for
review), we were able to constrain the paraphoton pa-
rameters in a region which had not been covered so far
by purely terrestrial experiments.

VII. CONCLUSION AND OUTLOOKS

We have presented the final results of our photon re-
generation experiment which exclude the PVLAS results.
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Our null measurement leads to limits similar to other
purely terrestrial axion searches, and improves the pre-
ceding limits by more than one order of magnitude con-
cerning paraphotons [[L7.

As far as axion-like particles are concerned, improving
the sensitivity of our apparatus in order to test the ax-
ion model predictions seems rather unrealistic, especially
as the possible mass and two photon coupling constant
ranges are still several orders of magnitude wide. In that
respect, magnetic birefringence experiments like the one
presently under development in Toulouse [@] seem more
promising: aimed at measuring for the first time the long
predicted QED magnetic birefringence of vacuum [@], it
will improve by one to two orders of magnitude the pre-
cision of purely terrestrial axion searches.

More generally, let us argue that such precision optical
experiments may prove useful for experimentally testing
the numerous theories beyond standard model in the low
energy window, a range in which the large particle accel-
erators are totally helpless. For example, our apparatus
can be modified to become sensitive to chameleon fields

2.

Finally, very intense laser beams such as those planned
at ELT [iJ] will become available in the forthcoming
years. Such facilities should open new exciting oppor-
tunities for our field.
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