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Ultrafast resonant polarization interferometry: Towards the first direct detection
of vacuum polarization
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Vacuum polarization, an effect originally predicted nearly 70 years ago, is still yet to be directly detected
despite significant experimental effort. Previous attempts have made use of large liquid-helium cooled elec-
tromagnets which inadvertently generate spurious signals that mask the desired signal. We present an approach
for the ultrasensitive detection of optical birefringence that can be usefully applied to a laboratory detection of
vacuum polarization. The technique has a predicted birefringence measurement sensitivity 13 2%in a 1
s measurement. When combined with the extreme polarizing fields achievable in this design we predict that a
vacuum polarization signal will be seen in a measurement of just a few days in duration.
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[. INTRODUCTION been made possible because of the recent remarkable devel-
opments in mode-locked laser frequency stabilization tech-

A number of physical effects of current interest manifest ! ues[s]
themselves as a birefringence appearing in response to e ’

S - .~ We commence this paper with a short description of ex-
application of strong electromagnetic fields. One example Issting methods for ultrasensitive detection of field-induced

the small degree of magnetically induced birefringence thalEirefringence and contrast this with the ultrafast approach.

arnses in the Cot_ton-Mouton effefl—3. In this case light We then present a comparative analysis of the sensitivity of
traversing a medium exposed to a strong transverse magne%:e ultrafast and conventional approaches. Finally we con-
field observes a different refractive index for polarization . ! : ;

states parallel and perpendicular to the magnetic field direcs—Ider the consequences of applying the ultrafast technique to

tion. In dilute gases the Cotton-Mouton effect can be excee vacuum polarization measurements. We demonstrate that not

ingly small [1—3. An analogous, but even smaller field- only does the ultrafast technique avoid generation of spuri-

induced birefringence is predicted to occur in vacuum@Ys signals, but its sensitivity is comparable to the best pre-

because of corrections to Maxwell’'s equations arising unde\r“OUSIY reported_. In addition, the degree of po_lanz_at|on that
Is achievable with a resonant short pulse of light is compa-

quantum electrodynamic$QED) [4—7]. This correction, . . . .
originally made over 70 years ago, predicts a birefringenc%itgfog::;he highest values achievable with the conventional

that is only of the order oAn~ 1072 for any realistic labo-
ratory magnetic field. The weakness of the vacuum birefrin-

gence effect has conspired with an unavoidable generation of Il. BACKGROUND
large spurious signals in the techniques used to date to pre-

vent a successful detection of vacuum birefringence in th‘?nduced birefringence make use of high intensity static or

Iablora;c.er. hod f K IIow-frequency oscillating magnetic fields supplied by
n this paper we propose a method for making exireme ye>]gtremely powerful  superconducting  electromagnets

sensitive birefringence measurements based on the use {%—3,9—1@. The induced birefringence is observed by send-
frequency—stabnlzed modg-locked lasers anq IOW d|sper§|o g a linearly polarized field through the magnetic field and
optical resonators. We will measure th_e blrefr_mgence. 'Nobserving the modif_ication of its polarization stégdipsom-
duced inside a focused short pulse of light. This techmqueétry)_ Superconducting electromagnets can supply extremely

appears to hold the promise of state-of-the-art sensitivityfmenSe fieldg5—25 T) and are thus useful because they cre-

while using only a room-temperature table-top apparatus thale high levels of polarization, but also unfortunately possess
is reliable and relatively inexpensive. The approach circums, \umber of key limitations. The most obvious of these dis-

vents the most important d|s§dvantages of _convent_|ona| a idvantages is that they are large and operationally expensive
proaphes, in particular, it avoids the'gener'atlo.n of high I'eve hile the generated fields can only be modulated at low fre-
Spurious signals that mask the desired birefringence signay, ancies. This limitation on modulation frequency means
ghf necerz]ssary equt;pmefn': '; comrr_1er0|ally a\lllallabl_g amjjw at any birefringence signal can easily be buried in the low
elieve that a number of laboratories are well positione tqrequency noise of the detector necessitating the use of more
commence research in this direction. This approach has onlé(laborate modulation schemigs10,13. Of even more con-
sequence for highly sensitive experiments are the unfortunate
results of the large volume fields generated by the magnets,

Traditionally experiments aimed at detecting a weak field-

*Electronic address: andre@physics.uwa.edu.au and the high forces that are intrinsically part of high-energy
TPresent address: Department of Physics, Simon Fraser Univesuperconducting magnet systems. The high forces result in
sity, Burnaby, British Columbia, Canada. movement of the optical elements in the detection system
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which can masquerade as a birefringence sifibal7]. The
unconfined nature of the magnetic field makes it difficult to laser 1

properly shield the detection apparatus and this is problem. [ LP2aized
atic because low levels of residual field can act on the detec
tion system components so as to generate a false birefrin Iaser.2

. .. (h. polarized)
gence signal[1,11,16,17. Existing searches for vacuum
hockf

cavity

birefringence were limited by these types of spurious signals.
On its face an attractive alternative to high energy mag-[iock]
nets would be the use of optical fields to generate the polar-
ization necessary for the experiment. A number of authors
have suggested the use of continuous-wemeg) lasers to

generate Fhe ”?Cessf"‘fy fields, however,.the enefgy denSi_ty of FIG. 1. A resonant polarization interferometer following that
these optical fields is extremely small in comparison Withgescribed in Reff15]. PD, photodiode; PBS, polarizing beam split-
that of the superconducting magnet generated fidl#s20.  ter; NPBS, nonpolarizing beam splitter; EOM, electro-optic modu-

In this paper we propose to use extremely intense Sholktor; and 45°P is a polarizer at 45° to the polarization of lasers.
pulses of optical radiation to generate the high fields neces-

sary to polarize the media. As has already been nfité{ a -
the peak magnetic fields that exist within these intense short h=n_ 4L (1)
pulses of light(of the order of 10T for a 1 J, 50 fspulse Vo lo

. 5 5 ;
focused into 10'? m?) can greatly exceed the fields that can wherew, is the average frequency of the two modes kyid

be generated by any other means. The high degree of COle 4yerage length of the resonator. A path length difference

finement of the optical field means that although the pealy arise from any birefringence in the cavity in addition to
?'ec”omagf‘e“c fields are very high, the total energy Storeiinat coming from any intrinsic birefringence of the cavity
in the field is much smaller than a static magnetic field thatmirror coatings[15]:

would produce an equivalent birefringence signal. The '
pulsed light technique thus has twin benefits in that it elimi- oo nhy=ny + € ¢ 2)
nates any large forces from the experiment and also makes VLM No Yo 2nL 27’

shielding of the detection apparatus from the strong fields ) o )

very simple. The obvious disadvantage of this approach i¥/herec/(2noL) is the longitudinal mode spacing of the reso-
that the high fields only persist for a short period of time innant cavity,é¢ is the difference in the reflection phase for
any particular location, and over a very small volume. Tothe two polarizations, and, is the average refractive index
overcome this challenge one requires a detection technologdy the resonator. The laser frequency differenees 1, can

with a very high temporal and spatial resolution so as not td*¢ extracted by detecting the beat-note between the lasers
average the signal away. In this paper we propose a synchr@nd measuring the beat-note frequency with a conventional
nous detection technique that satisfies both of these requir@igh precision frequency counter. _

ments and which uses highly precise frequency metrology It is apparent from Eq¢2) that the RPI approach gives a
techniqueg15]. Our approach will simultaneously resonate Potentially high sensitivity since a small fractional difference
the strong field for polarizing the media together with thein the refractive index is multiplied by the optical frequency
probing field that detects the resulting birefringence. This hago (~3% 10 Hz). In addition, we note that cavity length
the advantage of allowing simultaneously high intensityfluctuations arising from vibration or temperature fluctua-
fields as well as a high interaction rate. The combination of dions will be common to both polarizations and hence do not
highly sensitive detection technique and high magnitude ofppear in the measured frequency difference signal. This
polarization potentially puts detection of QED vacuum po-avoids the need for high quality vibration isolation or tem-

larization within the grasp of an all-optical tabletop experi- perature control of the detection resonator. N
ment using existing technology. If technical noise sources such as laser pointing instability

and power fluctuations can be adequately reduced, then the

key residual fluctuations in the frequency difference signal
lll. RESONANT POLARIZATION INTERFEROMETRY will be due to the inherent noise in the frequency locking
system. With sufficient servo gain and high modulation fre-
quencies, the dominant residual noise source is photon shot
noise. An order of magnitude estimate shows that this will
limit the accuracy of each locked laser frequency to a frac-
tion of the resonance bandwidth equal[i®,24

Hall et al. have reported an experimental technique ca
pable of measuring birefringence with great precisitf].
We will refer to the device, illustrated schematically in Fig.
1, as a resonant polarization interferomeatPI). The tech-
nigue relies on frequency locking two continuous-wése)
but orthogonally polarized lasers to the same longitudinal hy
mode of a resonator using the Pound-Drever-Hall technique Ohot™ \[p 3
[21-23. To first order the fractional frequency difference detTint
between the stabilized laser frequencies is equal to the fraavhereh is Planck’s constanty is the laser frequency e is

tional difference in the optical path length of the resonatorthe power falling on the feedback photodiode, apgdis the
measured in the two polarization states: integration time. For a more detailed noise analysis see Sec.
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V below, but as an initial estimate assume the use of 800 nm,
laser light and photodiodes that accept a few milliwatts of
incident light. In this case, the laser will be locked to one
part in 1¢ of the cavity bandwidth aftel s of integration
time. In an optical resonator of lengthwith finesseF, the

RPI locking
and measurement

frequency bandwidth of each resonance is system ke L i
Svyp= . (4) FIG. 2. Measurement scheme for optically induced
2LF birefringence.

For a measurement of the difference between two resonangytor axes ok at the cavity mirrors of radiusa=x/2 (see
frequencies, the expected sensitivity is equal to the residuatig. 2).

frequency instability of each laser multiplied kg (because Since the RPI produces a beat frequency corresponding to
a comparison is being made between two uncorrelated ange integrated birefringence in the cavisee Eq(2)], a key
equally noisy signals This gives a fractional frequency concern is the limited interaction region between the pump
measurement sensitivity as and detection beams. This length limitation is imposed by the
_ Svy2 crossed cavity design. It is one of the unique and key sug-
Oyl = N 20shor (5)  gestions of this paper that both the detection beams and the
v pump beam consist of laser pulse trains rather than
continuous-waveécw) signals. If the timing of the circulating
h c pulse in each beam is synchronized so that the detection and
zpdemm,,ﬁ' (6) pump pulses meet head on@u_(see Fig. 2[29-33, and in
addition, each of the pulses is short enough to completely
Using experimentally realizable parameters, an indicativgass through each other before the beam axes begin to sepa-
overall sensitivity can be given as rate, then essentially all of the light circulating in the RPI
cavity will interact with essentially all of the light circulating
Svpe =~ 2.6 % 10203_W1W1 /2 mW, /1_5_ (7) in the pump cavity on every pass. Furthermore, the pulses
L F Paet YV Tint pass through each other where the beams are most tightly

In practice, to attain a shot-noise-limited measurement ser{pcused, and thus wherg they are most intense. Although the
use of pulsed lasers will complicate the experimental ar-

sitivity it will be necessary to modulate the birefringence at a . L
rangement there is no “in principle” reason that a mode-

judicious frequency that is well-removed from electrical or _ .
mechanical interference. Although it is unlikely to expectlc’Ckecj laser signal cannot be frequency locked with the same
shot-noise limited sensitivity at all frequencies it is certainly 2CUracy as a cw signal. In fact, mode-locked lasers have
experimentally feasible to achieve this over a limited fre_a!ready bgen frequency-locked to resonators with relatively
quency band24-2g. high preC|S|on[33,34|. A number of other authors have
shown that low-dispersion resonators can allow even very
short pulses to be coupled into the resonator with low power
IV. MEASURING OPTICALLY INDUCED loss and relatively little broadening of the circulating pulse
BIREFRINGENCE with respect to the input pulg85,3§. An additional advan-
tage of this pulsed-RPI approach is that we have automati-
e p a . i gally placed energy into many successive longitudinal modes
an auxiliary pump Iasgr beam (o interact W!th the twa f the detection and pump cavities. This circumvents a pos-
pulsed detection beams in the RPI. The detection beams ble low-frequency interaction between the cw detection

hot act to' prqduge birefringence upon themselm' It beams that has been seen in earlier experimgis The
would be_ In pr|_nC|pIe possible to use a coaxial and CounterI:)ulsed-RPI scheme automatically implements the more com-
propagating pair of pump and detection beams and thus us

€ , X
single set of mirrors for both the detection and pump pro—pTei(hgte f:;:gnt;g?;iﬂlgfspgr%posed by Hetllal. and Leeet

] . a
cesses. However, it has been shown that this approach is To determine the potential sensitivity of the pulsed-RPI
C%roposal we consider the case of a birefringence effect that is

In order to generate birefringence it is necessary to hav

potentially unsafe since dielectric mirrors can exhibit a
strong photorefractive effect, and this effect can masquera roportional to the intensity of the local optical field. This is
rue for both the Cotton-Mouton effect and the predicted

as a spurious birefringence signal by providing a means fo,
ED vacuum polarization. First it is necessary to determine

the detection and pump beams to interfdd].
We propose a second oppcal reson_ator. to enha_mce_ trl e average intensity seen by a pulse circulating in the RPI

power of the pump beam, as illustrated in Fig. 2, which I'escavity which is equal to

at an angle g, with respect to the detection resonator axis. '

An additional advantage of this twin resonator approach is 1

the ability to independently optimize the resonator mirror lav="1

characteristics for the detection and pump tasks. For the cal-

culations that follow the resonators are defined to be of idenwherel(z) is the intensity as a function of longitudinal posi-

tical lengthL, and we assume a separation between the resaion in the cavity. When short pulses are used, it is only the

L/2
I(z)dz, (8)
-L/2
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region where the pulses pass through each other that contrib- p(z) cran
utes significantly to the above integral. This interaction re- m ~ W (15)
gion is approximately half the length of the pulses them- 0
selves, extending a distance If the relative separation is small at this point, then the beams
or may be treated as coaxial over the entire region. As an ex-
Z=— 9 ample, if p(z))/w(z))=0.3, thenl(z,) is only about 6% less
4 on the detection axis than it is on the pump axis. The reduc-

on either side of poin€ in Fig. 2 wherer is the full width at tion in average intensity when integrated over the entire in-
teraction region is even smaller than this value. To give a

half maximum pulse duration. As long as the separation, N - , ;
o(2), between the beam axes remains significantly less thafpugh criterion for the minimum waist radius that can be
the beam radii in the interaction region, the beams can b Sed W'thOl.Jt encopnterlng significant beam separation inside
treated as approximately coaxial when calculating The the mter%(t:tl_on region, we set E(L5) equal to 0.3 and rear-
separation between the beam axes, in terms of beam radi"9¢€. obtaining

can be expressed as 1/2 1/2 A 1/2
Wo = lO,U,I’ﬂ( 4 ) (3) ( m) . (16
p2) 26 a0 ° 200fs/ \4/) \800n

w(2) \/1 + Az 2 We note that if the interaction region is smaller than the
Wo m/vﬁ Rayleigh range of the beam, the beams will be of approxi-
mately constant radius as the pulses pass through each other.
where we are only interested in a rangezahat falls within - A waist radius which is too small, though, will cause the
the interaction region given by E), wo is the beam waist heams to begin to diverge while still inside the interaction
size, and\ is the Wavelength of the stored radiation. The region and reduceav_ Equating the Ray|e|gh range Bé as
minimum separatiorx, between the mirror centers, as shown given in Eq.(9) and rearranging yields the following expres-

in Fig. 2, is equal to twice the cavity mirror radius, The  sjon which must be satisfied in order to prevent significant
mirror radius must in turn be a factor of larger than the  peam divergence inside the interaction region.

laser mode spot radius evaluated at the mirror location,

w(L/2), wherea is determined by the extent to which aper- ) r \Y N\ 17
ture Igsses can be tolerated for a particular application. Thus Wo = 2 um 200 fs 800 n : 17)
X is given by

For realistic values ofy, adhererence to the inequality in Eq.
X=2a=2aw(L/2). (1) (16) automatically satisfies Eq17).

Since we wish to maximize the induced birefringence we So long as the inequalities in EqELE) and (17) hold,

choose detection and pump cavity configurations that argalculation Ofly i straigh_tforwarql. Each tim_e a detection
close to the concentric stability imi88], so as to minimize pulse passes through the interaction region, it sees a burst of

the waist size in the cavity, and hence maximize the pum jght Wh.iCh cqrrie; effectively the gntire enerdiuso qf the
energy density. In the limit of a small waist sz, we can pulse circulating in the pump cavity. During the entire inter-

calculate the beam size at the mirrors and hence the requir@(%'?n t'm? tthttahplslstetshare a'pfr(?r(]lmately coaxial, with beam
spacing between the mirror centers: radi equat to that at the waist. Thus

1llog 2 (2
al\ 9
~ &=n ly=-—"—% P(z)dz (18)
X W' (12 YL awg ),
which determined), the angle between the beams, as loq 2
clog
~———F (19
2a\ pulse
h= " (13) L mwg

™o The circulating pulse energg, s, is determined by the

For reasonable assumptions of a pulse duration below 200 fgverage input poweP,,, the repetition rateR, of the input

a wavelength greater than 500 nm, and a waist size greatgulse train, the resonator finesseand an efficiency factor
than 5\, we find that the pulse length is less than one RayX, Which allows for mode matching, impedance matching,
leigh range,zzg=7W2/\. In this case we can simplify Eq. and dispersion related lossg5,36:

(10) and combine the result with Eq®) and(13) to give the

. . . . L FP

following approximation for the relative separation: Epuise™ kcavgf- (20)
p(2) _ 2za\
wz) W’ a4, addition, for the circulating pulse to be efficiently rein-

forced on each pass by the incident pulse train it is necessary
which becomes a maximum at the beginning and end of théhat the free spectral range of the cavity be identical to the
interaction zonez=z,=cr/4, repetition rate of the laseR [34-34:
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c the mirrors would need to be approximately 20 cm in diam-
R= oL (21) eter. Although this presents a significant challenge, it is not
insurmountable, as demonstrated by the recent construction
In a time domain view this is equivalent to setting the inter-of even larger diameter, high quality mirrors for gravitational
pulse time of the pulse train equal to the round-trip time ofwave detection interferometefd1]. Alternatively, in order
the resonator. Combining the three equations above gives to reduce the size of the mirrors one can use more complex
cavity geometries using two curved mirrors and two flat mir-
—ZFPav- (22) rors. . . .
(7wo) One of the challenges of the concentric cavity required for
this proposal is its sensitivity to misalignment of the cavity

ACCOfdi.flllg to EqQ.(22), 1 Is d?]termined solely byf.the mirrors and pointing fluctuations of the input beam. One can
pump oscillator average power, the pump resonator finessgy, . hat the waist size in a near concentric cavity is given
and the size of the beam waist. The beam waist, in turnby (38]

depends on\, «, and 7 via Eg. (16). This results in the fol-

_2log2

av

lowing indicative numerical expression foy,. \/ﬁ AL \V4
=\ , 24
L _F__Pa 200fs4k,800 nm PW M=\ (2R—AL> (24
“~520020W 7 al N Um

whereAL=2R-L <R, andR is the radii of curvature of the

The scaling factors chosen in E@3) reflect realistic ex-  two symmetric mirrors. Thus in order to have a waist size of
perimental parameters. A finesse of 52 000 corresponds to@der 10um in a cavity of lengh 3 m it is necessary to tune
reflectance of 99.994% which is available in a custom lowthe length to within 2< 10'm of the instability limit. In this
dispersion mirror coating39]. These coatings have suffi- near-concentric position the input coupling is highly sensi-
ciently low dispersion to allow 200 fs incident laser pulses totive to relative angular and translational misalignments of the
be directly coupled into a cavity with near-unity efficiency cavity mode and the input beam mode. The beam displace-
[35,36. A mode-locked laser with a 200 fs duration output ment on mirror 1 or 2 is given b§38]
pulse and 20 W average power has been reported with a
repetition rate of 25 MHZ40Q]. It is likely that there will be R%(— 6, + 6,)
further improvements in the output power of mode-locked AXyp=* AL (25)
lasers given the relatively early stage of development of this
technology toget.her with _the rapidly decre_asing C.OSt of PUMB, here 01,2 is the angular rotation of mirror 1 or 2. In order
lasers. Thus, using readily available equipment it should be . . ) _
possible to construct a pump cavity which gives an eﬁectivqto restrict translational motion of the mode on the mirrors to

average intensity in the detection cavity of 1.5 PW/®uch ess tbhan 1% ((ij the Spot Siée of thT bea.m :t Is necessarg/ to
high average intensitv i sibl u Isin {fimit beam mode-cavity mode angular misalignments to be-
gh averag sity is possible because by pulsing bOJ‘éw 3% 10%%rad. This alignment expression is clearly diver-

the detection and pump beams, we have arranged for t {as th it it hes th Hic limit
detection pulses to see the same average applied intensity ght as the cavity condition approaches the concentric fimit.
0 meet the challenge of these alignment requirements one

if the beams were parallel and nondivergent throughout th

cavity. It is the pulsed and counterpropagating nature of thgan.eitherdimplement a r;ode-clear:(ing cavi]Ey before tlhe de-
two beams that circumvents the effect of high divergencéecuOn an ng]pvcvavme[ Z]H or E‘a € use ofan afutoa 'gn-
which would normally undermine the use of tightly focused ment systenf43]. We note that the requirements for mirror

light beams, and also ensures that the detection beam sees%ﬁ‘b”ity stated above are within the capability of such align-
the pump light on every round trip in the cavity. In fact, the ment system$43)]. _ . N
pulsed beams show the same degree of interaction as cw We now furn our attention to higher arder modes in th's
beams that were parallel and nondivergent throughout th oncentric_cavity system. The transverse mode spacing,
cavity, which is of course not possible for tightly focused, =™ in a near-concentric resonator can be found t¢3g

noncoaxial beams.
The average intensity given by E@®2) is independent of T i(l _ /2A_|-> (26)
the length of the cavity because the increase in energy per ™7 4R R/

pulse that would occur if we switched to a lower repetition

rate is canceled by the decrease in the fractional length of thgsing the examplefa 3 mnear-concentric cavity with a 10
cavity which falls inside the interaction region. We have as-um waist we find an-8 kHz frequency splitting between the
sumed that the average output power of the pump laser fndamental mode and the first-order transverse mode. The
independent of the repetition rate, which is reasonably welhigher order modes will be frequency resolved if the finesse
followed by commercial laser systems. However, it shouldof the cavity is greater than 6000. In order that pointing
be noted that a longer cavity is preferable since it increaseffuctuations do not couple into frequency fluctuations it is
the measurement sensitivityee Eq(7)]. The optimal cavity necessary to have a finesse higher than this value. In addi-
length in a real experiment depends largely on the feasibilittion, we note that the transverse mode spacing is a useful
of constructing sufficiently large mirrors as implied by Eq. diagnostic for setting the length of the cavity to achieve a
(12). For a 3 m(50 MHz repetition ratecavity with =4,  desired cavity waist size.
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V. COMPARING PULSED RPI TO CW RPI time of the measurement. A more detailed examination of the
AND CONVENTIONAL ELLIPSOMETRY sensitivity limits under Pound-Drever-H&PDH) locking to
ha cavity with perfect impedance and mode matching shows

To place the sensitivity of the proposed pulsed RPI t
D y Proposec p S that[23,24

nigue in context we should compare it with conventiona
resonant ellipsometry and with continuous-wave R&W =
RPI). In this section we also compare the energy density of S _ V21N

- - - - YppH= 7 : (29
an optical pump field with that obtainable from a large scale 8 F\ 7V Pgpp/(h)

static magnetic field. . .
Conventional resonant ellipsometry relies on “tuning” the 10 compare the sensitivity of the ellipsometer and RPI

rotational angle of the cavity mirrors to set the intrinsic bi- @PProaches we note that Eg8) represents the ellipsometry
refringence of the cavity to nearly zero for the linearly po- Sensitivity for a single pass through the interaction zone
larized input radiatiorf44]. In this case the slow or fast axis Whereas Eq29) naturally refers to a resonant measurement
of each of the mirrors is well aligned with the input polar- in & cavity of finessef-. The sensitivity of a resonant ellip-
ization state resulting in limited conversion of the input ra-SOMeter measurement can be found by adjusting Eq.
diation into the other polarization state by the mirrors. The(27) for the number of passes through the interaction zone,
polarization of the input beam is set af4 with respect to Which for a resonator of finesse, will be a factor of 2F/r.

the applied magnetic field direction using a high-quality po-I" .the case vyhere the intentional modulatlon dgpth in the
larizer and will become elliptically polarized by the birefrin- ellipsometer is much greater than the extinction of the

gence in the cavity. The change in ellipticity of the beam carPolarizer-analyzer paif¢> o), the sensitivity of the two ap-
be expressed as proaches has an identical dependence on the main experi-

mental parameters with the RPI approach bein@ More

Y= AL (27)  sensitive. Itis likely that subtle technical details will be the
2 ultimate determinant of which technique is optimal.

. : : . As an example of the types of experimental details which
yvherek'ls the wave numper of the '”p!“ light, arpds the are of importance, the above expressions have excluded the
Interaction length of the field a_nd f[he light. The induced e"effects of amplitude noise in the input laser beams. The two
lipticity is r_neasured by a polar|za_t|on analyzer at the Outpwiechniques will be sensitive to the amplitude noise in the
of the cavity. The ar_lal_yzer consists of a polarizer that ha1""mmediate frequency environment of the modulation fre-
been set to pass radiation W'th. polanzatlon orthogonal to t.h‘auency. In the case of the ellipsometer this is the polarization
!nput radl_atlon_. The most sgnsﬂwe mgasurements of eIIIp'['C'modulation frequency, while the phase modulation frequency
1y, .‘/” using single-pass eII|pgomgt(ywthoutBar?y_reso'nant inherent in a PDH frequency lock is the relevant parameter in
cavity) have reported @ detection limit of 10°/+ 7, which the other case. In a suitable resonatiwhere v,

is less the_ln a factor of 2 from the shot-noise imposed Iimit>AV(5¢/27T)] it is, however, possible to have both systems
under their respective conditiori$—3]: deployed simultan'eousIBB7] '

V2 + 404 1 We note the analysis by Chet al. [44] which compares
5. . (28) the sensitivity of a continuous-waWew) RPI scheme and
VP e/ (1) 7y conventional resonant elli ity mi
psometer to cavity mirror tempera-

where 7pp is the quantum efficiency of the detection photo-ture changes. In both schemes a mirror temperature change
diode ando? is the extinction coefficient of the polarizer and gives rise to a false birefringence signal although it is stated
analyzer. In order to linearize the sensitivity of the ellipsom-that the RPI approach is much more sensitive to these types
eter to small birefringence signals, and to shift the signal obf temperature changg44]. For the ellipsometer approach it
interest away from zero frequency, it is usual to add a polaris possible to reduce the sensitivity to temperature changes
ization modulation of depti using a modulator at the output by 1 times by accurate alignment of the input beam polar-
of the ellipsometer cavityif presenj. In this case the bire- ization with the intrinsic birefringence axis of the mirror sur-
fringence signal now appears as sidebands about the modfaces. In the worst case the cw RPI technique will require the
lation signal and can be demodulated using synchronous déatrinsic birefringence of the mirrors to be stable to 1 part in
tection techniques. Unfortunately, the introduction of alO'!during the measurement period, which corresponds to a
resonant cavity or delay line into the ellipsometer in order totemperature stability for the mirrors in the 2 range.
increase the length of the interaction between the appliedlthough this appears to be an extreme challenge for the RPI
field and detection beanfk in Eq.(27)], and hence improve approach we point out two important differences in our
the birefringence sensitivity, results in a significantly wors-scheme in comparison to that considered by those authors.
ened single pass phase sensitivifif. The most sensitive First, it is possible to choose birefringence matched mirrors
birefringence measurements with delay lines or a high fi-and align the slow axis of one mirror with the fast axis of the
nesse cavity incorporated into the ellipsometer have a biresther mirror in construction of the detection cavity. In this
fringence sensitivity in the range ain~10—-10'8[1,45.  case the frequency difference between the two polarization

We now turn our attention to the RPI technique of mea-modes of the cavity will be much reduced, which reduces the
suring birefringence. We stated above in Ef).that an order temperature stability requirements by the same large factor
of magnitude estimate of the shot-noise limited birefringencdif the temperature fluctuations of the mirrors are correlated
sensitivity was below 13% \ 7, wherer, is the integration  In addition, as will be pointed out below, in the case of a

eIIips:
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pulsed RPI system it is possible to modulate the effective TABLE I. Required integration timer,, for the detection of
“pump” intensity at a high frequendy>10 kH2) (unlike the  vacuum birefringence assuming a 20 W, 200 fs pump laser launched
assumption of Chuét al. that has modulation frequencies of into a 3 mlong resonator tabulated as a function of the resonator
~1 mHz2). Slow temperature changes of the mirrors will be mirror reflectivity R (it is assumed that the mirrors of the pump and
very strongly suppressed by this modulated measuremeftection cavities are identigal

technique. .
We now turn our attention to the magnitude of the polar- R, % F Tint
izing field (the “pump” beam An average detected intensity 99.97 1.0<10% 2.6 years

of 1.5 PW/nt [see Eq(23)] corresponds to an energy den- ' ' '
sity of 5 MJ/n?, a little lower than the 39 MJ/fproduced 99.994 5.2¢10° 1.7 days
99.997 1.0<10° 25h

by a 10 T laboratory magnetic field. Thus focused short
pulses of light are only slightly lower in energy density than
the conventional magnetic field approach. We note in passin

that extremely high intensity fieldsnuch higher than can be . X . .
X y high | y field 9 must interact with a counterpropagating “detection” beam.

generated by any macroscopic magnetic field technigae : .
be created by tightly focusing the output of a high energyThe de;_telgno?tﬁeam canbthen bTehregafrde? as rgpvmg ;ntr':he
laser pulse amplifief16]. The difficulty with this approach mean nield of the pump beéam. 'he refractive indices ot the

lies in constructing a detection system with sufficient sensiyacuum for light polarized parallel and perpendicular to the

tivity to probe inside these short pulses given the tight tempolan_zaﬂon of the pump beam are denotem@andn, and

poral and spatial restrictiongl6]. In addition, these high are given by(18]

pulse energy amplifiers have relatively low repetition rates 16 a°U 28a°U

limiting the measurement rate. M=l MEY e (30
Finally, we comment that one of the very great advantages e €

of pulsed RPI over cw RPI is the ability to modulate the where is the fine structure constan,is the energy density

effective strength of the pump field at a high and almostin the optical field, andJ,=mgc®/#%~1.42x 1074 J/n? is

arbitrary rate without varying the energy load or distributionthe Compton energy density of the electron, is the elec-

on the mirror surfaces. This enables detection of the birefrintron rest mags Equation(30) demonstrates that the induced

gence signal in a frequency domain where there is minimatefraction is polarization dependent and hence the vacuum

noise interference, without giving rise to potentially false exhibits both a change in the phase velocity of the detection

signals. We achieve this effective power modulation by temiight because of the presence of the pump beam but also a

porally delaying or advancing the pump pulse with respect tdirefringence given by

the detection pulse and thus varying the degree of energy 42U 4 A

overlap at the crossing point of the two cavities. This type of An=— =——2

power modulation results in no change on the thermal load 15 Ue  15cUe

of the mirrors and thus eliminates many potential spuriousthough these expressions only strictly hold for infinite

effects that could otherwise masquerade as the effect of inglane waves, they give a birefringence of the correct order of
terest. This technique can be implemented as part of the cofpnagnitude so long as the beams remain well-collimated over
trol system that synchronizes the detection and pump pulsgfie interaction region. Substituting the maximum average

8uced by an optical field, a linearly polarized “pump” beam

(3D

[29-31. pump intensity[from Eq. (23)] into Eq. (31) gives an esti-
mate of the expected birefringence.
VI. DETECTING VACUUM BIREERINGENCE Various challenging technical issues must be addressed in

order to implement this experiment although we note that

A birefringence effect of significant interest at this time is many of the elements of this experiment have been demon-
that arising from a scattering of photons from a static electricstrated elsewhere. For example, the pulse trains of the detec-
or magnetic field, or even from other real photons. Althoughtion and pump lasers must be appropriately synchronized so
it was predicted almost 70 years ago that virtual positronthat the pulses meet where the beam axes d®s31]. In
electron pairs in the quantum electrodynamic vacuum coul@ddition, the offset frequency and repetition rate of the out-
mediate interactions between photdds-7], this effect has puts of the pulsed lasers must be controlled to match the
yet to be observed directly in the laboratory as a refractanceavity resonance frequencies and free spectral range of both
or birefringence of the vacuum. Nonetheless, there is evieavities [33], while both the detection and pump cavities
dence of scattering of photons from extremely strong electrienust have the same free spectral range. The final hurdle will
fields and inelastic photon-photon scattering in high-energype the duration of the experiment observation time in order
physics experimenti6—-48. It is believed that vacuum po- to unambiguously detect the vacuum birefringence. We cal-
larization plays an important role in extreme astrophysicakulate these integration times by equating the expression for
environments such as that which exists at the surfaces @hot-noise limited measurement sensitivity in E2Q) with
pulsars[49]. the expected vacuum birefringence signal in E8fl) and

The QED-mediated interaction between a polarized fielcpresent them in Table I. The first two lines predict the per-
and a polarized photon gives rise to a polarization-dependerfitrmance available from existing low dispersion mirrors. The
optical refractance of the vacuum. For the effect to be inirst line shows the performance capability of the best “off-
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the-shelf” commercially available low dispersion mirrors technology over the next few years, especially in low disper-
while the second line shows the capability of the bestsion mirrors with high reflectance and the development of
custom-built mirrors. Resonators built from these mirrors arehigher average power mode-locked lasers. These develop-
capable of accepting 200 fs pulses without significant temments will directly feed into an improvement in the perfor-
poral distortion[35,36. The last line of the table predicts the mance of the vacuum birefringence detection system based
performance that would be available if low dispersion mir-on these types of technology. We would not expect the same

rors would have a reflectivity equal to that of the best comate of development in superconducting electromagnet tech-
mercially available supermirrors. nology.

The measurement time required to detect vacuum bire-
fringence scales with the inverse fourth power of the finesse
because the finesse affects both the measurement sensitivity
and the average intensity in the pulsed RPI approach. Com- \We have proposed an alternative approach to the experi-
peting techniques that rely on a macroscopic magnetic fielghental detection of very low levels of field-induced birefrin-
to create a vacuum polarization have an integration periogence. In particular, we analyze the system for its applicabil-
that decreases only as the square of the finesse of the detés to direct detection of the predicted vacuum nonlinearity.
tion cavity. Thus improvements in mirror technology will We believe that this system offers a strong possibility of
result in the pulsed RPI technique soon outpacing competingeing the first to detect this effect. Our approach is based on
strategies. If low dispersion mirrors could be improved to thethe intersection of two concentric and high finesse short-
point that 99.997% reflectivity mirrors become availafds  pulse resonant cavities, one of which pumps the vacuum to
good as existing supermirrgrshen the corresponding in- produce the birefringence, while the second detects this in-
crease in finesse would allow vacuum birefringence to bejuced birefringence using highly sensitive frequency metrol-
detected in just a few hours. This analysis neglects the likelpgy techniques. We predict a sensitivity that will allow an
increases in available laser power over the next few yearexperimental detection of the predicted vacuum nonlinearity
which will also reduce the required measurement time. after a measurement period of just a few days. This is a

Despite the difficulties that could be expected in operatingzomparable period to that predicted for conventional tech-
an optical system based on near-concentric cavities of suchriques, however, this alternative approach avoids the mask-
large size, an all-optical device should be smaller, cheapelng effects of spurious signals that plague conventional ex-
easier to operate, and more reliable than systems using liquiseriments. A successful detection of this effect will enable a
helium-cooled superconducting magnets. In addition, thergensitive experimental test of a major prediction of quantum
are a couple of extremely important benefits accruing fromelectrodynamics.
the use of an optical pump field. First, there is the possibility
to modulate the effective strength of the pump field at high
rates as mentioned above, without changing the thermal load
on the mirror system. Second, the low forces and power re- We thank the Australian Research Coun@RC) for fi-
quired to generate high intensity pulsed optical fields, comnancial support of this research. We would like to thank all
bined with the high confinement potential of optical fields,the members of the Frequency Standards and Metrology
enables the elimination of many effects in the detection sysGroup which make it such a pleasant and stimulating envi-
tem which masquerade as a vacuum birefringence signal ironment in which to work. In particular, we would like to
contemporary experimenf4,17]. Finally, we would suggest thank John Winterflood, John McFerran, and Sam Dawkins
that there will be a rapid development of optical and laseffor reading the manuscript and providing useful feedback.

VII. CONCLUSION
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