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Nondestructive dynamic detectors for Bose-Einstein condensates
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We propose and analyze a series of nondestructive dynamic detectors for Bose-Einstein condensates based
on photodetectors operating at the shot-noise limit. These detectors are compatible with real-time feedback to
the condensate. The signal-to-noise ratio of different detection schemes are compared subject to the constraint
of minimal heating due to photon absorption and spontaneous emission. This constraint leads to different
optimal operating points for interference-based schemes. We find the somewhat counterintuitive result that
without the presence of a cavity, interferometry causes as much destruction as absorption for optically thin
clouds. For optically thick clouds, cavity-free interferometry is superior to absorption, but it still cannot be
made arbitrarily nondestructive. We propose a cavity-based measurement of atomic density which can in
principle be made arbitrarily nondestructive for a given signal-to-noise ratio.
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[. INTRODUCTION can be more sensitive than single-pass interferometric mea-
surements such as those that have been performed. This is

This paper presents a comprehensive analysis of nondeurprising given that fluorescence is based on the destructive
structive, dynamic measurement schemes of Bose-Einstephenomenon of absorption and spontaneous emission,
condensateBEC) in both interferometric and noninterfero- Whereas interferometry is sensitive to the phase shift of the
metric configurations. The dynamic nature of these detectorforward scattered photons, suggesting interferometry would
is essential if they are to be used for feedback to the conder@lways be the less invasive technique. For each technique,
sate. Optical detection of the condensate causes heatit¢e derive expressions for the minimum observable change in
through photon absorption and spontaneous emission, arifieé column density of the condensate as a function of heating
this prompted the development of nondestructive techniquegnd bandwidth for optically thick and thin clouds. The tech-
that detect the phase shift imparted on a laser beam rath8fques, we discuss, are compatible with optical amplitude
than the absorption of that bedrh—7]. (phase and spatial squeezing, allowing sub-shot-noise and

It is therefore, necessary to compare the Signa|_t0-nois@Ub-diffl’aCtion-limiIEd-I’eSO|Uti0n in future implementations
ratio (SNR) achievable by each technigder a given ab- [10,11].
sorption rate This constraint changes both the optimum op- The requirements on dynamic detectors are best illus-
erating conditions for many techniques as well as the optimalrated by consideration of the gedanken experiment sketched
choice of detection scheme in different parameter regimedn Fig. 1. Here, we consider an atom laser beam produced by
We find that no current technique can be made arbitrarilycoherent outcoupling from a condensate that may be
sensitive for fixed absorption, and propose a detectioPUmped, although it will be unpumped in early investigations
scheme based on an optical cavity that has a sensitivity undét2—16. The atom beam and condensate are probed by light
this criterion that scales with the square root of the finesse.

These detection schemes are based on fast photodetectors
operating at the shot-noise limit. In contrast to all existing
techniques based on charge-coupled de(@ED) cameras,
these schemes allow for real-time density measurements with
high temporal resolution that are appropriate for the imple-
mentation of feedback to the condensate. This feedback will
initially allow mode locking of the BEC, and eventually al-
low control of its quantum state that will in turn determine
the properties of an atom laser bef®®]. The development
of these detectors and feedback is important if we are to
realize the pumped atom laser and through it, the full poten-
tial of quantum atom optics.

We find, contrary to popular belief, that the SNR in inter-
ferometric measurements cannot be increased arbitrarily by
increasing laser power and increasing detuning from atomic
resonance. Further, we find that for thin clouds subject to a
fixed heating by the probe beam, fluorescence measurementsg|G. 1. An atom laser with detection and feedback. Complete

stabilization of an atom laser may require detection of the conden-
sate directlydetector 2 as well as detection of the atom beam itself
*Electronic address: john.close@anu.edu.au (detector 1
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beams, and information regarding the noise and fluctuations Il. DYNAMIC, NONDESTRUCTIVE ABSORPTION
of the condensate and the atom beam is fed back to the AND FLUORESCENCE
condensate. The requirements on the design of the two de-
tectors shown are quite different. For the dynamic detection ) ) _
of the atom laser beam with detector 1, there is no nonde- !N @ single-beam absorption measurement, a probe with
structive criterior{17]. This can be seen by analogy with the INcident powerPy, passes through the atoms. The probe
detection of photons from a laser beam. Nothing could b&?€am receives a phase shiftand is partially z{bksorbed, with
more destructive to an optical beam than a photodiode, ph&-he power transmitted dgscrlbed .By“: Ppoe . Both the
tomultiplier or CCD camera. The photons are destroyed anghase shift and glzsorptlon coefﬂmdn's_ca!e linearly with
an electron is excited to a new state and recorded. For eihe column densityg=fndz the density integrated along
ample, atoms outcoupled from a metastable helium BEC caff'® beéam direction. Stabilization of the BEC via feedback
be counted using a multichannel plate with good time resof€auires detecting a small fluctuating component of the col-
lution and high quantum efficiendyt8,19. No such detector 4MN dens!ty, which may be on a Ia_rge, sIov_va changing col-
mn density background. We explicitly define both compo-

exists for neutral groun_d-state atoms. The design of such %ents to correctly optimize the detection in the limits of both
detector will be the subject of a future paper.

It might be thought that feedback from detector 1 WouldOptlcally thick and thin clouds,

A. Absorption

be sufficient to stabilize the atom laser. Any classical noise Fo=T+ 6N sin( wt)

brought about by motion of the condensate in the trap could P

probably be compensated by feedback from the atom laser b=+ 8¢, sin(wt) 1)
beam flux. In the absence of classical noise, Wiseman and P P P

Thomsen have recently concluded that a pumped atom laser k=Kt Sk, Sin(wpt).

will have a linewidth dominated by the effect of the atomic

interaction energy, which turns fluctuations in the condensate yjtimately, we want a sensitive detector that can detect

number into fluctuations in the condensate pha@eThey very small fluctuations. We assumip,,dk,<1. Setting

further conclude that feedback from the atom laser beam fluXy _ 7 qescribes the specific case of detecting the full BEC

yvill not improve the linewidth, and suggest using dispersivej, the limit of thin clouds.
imaging of the condensate and feeding back to the phase of Tpe absorption and phase shift are given by
the condensate via the trap bias or via a far-detuned laser
beam. This role is fulfilled by detector 2 and the feedback ~ 1
loop shown in Fig. 1. Detector 2 is the more difficult of the Kp=n
two detectors to design and implement, and we concentrate
on the nondestructive dynamic detection of the condensate in _ _
this paper. _hog A _onoy A

The optimization of a measurement scheme, whetheritbe ~ #»= 3 1,2 214 0%p= 5~
interferometry, absorption, or fluorescence, is strongly influ-
enced by the restrictions imposed by the physics of the sysyhere sy=3\?/27 is the resonant absorption cross section,
tem being probed. Gravity-wave interferometers, for ex-assuming we are probing a closed transition. The detuning,
ample, are limited by laser power and saturation of thegiven in units of half atomic linewidth, isA=(w
detectors. Optimization of a shot-noise [imite€8NL) phase  — wy)/(y/2).
measurement with these restrictions requires operation near a The optical power transmitted through the BEC is de-
dark port with equal power in the interferometer arms. Thistected on a phase-insensitive photodetector. The detector re-
design is used in all current gravity-wave detectors undesponsivityp relates the incident optical power to the current
developmen{20-23. In contrast, the nondestructive crite- produced by the photodiode. The quantum efficiencys
rion for the probing of a condensate that we apply in thisrelated to the responsivity through= ne/hv.
paper leads to unbalanced powers in the interferometer arms. The desired signal is the ac component,of
As another example, optimization of the SNR for the nonde- ] k k ]
structive interferometric detection of condensates, while i=pPpole "r—e "rikpsin(wpt)], (4)
holding the ratio of probe to local oscillator power constant . . . . .
leads to increase signal to noise with increasing detunin hich is s.elected V\,”th an, appropnate filter on the current.
[3,4]. In many of the designs we discuss here, the local os! M€ resulting rms signal(iz.) is
cillator is passed around the condensate. Although total ab-
sorption by the BEC is fixed, total power in the interferom- Lo P —k

: X , isig=—=Ppo€ PK,. (5)

eter is not, and the SNR becomes independent of detuning J2
from resonance at least for optically thin clouds. The follow-
ing sections contain a detailed analysis of shot-noise limited We assume the noise is dominated by shot noise from the
measurements optimized for the nondestructive, dynamic ddaser, which translates to current noise on the photodetector,
tection of Bose-Einstein condensates. [24],

~ 1
o and &k,=dénoyg——, 2
01442 P 01+A2 @
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Ishot= VzeB<i>1 (6) 0.6
whereB is the bandwidth of the detection system, a.
iShOt: \ ZGBpPpoe_ P, (7) 0.8
S
Taking the ratio of Egs(5) and (7), and settingdk, N o
=(sn/n)k,, gives the SNR for a SNL dynamic absorption 0.2l
measurement:

s [ g 5 7kkaﬁ o
N~ Vaghy, ' Po® e ®

1. Adding a nondestructive criterion FIG. 2. The normalized signal-to-noise ratio for a nondestruc-

) ) tive SNL absorption measurement as a function of the absorption
A continuous “nondestructive” measurement sets an Upoefficient. There is a clear optimum lat=1.6, corresponding to
per limit on the average power absorbe®.,)=(P,0  approximately 80% of the probe power absorbed.
—Ppy), by the BEC,

<Pab> — Ppt<ekp+ Skpsin(wpt) _ 1> S _ 7]< Pab> (‘);I?l
Nthick 2$h1} n

(11)
=Py(efr—1)

S 7{(Pap) ~ \/:0
= —_ak =1/ a -
Ppo(1—e ). 9 Nor 2Bhy on = (12

For an optically thin cloud at steady state, this absorbed ) o

power is equal to the power emitted by the process of spon- Setting the SNR to unity gives the smallest measurable

taneous emission. This can be converted directly to the nunf:hange in column density from absorption:

ber of photons emitted per atom every second. It is the recoil

from these spontaneous emission events which will destroy STMIN) o= /2-5BhVﬁz (13)

and dephase the BEC. As the BEC becomes optically thick, thick 7(Pap)

reabsorption of the emitted photons becomes an issue, and

the total number of recoils caused by the absorption of a 5 4Bhv T

single photon from the probe laser beam will depend on the sn(min)hin= "\ —/=— —. (14)

mean free path of the photons in the medium as well as the 7(Pab) 0o

geometry of the trapped_ atoms. In this regime, every photon We might be more interested in fixifg, the photon ab-

absorbed by the BEC will do far more damage than a Slngleé:orption rate of an individual atom. This can be found from

recoil event, and the restriction on the amount of power ab—h wer absorbed by the condeﬁsate'

sorbed by the BEC for a nondestructive measurement wiI} € power a y ’

need to be more stringent. (Pap)
Including the nondestructive criterion above in the SNR, hab =

14

o~ —Kp 2

§: A Pab)@ e "rkp whereA is the cross-sectional area of the beam, and, there-
= . (10

N 4Bhy n 1_e7kp

fore, NA is the number of atoms in the beam. The smallest
We optimize the functione(‘kpkg)/(l—e‘kp), shown in  measurable change in column density is, therefore, given by
Fig. 2. The function reaches a maximum value of 0.65 when
k,=1.6, which corresponds to approximately 80% of the ~ . 2.3B~
p : SN(MIN)hick= \/ —==N, (16)
power absorbed. At larger absorption, the total amount of ic T A
power absorbed increases, but the sensitivity of the absorp-

tion to small fluctuations decreases as the BEC becomes op- 5 4B
tically thick. Sn(Min)pin= \/m. (17)

The maximum absorption possible occurs on resonance,

whenk,=nay. If noy>1.6, the optimum valuk,= 1.6 can

be chosen by detuning the probe beam appropriately. If B. Fluorescence

Noe<1.6, Kp should be set to its maximum valueg,, by The signal from fluorescence is the same as for absorp-
putting the probe on resonance. This leads to following twdion, with the exception that only 1-10% of the emitted
different optimum SNR equations in the limits of optically photons would typically be collected, reducing the signal by
thin and thick clouds: the collection efficiencyy .

T'nA, (15)
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The total photocurrent from the emitted photons collected 7 ALY
on the photodiode is

i=pYPyo[1—e fo—e sk, sin(wpt)]. (18

As before, the desired signal is the ac componen} which

is selected with a high-pass filter on the current. The current
shot noise is related to the averagei,ods described by Eqg.
(6). The resulting rms signal and noise are given by

Y
isig:% Ppo(e ¥ roky), (19 FIG. 3. A generic separated beam path interferometer, where the
local oscillator beam passes outside the condensate. A homodyne
measurement is depicted, where the current from the two ports of
isho= V2€BpYPpo(1—e %p). (20)  the interferometer is subtracted.
Taking the ratio of these results yields the SNR. The non- IIl. DYNAMIC NONDESTRUCTIVE
destructive criterion is included by rewriting in terms of DISPERSIVE DETECTION

(Pap). Settingk,=(4n/n) ok, gives A. Separated beam path interferometry
S Y 7(P.p) on e‘kpkp We analyze the generic separated beam path interferom-
N- VB T ok (21)  eter shown in Fig. 3. A local oscillator with powe?,

n € =§Ef passes outside the BEC, whéfrés the proportionality

This shows that the SNR for fluorescence will be at aconstant relating the square of the electric field to the power

maximum in the limit of thin clouds, whek,<1. For sen- in the optical field. A prob.e Wi.th incident pOW‘*‘TpO passes
sitivity to small changes in the BEC, we would expect to through the atoms, experiencing the phase shift and absorp-

detune to the linear thin cloud regime: tion described in Sec. Il A.
The current from the photodetectors, whereand — re-

fer to the two ports of the interferometer, is

S Y 7(P,,) on

i MT' (22)
N 4Bhv T o
'1,2:§[PL+Pptiz\/PLPpt005(¢tot)]- (25

The smallest measurable change in column density from

fluorescence is found by setting the SNR to unity: The total phase shifp,,; is composed of the assumed stable
phase difference between the probe and local oscillator
STi(min) = [ 4Bhv =2 29 beamsg¢,, and the ac and dc components of the phase shift
Y {Pa) from the BEC. The dc phase shifts are combined by setting
bo= ¢p+ Dio
In terms of the rate of absorption per atom, this is given by
COY o) = COY po+ 5¢p Sin(wpt)]
SH(MIN) = \| e . (24) = cosgo— by Sindosin(wgt).  (26)
Y nl'A

. . In order to maintain a constant operating pointdg, the

Fluorescence has the same maximum SIR a given e ferometer would need to be locked at this point. The
(Pap)) regardless of whether the BEC is optically thick or panqwidth of the locking loop should be sufficiently fast to
thin to resonant light. An important caveat is that in the op-i.5ck the slow decay, which for a typical BEC will be at most
tically thick case, the reabsorption of emitted photons will1 11, The bandwidth must also be much slower than the trap
usually require a loweP,p) for the measurement to be qqijlation frequency, where we expect our lowest signal fre-
nondestruptlye. _ . . ' quencies.

In the limit of an atomic cloud that is optically thick 0~ \ye find the total photodetector currents by substituting
resonant light, the ratio of optimized SNL fluorescence tOEq. (26) into Eq. (25),
optimized SNL absorption is approximately the collection
efficiency. In an actual fluorescence experiment, the collec-
tion efficiency will be much less than one, and absorption isilyzzz[PLﬂL Ppt=2VPPy(COShg— S, Sin g Sin(wt) |
the better option for an optically thick cloud. In the optically @7
thin limit, the ratio of optimized SNL fluorescence to opti-

mized SNL absorption eqU?*éUoFl/Y- Fluorescence is the  The best SNR is achieved with homodyne detection, de-
most sensitive technique in the case of very thin cloudsiecting at both ports and subtracting the currents, as will be
whenoon<Y. shown in Sec. IV. The desired signal is the ac component of
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i,—1i, which can be selected with an appropriate filter on the
current. The resulting rms signak(iZ.) is

isig=P V2P Ppidd,singy. (28
We assume the noise is dominated by shot noise from the 1
laser, which is related to current noise on the photodetector .75 =5
by Eqg. (6). The current noise from each photodetector is 2 . &
added in quadrature, N .25
u} S0
ishot:\/zeB(<i1>+<i2>) e - a0 B
Ju]
=V2eBp(P_+Pyy). (29 A e 1o

Taking the ratio of Eqs(28) and (29) gives the SNR for a 10

SNL interferometer: FIG. 4. The normalized signal-to-noise ratio for a SNL interfer-

ometer restricted by a nondestructive limit on the power absorbed.
E: 2\ /L&b sin ¢ / P'—PF“ (30) The SNR is a function of laser detunirg in half linewidths, and
N Bhy 7P ONP + Pot the optical thickness on resonangeThe SNR reaches an optimum
when the probe laser is sufficiently far detuned for the BEC to

As we will see later in the analysis, the power in the probebecome optically thin. It is also necessary to be far detuned, even
beam is limited by the nondestructive requirement to a valugvhen the BEC is optically thin on resonance, to be in the regime
far less than the available laser power, even for large deturwhere the dispersion scales af\ 1and the absorption scales as
ings. By inspection, optimizing Eq:30) subject to the re- 1/AZ
striction on the probe power yields the optimum operating
points of P, >P; and o= /2. This operating point is half-

: . . . S 7{Pap) 00 ~

way up a fringe, with far greater power in the local oscillator —= —4n. (33
than the probe beam. This contrasts with an interferometer N 4Bhv 7
that is designed to measure a small phase shift without this ) o
restriction, which is limited by the total available laser Setting the SNR to unity gives the smallest measurable
power, and has optimal SNR when there is equal power i,f;;hange in column density from an optimized nondestructive
the two interferometer paths. interferometer:

At the optimum operating point, the SNR is

(i [ 4Bhy T 34
S n(min)= —_—
— = A /B_ZVPDI&Z’P' (31) 7I<Pab> 0o

N

In terms of the absorption rate per atom, this is given by
Note that the optimum SNR is independent of power in the

local oscillator for a SNL measurement provided the shot ~ . 4B

noise dominates the detector noise in a real detector, and on(min) =/ 7T Ay (39
provided the power of the local oscillator is far greater than

that of the probe. The SNR in an optimized interferometer is independent of

We rewrite the SNR including the nondestructive Criterionthe laser power and detuning_ The smallest signal that can be
limiting absorption from Eq(9). The details of the atom- detected depends only on the column density of the BEC, the
light interaction are included using Ed&) and(3). We com-  pandwidth of the measurement, and on the stringency of the
bine the column density and absorption coefficient as thgiondestructive criterion required for the particular measure-

dimensionless variablg="no, ment.
In the limit of optically thin clouds on resonancaéo

BA <1), optimized interferometry has exactly the same signal-
~ 5 to-noise as optimized absorption. As the column density of
S _ 7(Pap) on 1+A the BEC increases to the optically thick limit on resonance,

—= — . (32 : )
N 4Bhv G 3 the optimum SNR from absorption drops by a factor of
exp( -1 \/0.67100, while interferometry maintains the same maxi-
1+A? mum for both limits. In this limit, absorption has the same

The SNR is shown in Fig. 4, normalized to one. Thesensitivity as fluorescendexcept for a factor of collection
maximum occurs in the far detuned limit, where the atomicefficiency. Interferometry is fundamentally superior to ab-
sample is optically thin. These two limits are satisfied whensorption or fluorescence for measuring BECs wii,> 1
A?>pB+1. In this limit, the optimum SNR is [2].
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) Q R . Popt=&([EL cog wt+ ¢y )+ E, cot(w+Q)t+ ¢p)
© +Epcos(0—Q)t+ ¢pn)?). (36)
Py
) _/\ lPP R The incident optical power produces a current from the
Dl | p > L/J,’ v photodetector. Only the terms at the modulation frequecy
Fn A are of interest. We assunf,= P, and write the sidebands
frequency as a(as yet unspecifigdfraction of the carrier powerP,

, =m?P, . We rewrite the equation in terms of the total power
FIG. 5. In frequency modulation spectroscopy, the probe beanir_-,t = PL(1+2m2)
o )

consists of a carrier with powd?, and two out of phase sidebands

at plus and minus the modulation frequeri@ywith powerP,,, and mP

P, respectively. The carrier is detunédfrom the atomic transi- isig=2p tot [cog Qt+ | — ) — O Qt+ b, — ¢ ) ].
tion. A and Q are in units of half atomic linewidths, 0y5 The 1+2m?

optimum detuning is found to be @X with a sideband on each (37

side of the atomic resonance as depicted in the figure. . . ) . .
The signal is mixed down to dc with a radio-frequency

local oscillator with wavefornf (t) =cos{t+ x). Assuming

the mixer operates as an ideal multiplier, the output current is
Frequency modulation spectroscogMS), a single-  f(t)isig(t). As the gain is identical for signal and noise, we

beam and, therefore, geometrically stable technique, has prBave set it equal to one. A lowpass filter is used to remove

viously been proposed by our group and the CNRS group aeduencies of) and above, to give an rms voltage of

a nondestructive dynamic detector of BEB¢4]. Instead of

B. Frequency modulation spectroscopy

a separate local oscillator that passes around the BEC, FMS _ p m co —b—)—cO o
relies on a frequency shifted local oscillator, far detuned ¢ t°t1+2m2[ LbL™ bn=x)~C08 by S X))
from resonance relative to the probe beam, that passes (38

through the BEC. In this section, we investigate the impor- . ional hew— /
tant parameters in a FMS measurement, and considdyfaximum signal occurs whey= /2. We assume we are

whether it is possible with available detectors to use FMS agperatlng at large laser detuning and that the phase shifts
a nondestructive probe for a BEC feedback experiment. fom the BEC are smallgm,p, <1,

In FMS, the single beam that passes through the BEC has
a carrierP_ at frequencyw and two sidebandB, andP, at isig=PPiot 5
frequenciesn +Q andw—Q, respectively{30] as shown in 1+2m
Fig. 5. The signal, the sum of the two beat signals between

the carrier and each of the sidebands, is detected at tf]fq_ (3), with detuning defined relative to the carrier fre-

modulation frequengﬁ. With no BEC present, there is zero uency, as shown in Fig. 5. Again, we assume large detun-
signal as the two sidebands are out of phase and the beﬁj@s,A>1. The modulation frequency and the detuning is
cancel. With a BEC present, the three components of thg,oasured in units of half atomic linewidths

beam receive different phase shifts due to the frequency de-

pendent dispersion of the atoms, describedfy ¢,, and _ m nog
¢, and the beat signals no longer cancel. In the limit of |sig:pptotmﬁ
small phase shifts, the amplitude of the net beat is propor- m
tional to the column density. FMS not only has the advan-the signal is rewritten in terms of the ratio of the detuning to
tages of geometric stability, it also has zero background thughe modulation frequencyy/Q =D:

is insensitive to classical laser noise, and the large modula-

(21— ¢dm— dp). (39

The phase-shift dependence on detuning is included from

2+ 1 40
A At a-—q “O

tion frequency enables detection in a quiet part of the laser m nog 1 @)
i i ; - isig=pP — . 41
|nter_13|ty _spectrum as well as being far above arfyeléc sig— P Y om Q \pop?

tronic noise.

After optimizing FMS in the following analysis, we find  The sidebands and the carrier, all contribute to absorption
that even in the best case scenario, the shot noise is Welhg all three components must be included when fixing the
below the detector noise for a typicpti-n diode detector.  5yerage power absorbed to a nondestructive level,

This best case occurs when we are detecting the full BEC,
sn=n and we have the minimum bandwidth possible to (Pap)=Pior( kL + m*(Kp+kp)). (42)
measure trap frequenci@=100 Hz. In contrast to all other

techniques analyzed in this paper, we optimize the FMS si The absorption dependence on detuning is included from Eq.

nal relative to detector noise in the following analysis. ),
The optical power incident on the photodetector is propor- ~ 2 2
. . . nG'O 1 m
tional to the square of the electric field averaged over an (Pap)=Piot— | — + + . (43
optical cycle: 02 \D? (D+1)? (D-1)?
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FIG. 7. Aresonant interferometer. A cavity is placed in one arm
of a generic interferometer, one of many equivalent geometries uti-
lizing a high-finesse cavity to increase the sensitivity of a nonde-
structive measurement.

could be pushed into a SNL regime. Despite its suitability for
many dynamic measurements, it would appear unlikely to be
@ble to compete with separated beam path interferometry in
feedback applications.

FIG. 6. The normalized signal to noise in a detector limited
nondestructive FMS measurement. The SNR is a function of th
ratio of detuning to modulation frequendy, and the ratio of power
in the carrier to power in the sidebanas?. The optimum is at the
operating point® =0.9 andm=0.1.

C. Resonant interferometry

Substituting(Pp) into Eq. (41), In this section, we analyze a resonant cavity as a nonde-

structive detector of Bose-Einstein condensates. The cavity is

p(P >QL included in one arm of a Mach-Zender interferometer, as
ab, 2 . . . . .
) 1+2m shown in Fig. 7, enabling an interferometric homodyne mea-
Isig= 1 m2 m2 . (49 surement using the same optimum operating points identified
(D-D3)| —+ + in the earlier analysis in Sec Il A. High-finesse cavities have
D2 (D+1)2 (D-1)? been used in the strong coupling regime to both detect and

The FMS signal from Eq(44), normalized by dividing control the motipn of si_ngle gton[QS]. We are working in.
through byp(P,,)€2, is shown in Fig. 6 versu® andm. The fthe Wea.k coupling regime with the sole aim of extracting
signal has an optimum value of 0.5@&=0.9 andm=0.1.  information about the condensate.

This is similar to the situation shown in Fig. 5, The ratio of the amplitude of the reflected field to that of
the field incident on a mirror is. Similarly, t is the ratio of
isig=0.50(Pap) (2. (45  the amplitude of the transmitted field to that of the incident

field. The single-pass phase shift is denotgg,. The re-

The optimum signal increases with modulation frequencyiected, transmitted, and circulating electric fields of the cav-
which will be limited by the bandwidth of the detectpri-n ity are given by the equations below:

diodes are the most suitable detectors with their combination
of high bandwidth and large dynamic range. The photodiode rEpO(1_92i¢sp)
current will have noise at the modulation frequency, E=——5—

2.2i
which will be transferred through the mixer, 1-r2e? s
S (Pap)Q —t%E
§o0E (46) E=——, (48)
NEPVB 1—r2?idsp
Inserting the valuesQ=(15 GHz)/0.5y=5000, (P,,)
=10 BW, NEP=5x10 1, andB=100 Hz[29], _ itEg
S 1 4 CIrC_l_r2e2i¢Sp.
N~L (47)

In every pass through the cavity, some of the probe light
Unlike separated beam path interferometry, FMS im-Will be absorbed by the BEC. We assume that the finesse is
proves in sensitivity with increasing detuning and from dominated by losses at the mirrors rather than by losses in
atomic resonance, and increasing modulation frequency. Athe BEC. That isk<(1/F) whereF=1/(1-r?) for a high-
though FMS offers the advantages of simplicity and robustfinesse cavity. Although the power absorbed is fixed for a
ness, it is limited to relatively low local oscillator powers by hondestructive measurement, the absorption coefficient is
the speed of current detectors, and by the nondestructive cflot, and can be redijced by increasing the detuning. For a
terion placed on the measurement. It seems unlikely that standard BEC, wheraoy=300, and at a maximum detun-
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ing of 103 Hz, the finesse will be limited to 20 much K
larger than any achievable experimental finesse.

The single-pass phase shift consists of a dc phase shift
from the BEC, a small fluctuating phase shift from the BEC,

and a phase shift from the cavity itself. The cavity is oper- 2 ¥
ated on resonance, with the combined dc phase shifts locked 5
to zero. The phase shift of the probe beam is most sensitive A i
b
1

to changes in the BEC column density at this operating point.
The sum of the transmitted and reflected power at a mirror

mu;t equal the incident power, allowing us to rewrite?

=r—1. we assume that the ﬂu.Ctuatl.ng BEC phase is very FIG. 8. Aresonant interferometer with squeezed Ii@htas one

small. The change in the transmitted field due to the fluctuag, ;.. inputs.

tions in the BEC is

IV. QUANTUM ANALYSIS OF INTERFEROMETRIC

Et: EpOei 2]—'5¢psin(wpt)_ (49) DETECTION

The phase shift from the BEC is increased by a factor of In this section, we reexamine interferometric detection us-
twice the finesse compared to the phase shift in a nonresd?g a quantized treatment of the light. With the use of clas-
nant interferometer. This extra factor can be substituted disical light, nondestructive detection is ultimately limited by
rectly into the optimized nonresonant interferometer SNR{he shot noise of the detected light. This is an important

Eq. (3D, practical limit, but it is not a fundamental one that restricts
all possible imaginable detection schemes. Although this
IS 7P o limit can be pushed out by increasing the finesse of a reso-

NZZ m]—"&ﬁp. (50 nant interferometer, there will be restrictions on the maxi-

mum usable finesse as we discuss in Sec. V. We demonstrate
S ] that the limits to detection can be improved with the use of a

The nondestructive limit on the power absorbed will de-ponclassical light source, and show that in all cases balanced
pend on the circulating power in the cavitf,p)=Pcirckp  homodyne detection, with a very small proportion of the la-
(for optically thin cloud$. On cavity resonance, the circulat- ggr power going through the atomic cloud, will provide the

ing power is best SNR for a given absorption rate by the BEC.
Consider the interferometer described in Sec. Il C with
Peire=FPpo- (1)  squeezed light as one of the inputs. We model this interfer-

ometer with input fields, described by the annihilation opera-
As we found earlier, the signal to noise is optimized whentors a and b incident on a beam splitter with reflectivifg.
the probe beam is far detuned from atomic resonance, anphis setup is pictured in Fig. 8.

the BEC is optically thin. In this limit, the atomic phase shift We assume that the field is a large-amplitude coherent

and absgrption coefficient simplify t6¢= dnoo/2A andk  giate and that the fielll is a (possibly squeezadstate with
=noo/A%. Including the nondestructive criterion and the very low mean amplitude. The two input fields combine to
details of the atom-light interactions in the SNR gives give fields¢ andd in the arms. The fieldl experiences a

phase shift due to the atoms in the resonant cavity,

S P..Foq ~
— = A /L,\,Oén (52) A . .
N hvBn c¢=+Ra+iy1—Rb,

d=(J1-Ra—iJRb)e'®.

~ hvBn
sn(min)= \/ P Fon (53)  The phase difference, in this discussion, contains both the

T ap” 90 systematic phase shift between the probe and the local oscil-
lator, and the phase shift due to the atoms. There are many
equivalent energy-conserving choices for these beam-splitter
relations, but their only effect is to include an extra constant

~ B phase ing. The second beam splitter recombines these fields
on(min)= \/ ——. (54) . . S a -
nl'AFo, into following two new fieldsf andg:

(55
and

or, in terms of the atomic absorption rate,

The sensitivity in a nondestructive resonant interferomet- 1
ric measurement is enhanced by a factor of the square root of f=—(c+id),
the finesse compared to a nonresonant interferometer. 2
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A B e 1 s .
gzﬁ(c—id). (56) fo=§a{(2ﬁ+ 0Xy, )[cod ¢o) —sin( o) pp] — (1 2R)
The input field operators are approximated as the sum of a X[Sin( o) + COS o) bl 6Xp } + (e 6X)
glraastélrt::al coherent amplitude and a zero-mean quantum op- ><{1—Zm[sir\(rﬁoHcos{cﬁo)(f)p]}, 62)
A 4 en 1 -
azatoa, - 9'9= 5 a((1=2R)[sin( ¢o) +cos o) bp] 6X,, — (28
b=+ db,

+ 3X; )[COS o) — SiNl o) bp] + (a+ IXZ)
where da and b have the same commutation relations as ><{1+2\/m[sin( bo) +cog ¢O)¢p]})_ (63)

the input fields[ da, 5a’]=[38b,5b"]=1. We also introduce

the quadrature basis for the two input fields, A. Single-port detection

SX =8j+4j", Assuming that the dominant noise source is the shot noise
(59) of the light, and ignoring the finite quantum efficiency of the
;;X]f:i(gj -3i". photodetectors, we can assume that the photocurrent is di-

rectly proportional to the instantaneous photon number with
Keeping only terms proportional @ or larger and assuming identical statistics. We examine the signal received from a
that the input field is a strong local oscillator, we determinesingle photodetector by taking the expectation value of the

the number of photons at each detectdf. andg'g, number operatofeither Eq.(62) or Eq. (63)]. We see that it
has a constant component and a signal proportionalto

1 . The noise is determined by examining the variance of the
fif= E“{(O‘“L‘SX;)H_Z V(I=R)Rsin(¢)] number operator. The three noise terms(X; (7)?
. o =((8X; )2 must be added in quadrature, with X )?

+(2B+ 86X )cog ¢) — (1—2R)sin(¢) 6X, }, =1 Hz for a shot-noise limited input laser. We ignore the dc

(59 component, which in practice can be achieved either through
modulation or by a difference measurement. For unit band-
width, the signal to noise is given by

g'g= %a{(oﬂr SXH[1+2V(1-R)Rsin(¢)]
S _ 2J(1-R)Ra cog ¢o) 3¢y

—(2B+ 86X )cod @)+ (1—2R)sin(¢) 6X, }. N W ’ (64
(60 where
These photon numbers are directly proportional to the pho- . b o
tocurrents received from the detectors, with fﬁeﬁ" op- V={1-2V(1-R)R[ 8¢, Cod ¢ho) +sin( o) [} "AX,

erators averaging to zero expectation value, but having non-
zero variance. The product of the variances obey the
inequalityAAéxrAA&Xj_Bl due to Heisenberg’s uncertainty X[ cod o) — SiN( o) 512 (65)
principle. For shot-noise limited coherent lasers, these terms . )
Summing these intensities, we find that dark port. The restriction on absorption by the BEC has not
been included. We are guided by the fact thdt—Ra is
T +gfg=a?+ Cfgx; , (61  equal to the square root of the photon flux incident on the
cavity. Following Sec. Ill C and using Eq&), (3), and(9),
which is simply the intensity and shot noise of the input localwe can make the substitution

+ (1= 2R)[SIN o) + COK b) 9hp P AKX, 2+ AX 2

oscillator.
In order to find the ideal operating point for detection, we Ppo
set =+ ¢y. ¢ is the systematic phase shift between V1-Radp,=1\ h_,,5¢p

the fieldsc and d, which depends on the phase difference
between the different paths of the interferometer and the P.._ Fén

. . . . circ Nog
cavity detuning, as well as the choice of beam-splitter rela- N7y 2A
tions. ¢, is the phase shift induced by the atoms. In the v
limit of small signal ¢,<1, we can make the approxima- ~
tions  sing)~sin(¢y)+Ccosho)d, and cosf)~cos(ch) :ﬁ Ao FT (66)
—sin(¢o) ¢, and readily extract the signal to noise ratio, 2 ot
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where I' is the spontaneous emission rate of the atomsrranged. The phase shift from the BEC is proportional to the
caused by the absorptioA,is the cross-sectional area of the square root of the absorption rate, which is the main measure
beam, andro=3\?/(2) is the atomic cross section as pre- of the “destructiveness,” and our measurement is con-
viously defined. Using this substitution in E@4) and maxi-  strained in that we must detect as small a phase shift as
mizing the SNR for choice o5, andR, we find that in the possible. Without this constraint, single-port detection has
presence of squeezed light, the best operating parameters dpe same theoretical maximum SNR as a homodyne mea-
pear to be unchanged, but this corresponds to such a weakirement. Including the constraint, we find that this is no
beam entering the interferometer that the signal will belonger true. A better maximum SNR can be obtained by de-
dominated by detector noise rather than the shot noise of tHecting both output ports of the interferometer and examining
light. This means that squeezed light will not usefully en-the difference photocurrent, removing the component of the
hance the SNR for single port detection. This is not the casehot noise which is correlated on each port. In operator form,
for systems without a nondestructive criterion, as they do nothe photon difference is
have a cap on the total circulating power in the cavity.

In the absence of squeezing, the SNR for unit bandwidth

is given by g'g— 11T =(1—2R) @dX, [Sin ¢o) + COS o) by ]
—(2B+ 8Xy ) a[ cod o) — SIN o) b, ]
S ~ AUofF ~
Nzén\/ > (67) +2(a?+ 86X a)(1—R)R[siN(¢g)

+cog ¢o) byl (68)

This limiting SNR assumes the detector has perfect effi-
ciency and the absorption by the condensate is negligible.

This is valid in the high-finesse and high-detuning limits. 1, signal and noises are determined in the same manner as

single-port detection discussed above. After substituting the

expression in Eq(66) for ¢, to determine the SNR as a
When an interferometer is used to measure a phase shiftynction of atomic spontaneous emission rBteve find that

it is clearly wise to measure a large phase shift if this can bdor a unit bandwidth it is given by

B. Homodyne measurement

VRAG,FT cog ¢g)on

\/4(1—R)R[¢p COS(¢O)+sin(¢o)]2+(l—ZR)Z[Sin(¢o)+COS(¢O)¢D]2A)A<b2+AS(SZ[COS(QSO)_Sin((z)O)qsp]z(.Gg)

s
N

This SNR is maximal whep,=0 and (1-R)<1, cor- V. COMPARISON OF TECHNIQUES AND TECHNICAL
responding to balanced detection with only a very small frac- LIMITATIONS IN REAL DETECTORS
tion of the input laser power going through the atomic

sample. In this limit, we find that the SNR has a theoretical
maximum, Table | shows a summary of the smallest measurable

change in column density using optimized absorption, fluo-
rescence, interferometry, and resonant interferometry in a

A. Comparison of shot-noise limited techniques

S SnyVAgFT shot-noise limited measurement. Fluorescence, interferom-
NT T Ao (70 etry, and resonant interferometry have the same optimum
AXy operating point for all BEC column densities, while absorp-

tion has the added complication that its optimum changes

depending on whether the BEC is optically thick or thin
which, by comparison with Eq67), is a factor of\2 larger ~ when probed with resonant light. In the limit of an optically
than the optimal result for a single-port detection. Both ofthick cloud, optimized absorption has the same sensitivity as
these results show that with squeezing of the appropriatBuorescence, except for the factor of collection efficiency.
guadrature of the vacuum input to the interferometer, an arHowever in this limit, interferometry or resonant interferom-
bitrarily high SNR can be achieved independent of the fi-etry are the superior detectors to either absorption or fluores-
nesse of the cavity. Such an experiment would be difficult tacence. In the limit of an optically thin cloud, the optimum
demonstrate. It is only recently that squeezing has been useadbsorption sensitivity is the same as for nonresonant interfer-
to improve the sensitivity of any interferometdrd]. ometry, but in this limit fluorescence is now the most sensi-
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TABLE I. Smallest measurable change in column density for the  In Sec. Il A it was shown that the signal to noise in a
different techniques in a shot-noise limited measurement. The usgeparated beam path interferometer is independent of laser
of nonclassical light would improve the sensitivity of all the tech- detuning provided the detuning is sufficiently large that the
niques by the squeezing factor. CalculationB,) must take into o154 js optically thin. In addition to this restriction, we must
account reabsorption in the optically thick limit. avoid lensing of the light beam due to the condensate. Both
can be achieved by operating at small phase shifts. The

Measurement scheme on(min)(Pay) on(min)(T) present model, although it provides scaling and best case
Fluorescence 4Bhv -, 4B - signal to noise, completely neglects lensing effects on the
m” y,,rA” pr_opagation of the _G_auss_ian pr_obe be_am. E>_<cessive lensing
Absorption (thick) \/m \/ﬁ WI|! make signals d|ff|cult.|f n_ot impossible to mterpre’g, due
n = to imperfect mode matching in separated beam path interfer-
7{Pan) A ometers and multimode behavior in a resonant cavity. The
Absorption(thin) [ 4Bhy n 4B effect will be particularly acute in a high-finesse cavity and
7 Pan) To nl'Acg will probably limit the maximum useful finesse. Nonetheless,
= interferometric measurements will be least sensitive to vibra-
Interferometry \/ 4Bhy n \/ 48 tion if the phase shift from the condensate is made as large as
7(Pab) oo 7 Ao possible by operating as close to atomic resonance consistent
Resonant interferometry \/ Bhr n \/ B with the restrictions above. This highlights an important dif-
Fn(Paw) 00 Fnl'Aoy ference between many interferometric measurements, where

small phase shifts are detected with high intracavity power,
and a nondestructive BEC measurement where low probe
Jpowers are used and comparatively large phase shifts can be
ﬁietected.

tive technique. Either way, absorption is never the most se
sitive technique, and at best is equally sensitive for a sma In addition to the choice of detuning, a sensitive interfer-

range of measurements wherey is slightly less than one. gmeter will need to be acoustically and vibrationally isolated
Resonant and nonresonant interferometry scale the samgq have its operating point locked in order to minimize
with respect to column density; however, a resonant interferyeometrical phase shifts. There is a wealth of information in
ometer is a factor of/F more sensitive. The ratio of mini- the literature on locking, and we discuss here only a few
mum én from resonant interferometry and fluorescencepoints pertinent to measurements on BECs. Unlike many
shows how the ideal technique depends on the BEC columphase objects, atoms are a resonant system, and this can be

density: used to advantage. Two phase coherent probe beams can be
injected into the interferometer with different detunings from
sny AFaon atomic resonance. The beam closer to resonance will carry
5F1resim: Y (71 more information on the condensate and less on geometric

_ shifts. The reverse is true for the beam detuned further from
In the limit of very thin clouds, #oon<Y, fluorescence resonance. Comparison of the two signals will allow locking
is the most sensitive technique, otherwise resonant interfesf the operating point across the entire signal band providing
ometry has the highest fundamental sensitivity. Resonant il’greater immunity to vibration than would be possible on
terferometry is the only technique that can, at least theoretimeasurements of a nonresonant phase object.
cally, be improved arbitrarily for fixed absorbed power. The  Although the high-finesse cavity is more sensitive than
sensitivity of the other techniques are limited by the experinonresonant interferometry by a factor of the square root of
mental requirements on nondestructiveness, bandwidth, anfle finesse, this sensitivity comes at the price of increased
the column density of the BEC. susceptibility to vibration. Geometrical instabilities are am-
plified by the finesse. A high degree of vibration isolation,
locking over the entire signal bandwidth, and monolithic
construction are probably essential if the advantages of the
We have assumed in all but one of the detection schemdsigh-finesse cavity are to be realized. This is not an easy
presented, that laser shot noise dominates all other noisietector to build. For many measurements, the relative sim-
sources. Shot-noise limited sources and detection at the shplicity of the nonresonant interferometer may swing the bal-
noise limit is standard technology in quantum optics labsance in its favor.
around the world. Of more serious concern in interferometric A common approach to measuring a small phase shift in a
measurements, are geometrical phase shifts brought about bgvity is the Pound Drever HallPDH) method, whereby
the acoustic vibration of beam splitters and mirrors. Herefrequency modulated light is injected into the cavity and the
FMS, as a single-beam method, is superior to all other interbeat between the reflected sidebands and the carrier are mea-
ferometric techniques. In FMS, however, the local oscillatorsured on a fast photodiode. With the carrier resonant, the beat
passes through the BEC and it is far more destructive thasignal is proportional to the phase shift. A quick calculation
separated beam path interferometry. It is in the design ofuggests this method is unsuitable for measuring the phase
separated beam path methods and resonant interferometshift induced by a BEC. Even at maximum detuning from
that geometric phase shifts must be carefully considered. atomic resonance, the largest circulating power, we could

B. Technical limitations with real detectors
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tolerate, is 1 mW. With a finesse of 40the input carrier tors are slow and not suited to dynamic detection and feed-
power would be 100 nW. Assuming we use standard moduback. The dynamic detection of condensates described in this
lation techniques, the maximum power in the sidebandpaper, will be required if we are to use feedback to reduce
would be on the order of 10 nW. As the sidebands are thguantum noise on an atom laser beam. Although alternative
local oscillator in this measurement, it would seem unrealisdetection schemes appear feasible for metastable helium,
tic to make the measurement shot-noise limited with a higtthere are advantages to rubididiBi].
bandwidth detector. An alternative but related technique is to In this paper, we have proposed and analyzed a series of
make an off-resonant PDH measurement. Here, the carrier isondestructive measurement schemes for atomic clouds. The
detuned from both the atomic resonance and the cavity resorost sensitive is a new proposal based on an optical cavity
nance. The carrier is reflected from the cavity and provides aithin an interferometer, although it would be the hardest to
strong local oscillator. The modulation frequency of the inputimplement in practice. We contrast the performance of this
beam is matched to the cavity free spectral range, and it igetector with a variety of dynamic detection schemes for
now the sidebands that circulate in the cavity and probe thBose-Einstein condensates based on interferometry, fluores-
BEC. A similar signal to noise is obtained by detecting thecence, and absorption. When these schemes are optimized
transmitted beam but operating off cavity resonance suckubject to fixed heating, we find that resonant interferometry
that the transmitted power is half of the input power. This isis the only scheme that can achieve an arbitrarily high SNR.
equivalent to operating half way down a bright fringe in an  We find that for separated beam path interferometers,
interferometer. The advantage of this technique is experiwhere the local oscillator passes around the BEC and does
mental simplicity. The disadvantage is an increased suscepot contribute to heating, the signal to noise cannot be in-
tibility to classical laser noise. creased arbitrarily by detuning from atomic resonance and
For sensitive detection, there are three basic photodetectéicreasing laser power. For interferometric techniques such
choices:p-i-n photodiodes, avalanche photodiodééD),  as frequency modulation spectroscopy, where the local oscil-
and photomultiplier tube€PMT) [26]. Both APD (in Geiger  lator passes through the BEC, the signal to noise can be
mode and PMT are single-photon counters. They are, howimproved by detuning and increasing power but it will only
ever, limited to low photon flux and typically can detect aever approach the SNR of the shot-noise limited separated
maximum flux of 16—10 photons/sec. This limits the maxi- beam path interferometer. The limitation of FMS is that the
mum transmitted power to 6% W limiting the bandwidth SNR is maximized, where the modulation frequency is of the
and prohibiting modulation at frequencies high enough tosame order of the detuning. Available detectors limit this to
avoid typical laser relaxation oscillatiof®7]. Detectors roughly 10 GHz.
based onp-i-n diodes designed for SNL measurements, Although resonant interferometry can be arbitrarily in-
have a dynamic range on the order of Hid bandwidths of ~creased through increasing the finesse, the SNR will ulti-
1-10 GHz. Such detectors are capable of handling large phénately be limited by the tight experimental requirements
ton fluxes, high modulation frequencies and operating at th#hich encumber a high-finesse cavity. For many measure-
shot-noise limif28,29. ments, it may be preferable to use one of the simpler, less
An upper limit on the power absorbed by the BEC duringsensitive, techniques. In the optically thick regime, interfer-
a nondestructive measurement can be estimated by requirifjnetry has greater sensitivity than either fluorescence or ab-
that the atom loss rate in the absence of the probe beam $9rption. In the thin regime, fluorescence is more sensitive.
equal to the atom loss rate due to the probe beam. We assur@sorption is the least sensitive in all circumstances.
that one photon absorbed corresponds to one atom lost. This The schemes we have presented, can be used to detect
assumption does not take into account reabsorption of phclassical oscillations if the probe beam is focussed to a waist
tons in optically thick clouds, or the effects of heating if the Smaller than the condensate. Such a design, with feedback to
atom does not immediately leave the trap after absorption dhe trap, could be used either to enforce single-mode opera-
a photon. Both these effects, however, make the nondestruion or to mode-lock an atom laser in order to provide a

tive criterion more stringent. For a BEC with @@toms and  Pulsed output. Alternatively, if the probe beam is larger than
a lifetime of 1 sec, this leads to an upper lin{iP,,) the condensate, these detectors can provide information on

=103 W. With this power, the signal from absorption and number fluctuations. This can be used to minimize the line-
fluorescence will never be above the NEP gi-a-n diode. ~ Width of a pumped atom laser. Spatial information on a con-
Nondestructive dynamic measurements of absorption ofl€nsate could be obtained by scanning the probe beam in one
fluorescence are restricted to APDs or PMTs. Interferometn" two dimensions using acousto-optic modulators or micro-
has the option of using APDs, PMTs pri-n diodes. The electronic mirrors. Provided the scan rate is significantly
latter have sufficient bandwidth for the modulation that will higher than all signal fluctuations of interest, dynamic spatial

be required if we are to apply standard squeezing techniqudgformation can be extracted and fed back to the condensate
to these measurements. in real time. Although this may be difficulbut certainly not

impossiblg in a separated beam path interferometer, it would
be relatively straightforward to implement with fluorescence,
absorption or frequency modulation spectroscopy.

With a few exceptions, the vast amount of information on  The fast photodiodes that are the basis of the techniques,
BECs that has been gathered in the last 8 years has beame have described here, are consistent with the future imple-
recorded using CCD cameras. Although quiet, these deteenentation of squeezed light to improve the signal to noise.

VI. CONCLUSION
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Although the gains that could be made with present levels ofemperature, and scattering len#2]. Stability of atom la-
sgqueezing are not great, this may become relevant as squeaer sources may be expected to improve dramatically if feed-
ing improves. We are currently designing detection of atomsack techniques can be employed. While there has been sig-
on a chip based on the techniques we have described hefificant progress in atom lasers over the last few years,
These designs are compatible with microchip BECs. The fudynamic detectors for quantum atom optics experiments
ture implementation of microchip BECs with on board non-haye not yet been developed. In this paper, we have outlined
destructive detection using squeezed light, is an exciting poshe design criteria for dynamic atom detectors based on
sibility. If implemented with a split photodiode, these single-photon scattering. The experimental realization of
schemes are compatible with sub-diffraction-limited- these detectors, their performance, and the implementation of

resolution through spatial squeezing. ~ feedback will be the subject of future papers from our group.
Although light has many advantages, inherent nonlinear-

ity and the finite rest mass of atoms promise benefits in many
applicationg 33,34]. For this reason, the development of the
pumped atom laser is an outstanding goal in atom optics.
Although there have been some early experiments in this This work was conducted in an Australian Research
field, the development of the pumped atom laser will trulyCouncil Center of Excellence. We thank Nick Robins for
usher in the age of quantum atom optics. Initial investigafroviding Fig. 1. We would also like to thank Nicolas Treps,
tions indicate that pumping either by forced evaporation oPing Koy Lam, Ben Buchler, Stan Whitcomb, Daniel Shad-
by spontaneous emission from an excited state may onlgock, Bram Slagmolen, Malcolm Gray, and Craig Savage for
produce a stable BEC under particular conditions of densitytheir valuable discussions.
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