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Removal of a single photon by adaptive absorption
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We present a method to remove, using only linear optics, exactly one photon from a field mode. This is
achieved by putting the system in contact with an absorbing environment, which is under continuous moni-
toring. A feedback mechanism then decouples the system from the environment as soon as the first photon is
absorbed. We propose a possible scheme to implement this process and provide the theoretical tools to

describe it.
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[. INTRODUCTION Doherty et al. extended this idea further to investigate how

methods in the well-developed classical control theory can

In the last decades experimental technology has reacheapply quantum feedback control. From the application point
the point in which quantum effects cannot only be observedf view, feedback has been proposed as a means to improve
but also controlled. Sensors have become very precise arafom localization in standing wav¢4,6], cooling of cavity
individual quantum systems can be manipulated througmirrors [7], controlling coherence of two-level atonj§],
coupling to semiclassical driving fields. Despite this, we arenverting quantum jump§9], line narrowing in atomic fluo-
still far from having full control over quantum systems. In rescenc¢10], slowing down of decoherence effe€id], and
the field of quantum optics, the two main reasons for this arg@reserving macroscopic superpositions of light figlti2].
that the coupling to the driving fields is in practice quite In most of these applications, feedback is used to keep an
limited, and the nondesired coupling to the environment proopen system under control. The back action of measurement
duces damping and decoherence effects that hinder contrdh the quantum-limited feedback is nearly considered as a
lability. Classical control theory has been quite successful idrawback, and the feedback is enforced by the action of a
manipulating classical systems with complex or partially un-driving field that shapes the potential. In our proposal the
known dynamics. Classical control consists of closely monifeedback itself is used to create an otherwise difficult opera-
toring the system, processing the measured data, and appfyen. In fact, the evolution is tailored only by the continuous
ing the appropriate feedback signal to modify the evolutionmeasurement procedure.
of the system. In the field of quantum optics this idea has The idea in this work is to show that feedback control
been used to stabilize the phase or intensity of lasers. Howmplemented by simple linear optical elements can be of
ever, this reduction of noise could be explained classically. great use in manipulating quantum states of light. This is, at

Nonlinear effects are used to reduce noise in the quanturpresent, particularly interesting in the context of quantum
domain. Yamamotoet al. [1] presented the first scheme, communication where photons are the only serious qubit car-
which relied only on feedback to generate photocurrents withiiers. Their very weak coupling strengths suppress decoher-
noise below the standard quantum limit. Based on Langevimnce effects, but at the same time render rather difficult the
equations, Shapiret al.[2] gave the first quantum and semi- implementation of quantum gates. Any tools that perform
classical descriptions of feedback control. Wiseman andhontrivial tasks without relying on photon-photon interac-
Millburn [3] derived a closed-loop Master equation describ-tions are therefore very desirable. The use of linear optical
ing the instantaneous feedback of a homodyne current mealements has already proven to facilitate some t44k$
sured outside an optical cavity. This work, based on quanturilere, we address the particular problem of removing pre-
trajectories, made clear the connection between control ancisely one photon from a field mode. Our proposal is based
guantum measurement theory and made possible a completa a very simple form of feedback, and for its implementa-
understanding of “quantum-limited” feedback. Subsequentlytion, only linear optical elements are needed. The central
several applications and elaborations of this first quantunidea is that ofadaptive absorptiorand consists of coupling
theory of continuous feedback appeared. In general the feethe mode to an environment and monitoring that environ-
back does not have to be instantaneous and can be a funment for the absorption of a photon. Once a photon has been
tional of the entire history of measurement results, thus typidetected the coupling to the environment is switched off. If
cally resulting in a non-Markovian evolution. Doherty and the coupling is maintained until a photon has been absorbed,
Jacobd4] showed that in determining the form of this func- then this procedure removes exactly one photon from the
tional it is useful to formulate feedback control in two steps:field.
estimation of the state of the system, and application of ap- The paper is organized as follows. Section Il briefly re-
propriate control inputs to affect the dynamics. In Ré&f]  views the main properties of linear absorption. The Master
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equation describing the evolution of the field in the absorbeThe Master equatiof2) can now be rewritten in the compact
is introduced. These results are used in Sec. lll where wérm

give the evolution of the field in adaptive absorption, and in

Sec. IV where we give a possible implementation. In Sec. V, p=2I(3+0)p. (5)

we study the evolution under adaptive absorption for some

relevant input states. Section VI treats the question of obtainA solution of this differential equation may be expressed in a
ing information about the input field from the time at which number of ways including18]

the absorption occurs. Finally, in Sec. VII we present some
further elaborations and conclude the paper.

“ ot t t, .
o= fdtmf mdtm_l...f dt, et tw)
m=0 JO 0 0

X203 Ltm=tm-0 2032 tp(0).  (6)

II. LINEAR ABSORPTION

Absorption in a linear medium is characterized by a re-

. B . . /2 .
duction of optical-field amplitude by a factor of, which This formal solution allows for an interpretation in terms
is independent of the field amplitude. A coherent state 4 congitioned evolution in agreement with quantum mea-

after being partially absorbed during its propagation throughgrement theory. The solution is formed from terms of the
for example, an optical fiber, is transformed|tg?a). This  orm

is formally the same relation as between the input and one of

the output arms of a beam splitter. TReepresentatiofisee — ©or_ 3 ©or

Eq.(17) below] allows us to extend the previous formal anal- pe()=exd2TL(t-ty 2T exp 2L (ty—ty-0)] - -
ogy to all input states. The beam splitter also serves as a x 2T d exd 2I'Lt,1p(0). 7)
model for phase-sensitive dampifg4,15 by feeding the

second input port with a squeezed state. Each occurrence ol corresponds to the loss of a photon.

The action of beam splitters is widely studiesee, for The exponential terms account for the nonunitary evolution

example, Ref[16]). Some properties tha.‘t are relevant in OUr ot the system between photon absorptions. It follows that
context are:ia@ The output modes are in general entangled

and therefore the transmitted state is a mixed stajeCo- —
herent states are an exception to the previous statett@nt. pel(t)= pi—(t) (8)
When the vacuum and photons are fed into the input ports, Tr pce(1)]
the photon number distribution in the output ports follows
the same statistical law for distributingclassical particles: can be interpreted as the evolved density matrix conditioned
i.e., fromn photons, the absorber will let throughphotons by the loss of N photons to the environment at times
at random with probability, for each, while absorbingn§  t, t,, ... ty. The norm ofp.(t) gives the probability of
—n) with probability 1— 5. The resulting probability distri-  this particular sequence of detections to occur. The uncondi-
bution for the transmitted field is tional evolution described in Eq6) is then obtained by av-
eraging over all possible histories, i.e., summing over the
_ m n—m number of lost photons, and integrating over their corre-
sz(m)—(m) 7ML= ). @ sponding absorption times, . . . t,. The action of the su-
) ] peroperatod is sometimes referred to as a “quantum jump,”
(d) Vacuum fluctuations from the input port are added to thesince it produces a finite change in the state in an infinitesi-
the transmitted field. This illustrates the fact that dissipationng| time. In contrast, when no quantum jump occurs, the
is always accompanied by extra fluctuations. change is infinitesimal but not unitary.
The beam splitter analogy gives us a relation between the A coherent state after the loss of a photon and after a time

input and output photonic states. While the field is in contacty¢ without losses is transformed, respectively, as
with the absorbing medium, its evolution is nonunitary be-

cause of the losses, but may be described by the Master Jla)al=]al?a)al, 9)
equation
dp gt ' &1L a) (o] =expl - |af2[1 - exp(~ 2T A}
—=T[2ap(t)a’—a'tap(t)—p(t)a'a], 2
4 =TT2ap(t) p()—p(t)a'a] @ X | e~ T3 (e~ T, (10

wherea is the annihilation operator_of the_field mode. Thisis  gpe immediately notices that for an initial coherent state
the Master equation of a harmonic oscillator coupled 10 &,(0)=|a)(al, each integrand in Eq6) is proportional to
broad-bandwidth bathl7]. It is useful to separate the evo- | ,e~I'ty(4e~!"|. Hence, the unconditioned state at a tine

lution superoperator into two terms defined by also |ae™ ™). This shows the equivalence of the Master
A + equation (2) to the beam splitter from abovéwith 7
Jp=apa’, ) =e?I'') The Master equation description and its interpreta-
tion in terms of conditioned evolution, gives us a tool to
|:p= —1ila'ap+pa'a]l. (4) formalize adaptive absorption in the following section.
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In this section we show how to remove a single photon g1 2 possible experimental setup for single-photon extraction
from a field mode prepared in any state. For this we need t@y adaptive absorption.

couple our field to the broad-bandwidth environment as in
the previous section. The state will then evolve according to ) .
Eq. (6), or Eq.(7), if we are able to keep track of the jump knoyvn or not. In .the latter case.the mpgt—_output re_la_t|on is
times. Now suppose that we switch off the coupling to theequwalent tc_> a single beam splitter of f|n|t_e re_ﬂecqvny. In
environment immediately after a single photon has been agRarticular, this means that all vacuum contributions interfere
sorbed (see below for a possible implementatiotn this  to give a single vacuum contribution, so that the act of con-
case the conditional state after a photodetection at time tinuously monitoring does not entail extra fluctuations.
<t will be We seek to enforce the conditional evolution. This means
. . that if a signal is registered in the first detedr, no further
pe(t)=2T3e? 1y (0). (11)  beam splitters should be interposed. On the other hand, if the
first detector does not fire, the light is sent to the second
We can predict the evolution of this system in which a pho-heam splitter and the photodetecy is checked for a firing
ton may be absorbed at any time befor@r no photon is  gignal. The process is repeated until a photodetector fires.
a.bsorbeq. The corresponding unconditioned normalized den-"|, order to implement this procedure, the experimental
Sity matrix is arrangement in Fig. 2 might be used.
¢ In this scheme only four optical elements and a single
p(t)=eXF[2FEt]p(0)+j dt,2I'J exd 2I'Lt,]p(0). photodetector are needed. When a light pulse is trapped in
0 the loop enclosed between the modulated beam splitter
(12 (MBS), the mirrorsM; and M,, and the flip mirror, it is
It is worth noting that this evolution is explicitly non- effectively coupled to the environment through the MBS.

Markovian. The future evolution depends not only on theThe value of its reflectivity is set close to one and can be
state but also on its previous history. This can also be seen §fightly increased via an electric current to make it fully re-

differentiating the previous equation flective. In order to effectively feed the initial state into the
. o . o loop the flip mirror has to open.
p(1)=2T"(J+L)e?™p(0)=2I"(I+L) pro detectiokt) The photodetector keeps track of the photon losses and as

(13)  soon as it fires, it sends a feedback signal to the flip mirror so
that the pulse can exit the loop without any further losses.
‘Alternatively, the coupling of the field to the environment
can be switched off by turning the MBS fully reflective. The
flip mirror is then switched whenever the output is desired.
This last alternative allows the system to provide the uncon-
ditioned evolved states. Otherwise different subensembles
will emerge at the output at different times. Depending on
The basic idea is depicted in Fig. 1. The input signal isthe response times of the photodetector, control electronics,
sent through a series of weak beam splitters. Their reflectiomodulated beam splitter, and the flip-mirror one can add a
coefficient is very small, so that there is a negligible prob-delay line within the loop, for example, between the two
ability for more than a single photon to be reflected. A pho-mirrors M, andM.
todetector is placed in the weakly coupled arm of each beam Any real experiment will inevitably be only an approxi-
splitter. What we have described until now, is our field modemation to the model described above. In practice every beam
coupled to the broad-bandwidth environment. The corresplitter has a finite reflectivity and has some internal losses,
sponding evolution is then described by E6) or Eq. (7) and detectors have efficiencies below one. Inclusion of such
depending on whether the firing times of the detectors areffects will degrade the performance of the device.

where the “no detection” subscript denotes the density op
erator for which no photon has been absorbed.

Before examining the properties of E{.2), we describe
a scheme to implement the adaptive absorption.

IV. IMPLEMENTATION OF ADAPTIVE ABSORPTION
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V. PROPERTIES OF THE EVOLVED STATE PGB0 *

In this section we list some properties of the evolved
state. Equation$11) and (12) give the conditional and un-
conditional evolution for an arbitrary initial state and we now
present the evolution for two important examples.

A. Coherent state ool L -+

We consider first the important example of an initial co- 0
herent state*(0)=|a)(«a|. As shown in Eq(9), a coherent
state remains unaffected under the action of the jump super- FIG. 3. P distribution for a coherent state’) evolved until time

operatorJ. This can be understood in the context of thet (full line). P%(8,t) is nonvanishing only at the fixed phase
implementation in Fig. 2. As already mentioned, coheren@rg8=arga.

states have the peculiarity that when sent through a beam

splitter the two outcoming beams are not entangled. Thighe initial state]«) transforms after a timeinto a mixture
implies that the transmitted beam is the same independentlyf coherent states with damped amplitudels|

of the measurement outcome at the photodetector. In ang[|a|e™'!,|«|]. The contribution in the mixture of each co-
case, while coupled to the environment, the coherent amplirerent state also decays exponentially. The singular peak (*
tude is damped following Eq10). Thus the output field is in Fig. 3) corresponds to the case where the detector has not
determined only by the time which the states spend in confired, and it takes the required weight to kefy3,t) nor-

tact with the environmentinside the loop in Fig. R thatis  malized.

the time until the first jump occurs. The conditioned state at

the output when the detector firestatis given by B. Number states and photon statistics

2
26"l lod? IBI

pg(t):|ae—ﬁl><ae—“1|_ (14) Another important basis state is the number state
With probability
This occurs with the probability
p(t;/n)dt=2Ine 2'Mudt (19
p(t;|a)dt=2Tal?e 2 Mrexd —|al?(1—e 21)]dt.
(15)  the number statfn) will lose one photon at timé, to pro-

. . ) duce the conditioned state
Following Eq.(12) the unconditional evolution of the co-

herent state is pe(t)=|n—1)(n—1] (20
p(t)=exd —|a|*(1-e"?")]ae™ ") (ae™"| for timest>t,. This state is independent of the timgin
‘ which the jump occurs. As a result, the unconditioned state
+f dt; 2T a|?e 2T exd — |a|?(1—e 2M)] when no information on the detection events is available,
0

reduces to the simple form
x| ae”T)(ae ). (16) p"(t)=e 2" n)(n|+(1—e 2" n—1)(n—1|. (2D
The P representation of this state, defined by the equation |, <ontrast to the coherent-state case, the number state
soon evolves into a pure state. The probability of not extract-
p“(t)=f d2BP(B,1)|B){( A, (170 ing one photon fronn) falls exponentially with time, thus
the extraction is bound to occur given enough time. After
is given by long timest—o0 a single photon is removed from the signal
deterministically(unless, of course, there was no photon to
P(B,t)={exd —|a|2(1—e 2"Y]| 8|~ *5(|B|—|ale™ begin with.
s These last remarks are in fact valid for any initial state
+2elA"1ePOH(| gl ~|ale ™ H(|a| - |8} p(0)=3, . _opnn[n)n’|. Indeed, the photon number
X 8(arga—argp), (18) probability distribution at a timé is given by
where H(x) is the Heaviside step function. The existence Pn(D)=(nlp(t)[n)=e 2" a(0)+(1—e7 2" pn,4(0).
and form of thisP function allow us to draw some conclu- (22
sions: (1) The state produced in this way will have essen
tially classical properties2) The removal of the photon does
not c.han-ge the argument of the coherent state in thaPthe Pn(%®) =pPn+1(0)+pPo(0) Sn g, (23
function is zero for phases other than arg
The plot of theP function P*(3,t) in Fig. 3 gives us an which means that the probability distribution is shifted one
intuitive picture of the evolution of the unconditioned state.step to smaller values of. The initial vacuum component is

“And for t—o, we have
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of course not shifted and still receives the contribution from pinlt)
the initial one-photon component. In this limit of large times 1

the mean and variance of the photon number can be easily n=l
calculated using Eq23), 0.8 [
n(s)=n(0)+po(0)—1, (24 06 f
An?()=An?(0) ~ po(0)[2(0) + Po(0) ~ 1] " .
= An2(0)—po(0)[N(0)+n(=)].  (25) Y=
The mean photon number decreases by an amount equal 0.5 1 s 2 2.5 3 !

to the initial probability of having a nonvacuum signal. The _ o
variance decreases by an amount dictated by the vacuum 7'C: 4 B(nlt,) for three different values i={1,2,3. Time in

-1
probability and also by the mean photon number. From thnits ofT%

results in the previous section we know that adaptive absorfsractical limitations in that many of the interesting quantum

tion cannot produce nonclassical light from initially Class'caloperations require nonlinear optical devices. Here we present

light, in the sense that it preserves the positivity of 1@ 5 hotentially valuable tool that only makes use of linear op-
function. Despite this, it still enables us to change substang.a| elements.

tially the photon statistics of the incoming field. The nor- |, sec. v B we have seen that for long times, the effect of

mally ordered variance of the number operator is adaptive absorption on the photon number distribution was
) 5 — to shift it down by one. Now we will see that by keeping
:An“i(%)=An“(*)—n(x) track of the detection timels we can obtain information on
o the initial photon number. Taking into account that the prob-
=:An2(0)+1—po(0)[2n(0)+ po(0)]. ability of removing one photon from a state wfphotons is
(26) the same as for the analogous classical problem, it is easy to

understand that the larger the initial photon number, the
easier(i.e., the fasterit is to extract a single photon. The
time t; at which the photon is absorbed is our measurement
outcome. In fact, at each time step we are effectively per-
forming the measurement defined by tbesitive operator-
valued measureor POVM [19] {II,=2dtl'a'a,Il,=1
—1II,4}. Since the absorption POVNI, is infinitesimally
small, most of the times we get the “0” outcome. The value
of t; conveys the result of the measurements ugtoln

A2 A Y — (N _ _ _ order to know the information obtained from the knowledge
AANTEE) =(N=D(1=pol(N=1)po—1],  (27) of t;, the central quantity is the probabilip(n|t,) of having

a certain numben of photons in the input given that the
measurement outcometis=t, . By invoking Bayes theorem
we can write this conditional probability as

It is now easy to find an example in which an initial super-
Poissonian distribution (xn:>0) gives a sub-Poissonian
output field. An incoming fieldp”(0) with p;(0)=pyd, o
+(1—po) 8, n has a normal ordered variancAn?:=N(1
—pPo)(Npg—1) which is positive forN>p51. After long
times the corresponding output field will have the normal
ordered variance,

which becomes negative for<|.N<p51+ 1. Summarizing,
for every noninteger value qjgl, there exists an integé,
which fulfills the inequalitiesp, *<N<p,*+1 so that the
corresponding super-Poissonian input field becomes sub- p(taln)pn p(tn)

Poissonian after the adaptive absorption procedure. p(n|ty) = =— , (28

p(ta)
m; p(taln)

VI. ADAPTIVE ABSORPTION AS PHOTON

NUMBER MEASUREMENT o _
where p(t,) ==_oPnP(ta/n) and we assume for definite-

. . . ness a flaa priori probability distributionp,,=p ¥n. Use of
. Along the. course of this paper we have mvest_lgated adapfhe conditional probability given in Eq19) gives
tive absorption as a way to manipulate photonic states. By
now we have expressed, in many ways, the idea that the p(n|ty)=ne 2I("Fta(g2la_1)2, (29)
induced evolution is nonunitary and that the coupling to the

environment plays a crucial role in this manipulation. In We note that summation of this expression omdrom 1
quantum information theory this type of evolution is alwaysto « gives unity as it should. The exponential dependence on
accompanied by an outflow of information to the environ-n may provide the means to discriminate between states with
ment. In this section we show that indeed adaptive absorpwidely differing photon numbers without detecting all of the
tion can also be understood as a procedure to measure tplotons(see Fig. 4 The technique cannot, of course, deter-
input photonic state. The balance between information gaimine the number of photons without error. The benefit of this
and disturbance is highly nontrivial and delicate. Moreovertechnique as a measurement, however, is likely to be in those
when the system under study is an optical-field mode we fingituations where we can only afford to weakly perturb the
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mode. A possible application of this idea to quantum cryp- By repeatedly applying the single photon extraction, one

tography is discussed briefly in the concluding section. can extract any number of photons in a controlled way.
Moreover, as we have seen in the previous section, in the
VIl. CONCLUSIONS process of extracting single photons, we also obtain informa-

) ) _tion on the input system. Thus adaptive absorption imple-
In this paper we have presented the idea of extracting ghents weak measurements, where the measured system is

single photon from an arbitrary single mode field via adap-omy slightly disturbed.
tive absorption. The extraction of a single photon can also be Adaptive absorption is a simple example of a general idea
achieved by post selection, that is by setting up a beam splighat can give rise to many other applications. Another ex-
ter _and considering at the end only those s_itu_ations in whi.clamme, that falls outside the scope of this paper, is adaptive
a single photon was removed. Of course this is not determlnampnﬁcation as a means to add a single excitation into a
istic and would in fact lead to the possibility of removing mode. This general idea is to use the results of a continuous
more than one photon. The fact that one can stop the absorgieasurement to modify the system Hamiltonian or its cou-
tion process as soon as one photon is absorbed is, 10 OHfing to the measurement apparatus. This line of action may
knowledge, the novel aspect of this work. For example, thigead to, to our knowledge, novel quantum operations or ease

possibility has given rise to an eavesdropping attack ORpe realization of operations with technological demands that
quantum key distributioiQKD) [20]. There are two factors 4ye t00 high.

that might render insecure many of the current implementa-
tions of QKD [21]; the signals are weak coherent pulses
instead of single photons and the communication channels
have very high losses. The eavesdropper can acquire the se-S.M.B. thanks the Royal Society of Edinburgh and the
cret key whenever he succeeds in extracting a single photaBcottish Executive Education and Lifelong Learning Depart-
from the multiphoton part of the signal. Adaptive absorptionment for financial support. J.C. and K-A.S. acknowledge the
allows the eavesdropper to take advantage of this securitjicademy of FinlandProject No. 43336and the European
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