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Damping of quantum superpositions
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We study the first-order perturbation contribution of a generic Markovian master equation on a
general superposed quantum state. From this we obtain a universal formula describing the decay of
quantum superpositions for arbitrary quantum superpositions. For single-photon damping, super-
posed coherent states appear, naively, to give the smallest damping rate. However, a comparison of
damping rates, based on the observability of superposition fringes, shows that superposed squeezed
states can do significantly better than their coherent state rivals. The optimum squeezed super-
position is shown to have a damping rate (for the zero-temperature Markovian master equation)
linear in the phase-space distance between the pieces of the original unsqueezed superposition, as
compared with the quadratic dependence for superpositions of coherent states. Finally, we show that
superpositions of squeezed states can be generated directly from squeezed states without having to
squeeze a superposition.

PACS number(s): 42.50.Dv, 03.65.Bz

I. INTRODUCTION

Quadrature squeezing of quantum states has only one
quantitatively significant application in the current liter-
ature, and that is the improvement in sensitivity of in-
terferometric measurements [I]. In this paper we present
the following application: squeezing a quantum super-
position can decrease the rate at which this superposi-
tion is destroyed by damping. This reduced damping for
squeezed superpositions could prove useful in the experi-
mental search for "macroscopic" superpositions of optical
states via homodyne detection [2].

Damping of superpositions due to losses or dissipation
is one of the fastest processes in quantum mechanics.
This has meant that quantum superpositions of macro-
scopic states are efFectively unobservable [3]. Indeed,
some scientists have been actively pursuing the possibil-
ity that the laws of quantum mechanics do not even apply
at the macroscopic level [4, 5]. They contend that quan-
tum theory applied to macroscopic systems may not be
suKcient to explain why our macroscopic world appears
to be classical [6].

This paper initiates a study of various damping mech-
anisms acting on the quantum superposition of arbitrary
"well-separated" states. These mechanisms correspond
to a model where the system is coupled to an "environ-
ment" of many harmonic oscillators at thermal equilib-
rium. At optical frequencies the spectrum of this envi-
ronment is usually approximated by a white-noise spec-
trum. This assumption allows the detailed couplings of
system and environment to be replaced by a Markovian
"master" equation.

The fast damping of superpositions allows us to make
two simplifying assumptions. First we ignore all inter-
actions other than those responsible for damping, and
second we assume that only the lowest orders of a per-
turbation calculation are needed during the short time

while the damping is occurring. When the further as-
sumption is made, that in some sense the pieces of the
superposition are well separated from each other, then
a solution to the master equation can be found which
provides a general damping formula.

Here we study the superpositions of quantum states
that are single modes of the electromagnetic field. When
the environment is at zero temperature and the coupling
between it and the system takes the form of so-called
"single-photon" damping, then the general damping for-
mula simplifies and admits a simple interpretation of the
rate at which superpositions damp. In this case one
sees easily that superpositions of coherent states are the
most robust over all superpositions for a given coherent
amplitud separation between the superpositions' pieces.
Nonetheless, they are not the optimum choice as far as
observability of the superpositions is concerned. In this
respect superposed squeezed states can do better.

In Sec. II we derive the damping formula governing
the decay of superpositions of well-separated quantum
states. In Sec. III we investigate some examples for zero-
temperature zero-photon damping and give a mnemonic
for calculating the rate at which the superpositions of
well-separated quantum states decay. Section IV consid-
ers the observability of these superpositions in terms of
the statistics of homodyne detection. It is argued that the
homodyne statistics at two specially chosen local oscilla-
tor phases form an unambiguous signature for identifying
a quantum superposition. Furthermore, this signature is
independent of scale transformations on the homodyne
statistics. In Sec. V explicit numerical calculations of
the damping of superposed squeezed and superposed co-
herent states are carried out. These calculations agree
with the damping rate calculated in Secs. II and III. Fi-
nally, in Sec. VI we show how to generate superpositions
of squeezed states other than by squeezing a superposi-
tion of coherent states.
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II. SUPERPOSITION DAMPING FORMULA

Damping of a quantum system is described using the
master equation approach [7, 8]; an operator 0 of the
system is coupled to an operator B of an environment at,

temperature T via the interaction Hamiltonian

H;„, = r r(sat + et B);
here, I' is the damping constant. Because the bandwidths
over which optical systems couple to their environments
are usually very small compared to optical frequencies the
white-noise approximation is made for the environment
[8]. This corresponds to an environment with a field am-
plitude that is b correlated in time, i.e. , the correlation
times for environments at optical frequencies are usually
assumed negligible, so this is often called a Markovian
approximation.

This assumption allows us to write down a Markovian
master equation describing the evolution of a system p
coupled to an environment [7, 8]; in the interaction pic-
ture the master equation is

(BBt)t-(8 9p+ pp 8 —28p8 )
t(BtB)t, (88tp+ p98t 28tpp) (2 1)

I&) = f~ II) +» I2) + " + fjv I&)

where, at this point, the states li) are arbitrary except
for the condition that (ilj) b,~. We are interested in
how the coupling of this state to the environment through
Eq. (2.1) destroys the off-diagonal terms in the density
matrix, i.e. , (ilplj) for i f j. If these terms are destroyed

I

where ( )T are expectation values over the state of the
environment at temperature T, and r = I't is the scaled
time.

Let us consider the superposition p = Ig)&gl of N ap-
proximately orthogonal pieces

almost instantly then the state would become

p = Ifil'II) &1I+ If~I'12&&21+ + IfNI'I&&(&l,

which is equivalent to the classical mixture of the N
states li) (il, i = 1, . . . , ¹ The original pure state in-
cludes the possibility of the system being in some or all
of these states simultaneously, a description which lies
beyond the classical "either-or" language.

To find out how quickly the damping destroys the su-
perpositions we need to solve Eq. (2.1). Formally, its
solution may be expanded out as a perturbation series in
time

2

p(r) = pa+ p) r+ p~ —+
2t

in this paper only the terms up to p~ will be included.
For superpositions of coherent states Ig) oc Inq)+ In2) the
off-diagonal terms damp exponentially quickly; at zero
temperature for single-photon damping [9, 10] the loga-
rithmic rate is

d
Re—In(I I p I2) = —- In( —eg

Idr 2

throughout this paper these rates are written using scaled
time. By comparison the coherent amplitudes damp at a
logarithmic rate of —2. This fast decay of superpositions
is believed to be the general situation [10]. It is because
of this fast damping of the off-diagonal matrix elements
that we shall investigate only the solution of Eq. (2.1)
to first order. It is expected that, in general, this first
term will be valid for times long enough for significant
damping of the superpositions to have occurred. Thus
we shall have calculated the effective rate of decay of the
superpositions between the pieces of the wave function.

Let us consider the rate of decay of the off-diagonal
term between two of the pieces of the initial state p()—

p;ili)(jl; without loss of generality we label these

pieces as ll) and I2). Then to first order we have from
the approximate orthogonality

—(1(p(2) —-(BBt)t &p t(1)819~[i) + ptt (j)818(2) —2pt(1)8(i)(j(8 )2))

—
t (BtB)2 (p t(l)89t(i) + p,t(j(88t)2) —2p; (1)81)i)(j(8(2))+ 0(r), (2.2)

where in this eqution alone repeated indices i and j are
summed over. To simplify this we strengthen the con-
dition of approximate orthogonality to what we call ap-
proximate "separateness" for the pieces; the additional
assumptions are that

with c = [H, et].
These conditions of separateness are seen to depend on

which system operator 0 is coupled to the environment,
therefore they will differ from model to model. Nonethe-
less, these extra conditions do not appear to significantly

I

affect the general utility of the results presented here.
As an example, for single-photon damping [where 8 be-
comes a harmonic-oscillator (HO) annihilation operator
a], these conditions say that the pieces of the superposi-
tion must "differ" by more than an annihilation operator
and by more than a number operator —not apparently
very restrictive assumptions. Imposing these conditions
on Eq. (2.2) allows us to calculate the logarithmic time
derivative of the off-diagonal matrix element to first or-
der. Only the real part of this will contribute directly
to the damping; the imaginary part contributes to the
relative phase between the pieces of the superposition. If
there are fiuctuations in the rate at which the phase is

accumulated, then the superpositions can be washed out;
however, in this paper such effects will be neglected. The
real part of the logarithmic time derivative reduces to
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Re—tn(1)p)2) —r((B,B ))r ()pt —pr) +(1)rtpt r28t(l)+(2)r28r r28r)2))
dr

——,'(B'B)T((Ilcli) + (2lcl2)) + o(&) (2.3)

where (, ) are the anticommutator brackets, and b, tI); = 8 —8;.
Instead of giving here detailed bounds for how long this result remains valid we shall instead try to develop an

intuitive feel for its limitations. Let us consider a more general initial state po = Q,. p;&, where now each p;& need

not be a pure state. In this case, Eq. (2.2) takes the form

d A A A A A A "t
trP21 P = ——,(BB')7 «p21~ ~P12 + trP21P12~ ~ 2trP218P128

dr
——(B B)y (trprt88 ptr + trprtptr88 —2trprtp ptrpj + O(r), (2.4)

with the approximate orthogonality and separability con-
ditions now becoming

trp;& Opsy —~~tbq atr p;&8 pz, ,

trp;~8 Oppt b;(b~j, trp;~8 Hp~;,
".. "t

A A A A

trpag80 pat —bab~i trp;~08 p~; )

so that in some basis the pieces p;~ become well-separated
blocks in the matrix representation of po. If after some
time r the state Q, p;z evolves under the action of the

)

master equation into Q.. . p;rzr, where the p;r&r are still

well-separated blocks, then Eq. (2.4) will still hold in-

stantaneously in terms of the matrix elements of the new
blocks p;ter. That is, Eq. (2.4) will give the instantaneous
rate of decay of the off-diagonal block pq~. If we further
assume that the matrix elements on the right-hand side
of this equation vary slowly in comparison with the rate
of decay of the off-diagonal block, then it should be a
good approximation to evaluate Eq. (2.4) at r = 0 and
take this initial rate as the effective rate of decay of the
quantum superpositions. A detailed analysis along these
lines would be considerably more sophisticated, and more
diFicult, than simply calculating the next term in our
expansion about 7 = 0. Without a rigourous calculation
along these lines we merely conjecture that Eq. (2.4) de-
scribes the effective rate at which well-separated super-
positions are effectively damped by coupling them to the
environment.

Finally, since we are here most interested in the situa-
tion where the initial pieces are pure, the above conjec-
ture for the effective rate of decay of superpositions re-
duces to the expression in Eq. (2.3). In Sec. V the useful-
ness of Eq. (2.3) as an effective rate is tested through nu-
merical calculations for the case of single-photon damp-
ing of superpositions of squeezed states by an environ-
ment at zero temperature.

III. ZERO- TEMPERATURE
SINGLE-PHOTON DAMPING

For the remainder of this paper we restrict our at-
tention to the situation common in quantum optics: so-
called single-photon damping by an environment at zero
temperature. In this case the interaction Hamiltonian
takes the form

H;„q —hI' abt + atb

where a is the Ho's annihilation operator for the system,
and b is the annihilation operator for the environment's
modes; and the master equation becomes

—= ——(a ap+ pa a —2apa )dT
(3 1)

It should be noted that this master equation can also
be used to calculate the effects of detector losses. If we
model an inefficient detector by a beam splitter with an
amplitude transmission coefficient of ~)I followed by a
100'%%uo efficient detector then we have a detector with ef-
fective losses of 1 —g. Now for detector losses up to
about 25%%uo, Eq. (3.1) will give a good approximation if
we equate r = Ft with 1—g. Thus, for example, r = 0.02
would produce damping equivalent to detector losses of
2%, and r = 0.05 corresponds to 5% detector losses.

Replacing ()) by a, tI); by n, , and B by b in Eq. (2.3),
and setting the environment temperature to zero gives

Rgz =- Re—ln(l
~ p (2)dr

= ——,'(I» —~zl'+ (11&ui'&siI1)

+&2I~ '~ I») (3 2)

This equation describes the eff'ective rate (now de-
noted Rqz) for the damping of superpositions via zero-
temperature single-photon damping. For superposed co-
herent states fq(aq) + fz)a2) this yields the rate

&rz = ——,'(Icri —crzl'), (3.3)
and for superposed number states fq~ ~) n+ fq~n2) the
decay rate is

'j2'. gg ———~z(ng y n2), (3.4)
both of which agree with known solutions for these prob-
lems [12]. It is worth noting that Eq. (3.4) has a sim-
ple physical interpretation [11]:as soon as a single pho-
ton from either (nq) or ~n2) decays to the environment,
the superposition between these pieces will be destroyed.
This same interpretation works for the superposition of
coherent states only when one of them is the vacuum.
Surprisingly, no more general physical interpretation is
known which explains Eq. (3.3).
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Now if we note that

(ilb, a;Aa, li) = (ila ali) —In;I

is just the excess number of photons in piece li) beyond
those of a coherent state of the same amplitude o.;, then
we can give Eq. (3.2) a simple interpretation, or more cor-
rectly a mnemonic for the result. The effective rate of de-
cay of superpositions for zero-temperature single-photon
damping is due to "two" processes: first, the decay due to
the separation of the coherent amplitudes of the pieces as
in Eq. (3.3), and second, the decay due to the "excess"
number of photons each piece must carry to be other
than a coherent state as in Eq. (3.4). This interpretation
of the superposition damping is not unique, however, it
appears to be the simplest interpretation that treats the
pieces of the superposition in a symmetric manner.

Now that we have a simple picture let us consider a
couple of examples.

(i) Superposed displaced number states:

AD(ng)lng) + AD(n2)ln2),

with D(n)taD(n) = a+ n, then

(ii) Superposed squeezed states:

fqD(nq)S(rq, yq)IO) + AD(nz)S(rq, pz)IO),

where S(r; p)t aS(r; y) = a cosh(r) + ate2'~ sinh(r), then

Rqz ———
& Inq —nzl + sinh (rq) + sinh (r2)

It is easy to see that our mnemonic for the effective
rate of damping of superpositions can be immediately
applied to many examples. It should be further noted
that in each of the above cases it has been implicitly as-
sumed that the conditions of approximate orthogonality
and separateness of the pieces of the superposition apply.
If they do not, then in a sense the pieces of the state are
not well separated so their labeling as individual pieces
will be somewhat arbitrary.

operator

ie = —,
' (ae" +ate ') .

The variance in the differenced photocurrent has been
successfully used [13, 14] as an experimental signature
for squeezing. In the application discussed here, however,
the full statistics of zs are required, not just the lowest
order moments; fortunately, a sufficiently intense local
oscillator allows an ideal balanced homodyne detector to
achieve this [15].

To understand what this proposal for observing su-
perpositions suggests, let us consider a signal that is a
superposition of coherent states Ig) = fqlnq) + f2ln2)
Defining the variables

z, (8) = —,
' (n, e" +n,*e "),

y, (8) = —,
'

(n,'e-" —n, e")
for j = 1, 2 so that nze's = zz (8) + iyi(8), and also the
variable

z(8) = —,
' (n, e" +n', e "),

allows us to write the homodyne statistics as

&(z) = g2/s[ If&I exp( 2[z z&(8)]'}
+ I fz I exp( —2[z —z2(8)] }
+2 «(f2 fi (n2I»)

x exp( —2[z —z(8)] })]. (4.1)

This expression shows a "lump" at z = zq(8) with prob-
ability

I

foal~,

a lump at z = zq(8) with probability lfql2,
and an interference term when z(8) is complex.

In order to visualize how this expression behaves at
various local oscillator settings we start by giving zi(8)
and y& (8) simple geometric meanings: if we plot the com-
plex number n& on a complex plane, then in the coordi-
nate system rotated clockwise by 8 radians z&(8) and

yz(8) are the projections of ni onto the real and imagi-
nary axes, respectively. Now writing z(8) as

z(8) =
z [»(8) +»(8)]+ j[y~(8) —yz(8)l

IV. OBSERVATION VIA HOMODYNE
DETECTION

Yurke and Stoler [2] have proposed that the photocur-
rent statistics from homodyne detection give an unam-
biguous experimental signature for identification of quan-
tum superpositions. They describe how the same device
can both "see" the interference features of the superpo-
sition and "see" that there are two separate things in-
volved in making those fringes; by changing the phase of
the local oscillator one or other of these features would
be available.

In balanced homodyne detection a local oscillator and
signal field are combined at a 50-50 beam splitter; the
sum and difference fields produce beats in the currents of
a pair of photodetectors. These currents are subtracted
to give a "difference photocurrent" that forms the output
for the device. For an intense local oscillator this differ-
enced photocurrent is approximately proportional to the

we may pull out the two types of complementary behavior
displayed by Eq. (4.1). If the complex plane is rotated by
an angle (call it 8R) so that its real axis is parallel to the
line joining o, q and o.2, then clearly the imaginary projec-
tions of nq and nq will be equal, i.e. , yq(8~) = yq(8R). In
this case z(8) is real and the third term is proportional
to l(nalni) I

= exp( q lnz n~l'); when lni —n~l - 2
this third term can be neglected at 8 = OR. Thus

Ps„"(z)= v 2/~( Ifil'exp( —2[*—»(8R)l'}
+ If2 I' exp( —2[z —z&(8a)1'}) .

If we rotate this coordinate system s./2 rad further (i.e. ,

advance the local oscillator phase by this amount) to
8 = 8r = 8R+ s/2, then the real axis projections are now

equal, i.e. , zo =—zx(8r) = z2(8r) and yq(8r) —y2(8J) =
klnq —nial, the sign depending on the sense of the axis.
This rotated complex plane gives z(8) its maximum imag-
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inary component, and hence the maximum interference;
here

z(or) = zo + 2 loi —o2I

and the homodyne statistics take the form

Pe, "(z) = Vr2/+exp[ —2(z —zo) ]

x((lf, I'+ If, I')
+2Re(f~ fge'

x exp [+2i(z —zo) lo'& —cr2 I])),
where 8 is the phase of the inner product (nq leg). These
two distributions of homodyne statistics [i.e. , Pe„(z) and
Ps, (z)] make up the "experimental signature for super-
positions. "

Let us now look at the homodyne statistics of the
squeezed superposition of coherent states

V. DAMPING OF SQUEEZED SUPERPOSITIONS

From the preceding section we saw that a family of
states like

(5 1)

has experimental signatures for observing quantum su-
perpositions which are independent of the squeeze pa-
rameter r (up to the irrelevant scale factors e+"). The
response to damping of these states is, however, sensi-
tive to r Fr.om Eq. (3.2), the effective rate at which the
superpositions in Eq. (5.1) are destroyed by damping is
given by

(5.2)

The "coherent" damping rate decreases as e ~", while
the rate due to introducing "excess photons" into each
piece increases roughly as e2" with r. In general there
will be a minimum to this rate at some nonzero value of
squeezing. In particular, the minimum occurs at

where we have specially chosen the orientation of the
squeeze operator to coincide with the line between the
coherent amplitudes of the states Icr~) and In2). In this
case the homodyne statistics take a simple form when the
local oscillator phase is again chosen along either 8 = 8~
or el.

e "=2lni —o'zl + 1,

with an effective rate of

&i~ = ——,'v2l~i —~zl; (5.3)

Peq(z) = e"Ps„'"(e"z),

Psq(z) = e "Pg, "(e "z) .

this produces a rate only linear in the phase-space dis-
tance between the original pieces —not quadratic.

In order to test this improvement we consider a special
case of the family of states represented by Eq. (5.1); the
state

That is, the lumps of Pe„" are brought closer together
by the factor e " in P&, and the interference pattern of

P&,
" is spread out by the factor e" in P&, .

Although these patterns for the squeezed superposi-
tion appear on different scales from the original super-
position, they give just as good an unambiguous signal
for a quantum superposition. First, consider the distance
between the lumps; to be able to tell that the two lumps
are far enough apart to be distinguishable we require that
the distance between their peaks be larger than the peak
widths. In fact, it is only sensible to quote their separa-
tion in terms of units of peak width (i.e., a signal-to-noise
measure). Thus the lumps of the squeezed superposi-
tion are as well separated as for the original state. In a
similar way, when an experimentalist measures the con-
trast of the interference pattern, a bin size will be chosen
to optimize the contrast; when the new pattern for the
squeezed superposition is used, this measure of contrast,
will be unchanged for the new optimized bin size (now
e" times larger than originally).

We have argued that squeezed superpositions offer the
same unambiguous experimental signatures for quantum
superpositions as the original unsqueezed superposition.
In the following section we will consider the affects of
damping for these two situations. In Sec. VI we show
how this superposition can be generated in a way other
than by squeezing a quantum superposition.

(5.4)

is obtained by taking o. = n~ ——n~ to be real so 0~ ——0,
and taking f = fq —— fz (also—real) so f becomes purely
a normalization constant dependent only on n. We cal-
culate numerically the effects of damping on the experi-
mental signature for superpositions in two cases: r = 0
with n = 5, displayed in our figures as solid lines; and
r = —1 with o. = 5, displayed as dashed lines. In order
to immediately compare our results to previous work [2]
we consider the effects of damping after r = 0.02 and
0.05 (corresponding to the damping produced by detec-
tor losses of 2%%uo and 5%, respectively).

Figures 1(a) and 1(b) show the unscaled homodyne
statistics P ~2(z) and Po(z), respectively, for the state

f(I5) —
I
—5)) (solid line), and the state fS( 1, 0)(I5) ——

I
—5)) (dashed line). The dashed line patterns for the

squeezed superposition when compared to the solid lines
for the original superposition differ only by a scale factor
of e+~.

The master equation from Eq. (3.1) was solved by iter-
eration on a number state basis truncated at n = 50.
Time steps were taken to be Ar = I'At = 0.001. Figure
2 shows the homodyne statistics of the above states after
they have been evolved by the master equation for a time
r = 0.02; the dashed lines of the damped squeezed super-
position have been explicitly scaled here (and in Fig. 3)
by the factors e+ so as to match the scale of the un-
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squeezed superposition. Figure 3 shows the same plot as
Fig. 2, but after the longer damping time of r = 0.05. As
can be seen, the interference features of the superposed
coherent states are strongly damped at much shorter
times than those of the squeezed superposition.

In Figs. 2(b) and 3(b) the lumps representing the
two separated pieces of the squeezed superposition have
successively broadened slightly due to the reduction in
squeezing in each piece. This effect was not taken into
account by the damping formula of Eq. (5.2); but so long
as the initial squeezing is not too strong this will not
significantly reduce the well separatedness of the lumps
(in units of peak width). Unfortunately, if one uses the
optimum squeezing based on the observabilty of the in-
terference fringes alone, as was done to obtain Eq. (5.3),
then one cannot guarantee that the pieces will remain
separated when Ps„(x) is observed.

To estimate this effect we start by calculating the rate
at which the squeezed variance increases; for short times
the master equation determines the rate to be

—ln(i ) = 2sinh rsq 2

where i,q is the quadrature operator for the squeezed
quadrature. If we place a limit on the variance so that
it does not increase by more than the fraction e then we
must limit the damping to last for a time shorter than

r 2ee

which is valid for e 1. With this bound there is no
point in squeezing the quantum superposition so hard as
to decrease the damping of the superpositions beyond

&2r

2E'

That is, we wish to match the maximum time before
the peak widths increase by the fraction e to the inverse
damping rate Riz.

This match occurs at ez" +e~ni —n2~, which means
that the effective rate of

e1 —a2+12— 2

for e & 1, allows the observation of both sets of homodyne
statistics while still only having a superposition damping
rate linear in the phase-space separation of the original
pieces from the superposition of coherent states.

Finally, we note that there have been other proposals
[16, 17] for helping preserve superposition states by re-
placing the vacuum fluctuations of the reservoir by the
fluctuations of squeezed modes. Such schemes are only
viable when the phase of the fluctuations from the reser-
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FIG. 1. Plots of the homodyne statistics of (a) P ~2(x)
and (b) Pa(x) vs x for the states f(~5) —

~

—5)) (solid line)
and fS( 1, 0)(~5) —

~

—5))—(dashed line). In each figure the
plots are of exactly the same functions up to the scale factors

FIG. 2. EfFect of damping for a scaled time r = I't = 0.02.
Plots of the homodyne statistics of (a) P iq(x) and (b) Pa(x)
vs x for the damped versions of the states f(~5) —

~

—5)) (solid
line) and fS( 1, 0)(~5) —

~

—5—)) (dashed line). The dashed
plots have been scaled by the factors e so as to coincide
with the scales of the solid line plots.
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voir can be controlled; as a consequence, these schemes
cannot be used to help preserve superposition states
against losses due to scattering, absorption, or detector
ine%ciencies. By contrast, the squeezed superposition
states discussed here do not derive their improved immu-
nity to damping from the careful control of the reservoir
modes; thus they remain robust when coupled to any
kind of losses, whether they be due to detector ine%-
ciency, scattering, absorption or whatever. Figures 3(a)
and 3(b), for example, show that squeezed superpositions
can survive a 5% detector inefIiciency.

having a nonzero coherent amplitude and using a non-
linear interaction to convert it into a superposition of
the type we want. To do this we consider the interaction
H amiltonian

H;„t —hy(ata)',

which is the description of an idealized Kerr medium.
In the interaction picture this interaction generates an
evolution operator

U(yf) = exp[—iyt(ata) ] .

VI. GENERATION OF SUPERPOSITIONS
OF SQUEEZED STATES

We have shown in the preceding sections that super-
positions of squeezed states have reduced damping when
compared to superpositions of coherent states having the
same experimental signature for quantum superpositions.
The obvious way of generating these squeezed superposi-
tions, i.e. , by squeezing superpositions of coherent states,
is unlikely to be a successful scheme; it involves first gen-
erating the more sensitive state before transforming it
into the less sensitive one.

Instead, here we consider starting with a squeezed state

It is known [2, 18] that U(gt) can generate superposi-
tions of coherent states if yt takes on special values; for
instance, when yt = z/2 we have

U(~/2)[a) = (e "~4[a) + e"~
[
—a))

We wish to show that its action on a squeezed state with
nonzero coherent amplitude has a similar eff'ect. Since
the squeeze operator is built of pairs of creation and an-
nihilation operators we have

U(7r/2)S(r, P)U(z/2)t = S(r, P),

and putting this result together with the action of U(z/2)
on the coherent state ~n) gives

2(x)
1.5"

(a) This now is exactly the state in Eq. (5.4) used in our
numerical calculations except for a relative phase factor
which merely shifts the interference fringes one quarter
of a cycle. This procedure still involves starting with a
state sensitive to losses (the squeezed state); however, it
is an improved scheme over taking a superposition and
squeezing it.

0

K VII. CONCLUSION

(x)
0.5" (b)

0.25"

FIG. 3. EfFect of damping for a scaled time r = I't = 0.05.
Plots of the homodyne statistics of (a) P gq(x) and (b) Po(x)
vs x for the damped versions of the states f([5) —

~

—5)) (solid
line) and fS( 1,0)(~ ) 5—

~

—5))—(dashed line). The dashed
plots have been scaled by the factors e+ so as to coincide
with the scales of the solid line plots.

'The damping of superpositions is fast and may be
treated adequately through first-order perturbation the-
ory. For suitable separability assumptions the effective
damping rate of an arbitrary quantum superposition may
be calculated. For the zero-temperature Markovian mas-
ter equation this damping rate may be thought of as
coming from two "distinct" processes: one damping term
from the phase-space separation of the pieces of the su-
perposition, and one term from the excess number of pho-
tons each piece needs to be other than a coherent state
with its own coherent amplitude.

We have taken two sets of homodyne statistics to be
the experimental signature for a quantum superposition:
one set having the optimum contrast for observing inter-
ference fringes, and one set showing the optimum separa-
tion between the lumps of the superposition (measured
in terms of their peak widths). Based upon optimiz-
ing this signature we have shown that superpositions of
squeezed states are less sensitive to damping than super-
positions of coherent states. The optimum damping rate
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for a squeezed version of the superposition of coherent
states f(~aq} +

~

—nz)) is approximately

for e + 1, instead of

ing to tolerate and still consider the state a combination
of suKciently separated pieces. Finally, we have shown
that superpositions of squeezed states can be generated
directly from squeezed states by an ideal Kerr interaction
without the necessity of first generating superpositions of
coherent states.
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