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Induced coherence without induced emission
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An interference experiment with signal and idler photons produced by parametric down-conversion in
two nonlinear crystals is described and analyzed theoretically. It is found that when the idlers for the
two crystals are superposed and aligned, the idler photon from the first crystal can induce coherence be-
tween the two signals, but without inducing any additional emission. Blocking the first idler wipes out
the interference. The implications for the interpretation of the quantum state vector are discussed, and
this leads to the conclusion that the state reflects not only what is known, but to some extent also what is

knowable in principle.

PACS number(s): 42.50.Dv, 42.50.Kb, 42.65.Ky
I. INTRODUCTION

The idea that light produced by stimulated emission
from some quantum source, like an atom, is coherent
with the stimulating field has long been familiar. The
same concepts are applicable to the process of down-
conversion in a nonlinear crystal, in which incident pump
photons interact parametrically with the medium and
split into signal and idler photons [1-3]. It has been
shown theoretically that the down-conversion can be
stimulated by an external field and is coherent with the
field [4], and this has been demonstrated in a recent ex-
periment [5]. For this purpose the external field needs to
be strong, i.e., it needs to have a large photon occupation
number per mode. When the external field is weak, the
down-conversion occur spontaneously and at random,
and the spontaneously emitted light is then not expected
to exhibit induced coherence.

Nevertheless, as has recently been demonstrated exper-
imentally [6], it is possible to induce coherence in down-
conversion without inducing emission. Such a situation
occurs in the presence of two coherently pumped down-
converters when the idler photon from the first down-
converter passes through, and is aligned with, the idler
from the second. It is then found that the two down-
converted signals exhibit mutual coherence, and the de-
gree of coherence between them can be controlled by
varying the amplitude of the idler field reaching crystal
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No. 2 from crystal No. 1 [6]. The theory of this process
was discussed only briefly in Ref. [6], where all fields were
treated as monocrhomatic, whereas the down-converted
photons are known to be in the form of very short wave
packets [7]. In the following we present new experimen-
tal results for the interference between the two down-
converted signals, particularly with respect to detection
of signal and idler in coincidence. We also treat the pro-
cess theoretically by the still approximate, but much
more realistic, formalism that was introduced previously
[8].
II. STATE OF THE FIELD

We refer to the experimental situation illustrated in
Fig. 1 [6]. The two crystals NL1 and NL2 have x¥?) non-
linear susceptibilities, and they are optically pumped by
light beams derived from a common laser source of mid-
frequency @, We represent the pump beams at each
crystal classically by the complex analytic signals V,(t)
and V(1) such that [V;(#)|* is in units of photons per
second (j =1,2). The interaction between the pump and
the crystal generates down-converted signal (s) and idler
(i) fields, which have to be treated quantum mechanical-
ly. In the interaction picture, we represent the paramet-
ric interaction between the pump field, the signal and
idler fields, and the two crystals centered at r; and r,
through the unitary time evolution operator in the form
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FIG. 1. Outline of the experiment.

Here ¢, is an interaction time that is much longer than
the coherence time T'pc of the down-converted light. 6

and ﬁt are creation operators for signal photons and 1dler
photons from crystal j. 7; is a constant such that |, |?
gives the fraction of incident pump photons that is spon-
taneously down-converted in the steady state. dw is the
mode spacing, ¢;(w},0};0;) is a spectral function
characterizing the signal and idler fields at crystal j, cor-

responding to a pump wave at frequency ;.
¢j(a).] w}-';wj)‘lspeakedatwj Wy, OF =W @y, ©; =y
and is normalized so that (d=wy—»)

(2a)

2780 Y, |¢j(w,c7);a)j)|2=1 .

As 8w—0 the sums over frequencies tend to integrals,
and
27Tf0wdw|¢j(w,c7);wj)|2=l . (2b)
In Eq. (1) it is taken for granted that the directions of the
down-converted signal and idler fields characterized by
k,k}’ are well defined by apertures and can be regarded
as fixed. One difference between the forms of the time
evolution operators given in Eq. (1) and in Ref. [6] is that
we have made Fourier decomposition of the pump fields
by writing
J
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in order to allow for the possibility that certain path
lengths in the interferometer may be comparable with the
coherent time T, of the pump field.

As is apparent from Fig. 1, the signal fields s, and s,
from the two down-converters are allowed to come to-
gether and interfere at the detector D;. The idler i; from
crystal NLI1 is aligned with the idler i, from NL2, passes
through NL2 and falls on the detector D;. In order to al-
low for the possibility that i, is attenuated by some filter
before reaching NL2, we suppose that a 45° beam splitter
BS; has been inserted between NL1 and NL2 as shown,
of amplitude transmissivity 7 and reflectivity 72 from
one side and 7,7’ from the other side. Then ﬁ,-z(co) is

related to @; (@) via the usual equation

2, (0)="T8; (0)+R'8(0) , @)

where @y(w) describes the vacuum field entering at the
unused input port of BS;.

Let us assume that all quantum fields are in the vacu-
um state initially when the pump field is turned on. Then
From Egs. (1) and (4) the state of the field produced by
both crystals at time ¢ in the interaction picture is given
by
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where the ellipsis represents terms with more than two
photons. We have introduced the simplification of taking
1, the center of crystal NL1, to be the origin. So long as
the interaction time ¢; is much shorter than the average
time interval between down-conversions, we may neglect
terms with more than two photons. Under these condi-
tions the state corresponds to one produced by spontane-
ous down-conversion in NL1 and NL2.

III. RATES OF PHOTON DETECTION

Next we consider the electric fields E,(¢) and E (1) at
the two detectors D; and D;. If 7o, 7, 75, and 75 are the
propagation times of i; from NL1 to NL2, of s, from
NLI1 to Dy, or s, from NL2 to D, and of i, from NL2 to
D;, we may write

1/2
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The fields are all referred to the center of crystal NL1 as
origin, and they are normalized so that ETIEY) like
[V;(£)]2, is in units of photons per second.

If the detectors D and D; have quantum efficiencies «,
and q;, respectively, then the average rates of photon
counting are given by

R,=a (P(O|E TA)E T 0)|(e)) (8)

and
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+2, (0)e , (6) We then obtain with the help of Egs. (5) and (6)
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We now introduce the change of variables o +of—o

1=Q, and 0, o) —o

» =, in the first and second double sums,

respectively. After replacing sums over o] and 3 by integrals over Q, and (},, we have
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If ¢, is much longer than the coherent time T, or the reciprocal bandwidth Aw, of the down-converted light, which is
generally very short, then the principal contributions to the Q,,Q, integrals come from a range of Q; and Q, much

smaller than Aw. Hence we may replace ¢,(w,

—of+Q,07;0,) and ¢,(w,—

05 +Q,,05;0,) by ¢(0;—of,0];0,) and
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é,(0,— 0y, 05 ;0,) to a good approximation. The Q,,, integrals then simplify and are well approximated by the stan-

dard Dirichlet integral

1 o Sith/Z —iQ(t/2—T) .
—-— dQ———e ! =1 ifT>0, 11
2 407, ' (1)
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Now the spectrum of the pump light is centered at @ _ 2 —ior
@, and its bandwidth is very much smaller than Zﬂ'f o dol|d(@,w)|%
that of the down-converted light (Tp >>Tp). There- —ior ;9 »
— i ' N "2, —
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tion (®=wy—w). Also for two similar nonlinear crystals
we may put

$,(B,0)=¢,(B,0)=¢(d,w) . (12)
Finally, since the vector kj is parallel to r, we may iden-
tify ky'-r, with o’'7,. Then with the help of Egs. (2b) and
(3) we obtain, since |R’|2+ | T|*=1,

RS:%as[lnlp(Il(t _Tl))+|1)2l2(12(t _.7.2)>

—intnA Vit —1)V,(t —7,))
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X o+ 1,— 1) T*e T ce ] (13)

Here o,,; are the center frequencies of the signal and
idler, with w; +®; =w,. We have introduced the normal-
ized correlation function u(7) of the down-converted
light defined by

(1) is normalized so that £(0)=1, and its range in 7 is
of order +1/Aw. I,=|V,|% I,=|V,|? are the intensities
of the two pump waves and they are time independent in
a stationary field. We have identified the normalized
second-order correlation function of the pump field

(Vi —1)Vy(t —7,))
VI )(T,)

We note that according to Eq. (13) a steady state is
reached for sufficiently long 7, in which the rate R, no
longer depends on ¢,.

Finally, let us suppose that 7y, 7,,7, are incremented by
small times 87y, 87, 87,, all of which are much shorter
than the coherence time T of the down-converted
light. Then we may put

57’12(7’1_72) . (15)

—iwy(87)—87,)

Y171 +87 =1, =87 ) =y p(T—1y)e (16)

With this approximate Eq. (13) reduces to
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Hence the counting rate R, exhibits interference as the path difference ¢87, changes with periodicity 2m¢ /o; and as
¢ (87, —¥87,) changes with periodicity 27c /w,. The visibility U is given by

_ 2|y VIO T |y ol my = 7o) ||l — 7))
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U

|T] .
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For maximum visibility 7+ 7, and 7, should be equal to
within Tpe, and V,(t —7,) should equal V(¢ —7).
Then we may put |y ,(r,—7,)|=1, |u(rg+r—7))|=1,
so that

_ | 2V, (Tp)
'1]1|2(I, >+|’f]2|2<12>

|T| . (19)

The first factor has the familiar structure for interference
fringes, although the intensities actually relate to the
pump beams rather than to the two interfering beams.
The factor | 7| shows that the visibility is proportional to
the amplitude transmissivity | 7| of the beam splitter BS;,
and vanishes when T7=0. It follows that the idler i,
passing through NL2 has induced coherence between the
signals from the two down-converters.

IV. INDUCED DEGREE OF COHERENCE

The degree of coherence between the two signals s,
and s, may be obtained in the usual way from the
modulus of the normalized correlation function

R, =1a (y(nIE OB H0lypn)
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where E ‘;’m, E i:’)(t) stand for the first and second

terms on the right side of Eq. (6), respectively. With the
help of Egs. (5) and (6) we then find by the same sort of
argument as was used to derive Eq. (17), for the induced
degree of coherence,

175 s, | =y alm =)l Iy — 7, =7 || T @1

Hence if |y y(1;—7,)|=1 and |7,—71,— 7, <<1/Aw, the
degree of coherence between the two signals s,,s, is | 7].
In practice there may be some loss of coherence connect-
ed with the lack of complete correlation between the
measured E (™) and E {*) fields. Nevertheless, the pro-
portionality between ]yslszl and | 7] is confirmed experi-

mentally.

In order to show that the induced coherence is not ac-
companied by induced emission, we now calculate the
photon emission rate from NL2 in the signal mode. If
E ‘S:’ is given by the second term on the right side of Eq.

(6), we have

3
G2 (|03 3 Sesher)
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2 @y @,

X(T*Iw'Z, >i1|¢vac)sl,sz,0+ﬁ,*'wll, >0I¢vac>sl,il,sz)

The same argument that was used in the derivation of Eq.
(17) then leads immediately to the steady-state result

R, =1a || X)) TP+IR P =ta,n,|X1,) ,  (23)
which is independent of |7| and describes the rate of
spontaneous down-conversion from NL2, irrespective of

what is happening at NL1. Similarly we may show that
the rate of counting of D; is given by

Ry=a,(| Ty |31, )+, |(1,)) (24)

which also corresponds to spontaneous emission from
both crystals, Evidently the idler i1 does not induce
down-conversion in crystal NL2 under the assumed con-
ditions.

. , , .
sin(ey + o) —w,)t, /2 ik, T i(w;+w;'—m2>(x—z1/2)e —ia);(t—rz)e'(kz—ksz ~k;)my
e

(03 + o) —w,)/2

U2(Cl)2 e

2
> . (22)

V. COINCIDENCE COUNTING
In order to calculate the rate of counting of the coin-
cidence counter in Fig. 1 we first need to evaluate a two-
time fourth-order correlation function. The probability
amplitude for the transition from the initial state |9(z))
to the final state |® ) via two photon absorptions at times
t and ¢ + 7 is of the form

(BIE Dt +n 0 +7,0E o)) .

If the time interval 7 is much shorter than the average in-
terval between down-conversions, then the possibility of
additional down-conversions occurring within 7 can be
neglected. We may then approximate the U(r+r,t)
operator by unity. After squaring and summing over
final states we arrive at

L) =(Y|E TE TNt +7)E e +7)E Do) |yir)) . 25)

With the help of Egs. (5)—-(7) we obtain
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We now use the same procedure as in Sec. IV to evaluate the sums. With the help of Eq. (11) we arrive at
—ioyr =yt —iwy(ry—T3+7)
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where we have written
(4.)_Y .
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1

Like the function u(7) given by Eq. (14), g(7) has a range in 7 of order 1/Aw, and it varies relatively slowly with 7
(without oscillating at an optical frequency).

The final stage of the calculation is to integrate I'\»?/(7) with respect to 7 over the resolving time T of the coin-
cidence counter. We then arrive at the coincidence counting rate of the two detectors

Tp/2
Ry=a,a, [ _‘;R AT 29)

In practice Ty greatly exceeds the range 1/Aw, so that we are effectively integrating each term in Eq. (27) from — « to
. With the help of Egs. (14) and (28) we obtain
T,
f I; /Zd'rg*('r"+'r)~f drg*(r'+7)g(r" +7)

= f f_m dw’dm"¢*(ws "‘a)',a)i + o' )¢(ws —'C()”,wi + 0 )e i((o'T'—a)”q-")f_oo ei(w"‘w”)‘r‘dT
W » 3
=27Tf_wida)|¢(a)s —w,0;+o)|% ")
R, (30)
When this is substituted in Eq. (27) and we increment 7o, 71,75, 73 by 870,87,87,,87; it yields the result
Ry =(12a,a;[|n X I T+ 0,| 1,y =itV T L) T*ulry+ 10— 1y)

io (7 —Tz_fo)e —wibroe —iw(87)—87,)

x'}’lz(Tl—Tz)e +C.C.] . (31)

This exhibits interference with changing 87, 87,87, with the same periodicities as does R given by Eq. (17). However,
the visibility is given by

2|mma VIO Iy 1oy — ) [y + 7o — 7))

U= ITl, (32)
I I TP+ (1)
[
and this differs from % given by Eq. (18) by the appear- V1. EXPERIMENT
ance of the |T|? factor in the denominator. Hence
U=U. In the special case |9 |*(I;)=|n,|*(I,), The setup for the interference experiment is illustrated
Iy 12(r — )| =1=|pu(ry,+75— )|, we have in Fig. 1. The two down-converters consist of two similar
25-mm-long nonlinear crystals of LilO; (called NL1 and
=11 _ 2| 7] (33) NL2), which are both pumped at right angles by the

1+|T)? 351.1-mm line of an argon-ion laser. The laser beam is
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divided into two at the pump beam splitter BS,, which
produces two pump beams of nearly equal intensities.
The crystals are cut for type-I phase matching, and each
is housed in a sealed quartz cell. Down-converted light
beams at 632.8 nm are produced, denoted as idlers i,,i,
and also conjugate beams at 788.7 nm, which are referred
to as signals s;,5,. The crystals are so aligned that i,
from NL1 passes through NL2 and its trajectory coin-
cides with i,. The two superposed idlers fall on the pho-
todetector D;, as shown. The two signals s,,s, are al-
lowed to come together at the 50%:50% beam splitter
BS,, where they interfere and fall on photodetector D;.
Both detectors are cooled to —20 °C, and their photoelec-
tric pulses, after amplification and shaping by the
amplifier-discriminator combinations A4, 4;, are counted
by scalars. At the same time the pulses are fed to a coin-
cidence counter having a 13-nsec resolving time (estab-
lished in an auxiliary experiment) that registers simul-
taneous detections of signal and idler photons. Typical
counting rates for D;, D, and for both detectors in coin-
cidence are R; ~5000/sec, R; ~400/sec, and R ; ~4/sec,
respectively.

The output beam splitter BS,, is mounted on a movable
stage, and is attached to the stage via a piezoelectric
transducer that allows submicrometer displacements to
be made. Larger displacements can be made with the
help of a micrometer and stepping motor. The paths of
the light beams are defined by apertures, and their band-
widths are determined by interference filters (IF) of 102
Hz passband centered at 788.7 and 632.8 nm, respective-
ly. This makes the coherence length of the down-
converted light about + mm, and all optical paths have to
be balanced to this accuracy or better. Provision is made
for inserting neutral density filters (NDF) between NLI
and NL2 of constant optical path length, but with vari-
ous amplitude transmissivities 7.

The idlers are first aligned with the help of an auxiliary
He:Ne laser beam, which is then turned off. It is neces-
sary to equalize the paths from the beam splitter BS, to
NL2 directly and from BSp to NL2 via NL1, to within
the coherence length Tp of the multimode argon-ion
pump laser. As the coherence length is of order 5 cm,
this is relatively easy to do. The more difficult task is the
equalization of the interferometer paths NL1 to mirror
M1 to BSy, and NL1 to NL2 to BS, to within + mm.
This is accomplished by displacing BS, successively in
50-um steps until a fourth-order interference pattern of
maximum visibility shows up in the coincidence counting
rate R;;. Then the visibility of the second-order interfer-
ence registered by D, alone is also maximum.

VII. EXPERIMENTAL RESULTS

Figure 2 shows the results of measuring the coin-
cidence counting rate R,; of detectors D, and D,, after
subtraction of accidental counts, for various displace-
ments of the beam splitter BS,, when the filter transmis-
sivity |7|=~0.91. The solid curve is the best-fitting

sinusoidal function with the expected periodicity ob-.
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FIG. 2. Measured two-photon coincidence counting rate R ;,
after subtraction of accidentals, as a function of BS, displace-
ment with filter transmissivity |7]=0.91. The solid curve is the
best-fitting sinusoidal function of the expected periodicity. The
error bars correspond to one standard deviation.

tained by a least-squares-fitting procedure. The observed
visibility is U’'~0.531+0.04. Similar measurements were
performed for five different values of | 7| from 0 to 0.91.
The results for the visibility %’ as a function of |7 are
plotted in Fig. 3. The solid curve is that expected from
Eq. (32) with |y ,| =1=|u|, when allowance is made for
the different counting rates of detectors D; and D;. Al-
though the uncertainties of U’ are fairly large because of
the rather low coincidence rates R;, the results are nev-
ertheless consistent with Eq. (32).

In Fig. 4 we plot the results of measuring the counting
rate R; of detector D, alone as a function of BS, dis-
placement with |7]=0.91. The superposed curve A is

Visibility
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FIG. 3. Measured visibility %’ of the interference registered
by the coincidence counting rate R; for various filter transmis-
sivities | 7]. The solid curve is based on Eq. (32). Error bars
show the statistical uncertainty.
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FIG. 4. Measured signal photon counting rate R, as a func-
tion of BS, displacement. Curve 4: |7]=0.91; curve B:
|T]=0. The standard deviations are smaller than the dot size.

the expected sinusoidal function obtained by least-squares
fitting. Because of the higher counting rate R; compared
with R;, the standard deviations are now smaller than
the dot size. The observed visibility %4=0.3 is smaller
than %' under the same conditions, as expected from
Egs. (18) and (32). Curve B shows the results when the
idler i, is blocked and cannot reach crystal NL2. In Fig.
5 we have plotted the measured visibilities U for various
values of the filter transmissivity |7, superimposed on
the straight line that is expected according to Egs. (18) or
(19). Once again the results are in reasonable agreement
with the theory.
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FIG. 5. Measured visibility % of the interference registered
by the photon counting rate R, for various filter transmissivities
|T]. The solid curve is based on Eq. (19) or (21). The statistical
errors are smaller than the dot size.
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VIII. DISCUSSION

Let us briefly discuss the implications of the experi-
mental results as they relate to both the second-order and
fourth-order measurements. It is not difficult to under-
stand why the coincidence counting rate R; exhibits in-
terference when i, and i, are superimposed. In that case
the signal and idler photon pair from either NL1 or NL2
can result in a coincidence detection. As these two out-
comes are indistinguishable, one has to add the corre-
sponding two-photon probability amplitudes for the two
cases and then square to arrive at the probability. This
leads to the observed fourth-order interference illustrated
in Fig. 2. When i, is blocked and prevented from reach-
ing NL2, a coincidence can only result from the signal
and idler photon pair emitted by NL2 (apart from ac-
cidentals). There is therefore no ambiguity in what is ob-
served and no interference. The situation is intermediate
when | 7| is neither close to unity nor zero.

Similarly, the counting rate R, registered by D, alone,
when i; and i, are superimposed, exhibits interference.
This may again be regarded as reflecting the intrinsic im-
possibility of knowing whether the detected photon
comes from NL1 or NL2, and it also shows that i, is able
to induce mutual second-order coherence between the
signals s, and s, without causing any additional emission.
This time it is, however, less obvious why the interference
disappears when i, is blocked and prevented from reach-
ing NL2. Because the down-conversions in both NL1
and NL2 are spontaneous, it might appear that detector
Dy still has no way of knowing whether the detected pho-
ton comes from NL1 or NL2. Why then should the rate
R not exhibit interference? The answer rests on a subtle
point in the interpretation of the state vector (or density
operator), for the state not only reflects what is known
about the photon, but to some extent also what is know-
able, in principle, under the given circumstances, whether
it is actually known or not. If D, is an efficient photo-
detector, it can be used, in principle, to determine wheth-
er a signal photon detected by D; comes from NL1 or
NL2 when i, is blocked. Whenever a detection by D; is
accompanied by a simultaneous detection by D;, the sig-
nal photon must have come from NL2, and whenever a
detection by D, is not accompanied by a D; detection, the
signal photon must have come from NL1. It is the possi-
bility of distinguishing between s; and s, that wipes out
interference in the counting rate R, whether the auxili-
ary measurement with D; is actually performed or not.
This interpretational aspect of the interference effect is
one of the more significant features of the experiment, be-
sides the demonstration that induced emission need not
always accompany induced coherence.
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