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We investigate an efficient scheme for generating ultraviolet single-photonss,300 nmd. The scheme com-
bines the highly efficient single-photon four-wave mixing scheme and fast developing quantum dot single-
photons on demand source technology. We show that near maximum, entanglement between two well matched
ultraslowly propagating single-photon wave packets can be achieved. This study may lead to research and
development opportunities in highly efficient entanglement schemes using photons of very large frequency
difference, quantum information processing, and single-photon metrology and single-photon counting sensors
in the uv spectra region.
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Generating single-photons “on demand” represents the ul-
timate control of the light emission process. Impressive
progress has been made in the past several years in obtaining
such sources using single quantum dot based technology
[1–3] and photonic band-gap materials[4]. The intense effort
is motivated by the emerging field of quantum information
science [5], which requires deterministic single-photon
sources. Indeed, with nearly 100% conversion efficiency[3],
such single-photon sources may be used in broad fields of
research and technology ranging from single-photon quan-
tum key distributions[6], quantum circuitry for single-
photon switching[7], to single uv photon imaging technol-
ogy [8].

In this work, we investigate a highly efficient ultraviolet
single-photon “on demand” scheme using the highly efficient
single probe photon four-wave mixing(FWM) technique
[9,10]. The motivation for this study is twofold. First, a
highly efficient single-photon source in the uv region is not
available and its entanglement properties and potentials
should be explored[11]. Secondly, there has been no study
on a high-efficiency scheme to entangle photons of very dif-
ferent frequencies, and a study that provides basic under-
standings of this process is desirable. Aside from these fun-
damental physics viewpoints, a well characterized single uv
photon source is also desirable for the fast development of
single-photon counting sensors working in the uv spectra
region. Such a detection system, although insensitive to the
entanglement properties of the uv photon, requires well char-
acterized single-photon responsivity in the region of
180—800 nm. Furthermore, fast developing GEM-based
single uv photon multiplier technology for uv imaging[8]
requires a well characterized single uv photon source as a
metrological calibration source to provide a well traceable
metrological standard. These considerations have prompted
us to investigate efficient single uv photon generation

schemes and to study the fundamental physical properties of
such systems.

The scheme reported here has four unique features.(1) It
provides the first single-photon “on demand” source in ultra-
violet spectrum region and the deterministic properties of the
generated ultraviolet photons are dictated by the determinis-
tic properties of the single-photon input source.(2) It does
not require high-energy, short-pulsed pump lasers as in the
case of the familiar down-conversion scheme to produce
single-photons. In fact, using a well-characterized single-
photon on demand source, our scheme is capable of generat-
ing single ultraviolet photonss.300 nmd using highly stable
commercial infrareds,800 nmd diode lasers with near
100% photon flux conversion efficiency. This may signifi-
cantly improve the stability and controllability of the system,
both of which are critically important to applications in
quantum information processing.(3) Under suitable condi-
tions, the generated ultraviolet photons can travel in the me-
dium with ultraslow group velocities(e.g., vg/c,10−4 or
less), and both the ultraviolet and infrared photon wave
packets maintain a well matched temporal profile as that of
the input single-photon wave packet. It has been established
that such ultraslow propagation velocities significantly in-
crease the interaction time between single-photon wave
packets and may significantly enhance certain nonlinear pro-
cesses[9,10,12–15]. These enhancement effects may lead to
controlled interaction between photons, which is a main
challenge in quantum information processing. Finally,(4) it
opens the possibility of achieving very efficient quantum en-
tanglement of photons with very large frequency differences
within a small propagation distance. We will show that it is
possible to achieve nearly maximum entanglement of two
quantized electromagnetic fields with very large frequency
differences for an extended period of time permitted by the
ultraslow propagation of single-photon wave packets. This
may lead to the possibility of transferring quantum entangle-
ment properties from multiple low-frequency carriers to a
single ultraviolet carrier. In addition to the above described*Email address: Lu.Deng@nist.gov
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aspects from a fundamental physics point of view, the system
studied may also have potential as a standard single uv pho-
ton calibration source for fast developing single uv photon
sensor technology. For instance, it can serve as a well-
characterized single-photon source for GEM-based single uv
photon multipliers as a metrological traceable calibration
standard.

The scheme under consideration is a lifetime broadened
four-state ladder system(Fig. 1). Here, we use a quantum dot
single-photon on demand laser sourcesVQDd as the first step
of frequency upconversion process(i.e., u0l→ u1l. We note
that the following calculation is independent of the type of
single-photon source as long as it is a well-characterized
“on-demand” type single-photon source). Two continuous
wave (cw) classical fieldssVC,VBd complete the remaining
two steps up to resonantly reach stateu3l where a phase
matched FWM fieldsVFd is originated. We show that with
experimentally achievable parameters, a single-photon FWM
field in the ultraviolet spectrum region can be very efficiently
generated. We further show that under suitable conditions,
both the ultraviolet and infrared photon wave packets can
travel with well matched ultraslow group velocity.

Our investigation begins with the system Hamiltonian
given by

Ĥ/" = − o
j=1

3

D ju jlk j u − sVCu2lk1u + VBu3lk2u + c.c.d

− sV̂QDu1lk0u + V̂Fu3lk0u + H.c.d. s1d

Using Eq.(1), the equations of motion for the atom density
operatorr̂ and the quantized electromagnetic fields can be
obtained as

]r̂10

]t
= isD1 + ig1dr̂10 + iV̂QDr̂00 + iVC

* r̂20

− i r̂11V̂QD − i r̂13V̂F, s2ad

]r̂20

]t
= isD2 + ig2dr̂20 + iVB

* r̂30 + iVCr̂10 − i r̂21V̂QD − i r̂23V̂F,

s2bd

]r̂30

]t
= isD3 + ig3dr̂30 + iVBr̂20 + iVFr̂00 − i r̂31V̂QD − i r̂33V̂F,

s2cd

]V̂QD

]z
+

1

c

]V̂QD

]t
= ik01r̂10,

]V̂F

]z
+

1

c

]V̂F

]t
= ik03r̂30. s2dd

Here, 2VBsCd andvBsCd are the Rabi and optical frequencies

of the classical pump fieldEBsCd, 2V̂QDsFd=D01s03dÊQDsFd
s+d /" is

the Rabi frequency operator for the quantized infrared

(FWM) single-photon fieldÊQD
s+d sÊF

s+dd with frequencyvQD

svFd, g j denotes the decoherence rate ofr̂ j0, and k01s03d
=2NvQDsFduD01s03du2/ sc"d with N and D01s03d being the con-
centration and dipole moment between statesu0l andu1l (u3l),
respectively. In deriving Eqs.(2a)–(2d), we have assumed
that the input infrared field is in a single-photon wave packet
state with a shape functionFstd (see below). We have also
taken the slowly varying envelope approximation and de-
fined detuningsD1=vQD−e1/", D2=vQD+vC−e2/", and
D3=vQD+vC+vB−e3/" with e j being the energy of stateujl
se0=0d.

The task of solving Eqs.(2a)–(2d) for the quantized fields
starts with the nondepleted ground-state approximation, i.e.,
r̂00.1. We note that the last two terms in Eqs(2a)–(2c) are

higher-order terms of small quantitiesV̂QD and V̂F. For a
small signal treatment, we neglect these higher-order terms.

FIG. 2. The absorption coefficients −Refb±g versus the dimen-
sionless control fieldVB/g2. Parameters used areg1t.2p35.9
3106/s, g2t.2p30.83106/s, g3t.2p30.093106/s, D1=D2

=0, D3=2p30.023106/s, k01=23109/ ss cmd, k03=2
3107/ ss cmd, andVC relates toVB by the expressionk01uD03VBu
=k03uD01VCu (for maximum entanglement, we assume 3vQD,vF).

FIG. 1. A lifetime broadened four-level atomic system that in-
teracts with two continuous wave(cw) classical laser fields(fre-
quenciesvB and vC, and Rabi frequencies 2VB and 2VC) and a
quantized pump field of frequencyvQD to generate a quantized
four-wave-mixing field of frequencyvF.
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By taking the time Fourier transform of Eqs.(2a)–(2d), we
obtain

sv + D1 + ig1dâ10 + VC
* â20 = − L̂QD, s3ad

VCâ10 + sv + D2 + ig2dâ20 + VB
* â30 = 0, s3bd

VBâ20 + sv + D3 + ig3dâ30 = − L̂ f , s3cd

L̂L̂QD = ik01â10, L̂L̂F = ik03â30, s3dd

where â j0, L̂QD, and L̂F are the Fourier transforms ofr̂ j0,

V̂QD, andV̂F, respectively,v is the Fourier transform vari-

able, andL̂;] /]z− iv /c.
The solution to Eqs.(3a)–(3c) can be found as

â10 =
DQD

D
L̂QD +

VC
* VB

*

D
L̂F, s4ad

â30 =
VCVB

D
L̂QD +

DF

D
L̂F, s4bd

â20 = −
sv + D̃3dVC

D
L̂QD −

sv + D̃1dVB
*

D
L̂F, s4cd

where D̃ j =D j + ig j s j =1,2,3d, D= uVCu2sv+D̃3d+ uVBu2sv
+D̃1d−sv+D̃1dsv+D̃2dsv+D̃3d, DQD=sv+D̃2dsv+D̃3d
− uVBu2, and DF=sv+D̃1dsv+D̃2d− uVCu2. Substituting Eqs.
(4a) and (4b) into Eq. (3d) and noting that there is no gen-
erated field at the entrance of the medium, we obtain

L̂QDsz,vd =
L̂QDs0,vdfU+eizK− − U−eizK+g − L̂Fs0,vdfeizK− − eizK+g

U+ − U−
, s5ad

L̂Fsz,vd =
L̂Fs0,vdfU+eizK+ − U−eizK−g + U+U−L̂QDs0,vdfeizK− − eizK+g

U+ − U−
, s5bd

where K±=v /c+sk03DF+k01DQD±Gd / s2Dd, U±=sk03DF−k01DQD±Gd / s2k01VC
* VB

* d, and

G=Îsk03DF−k01DQDd2+4k03k01uVCVBu2.
We focus our attention on the adiabatic regime, whereK± andU± can be expressed by a rapidly converging power series of

v. This allows analytical evaluation of Eqs.(5a) and (5b) so that a clear physical picture of the process can be obtained. To

ensure such a robust adiabatic process, we assumeuVCu2, uVBu2.maxsuD̃1D̃2u , uD̃2D̃3ud. It can be shown that under these
conditions, the linearization treatment introduced before is well justified. When these conditions are satisfied, we find that
U±=W±+Osvd and K±=sK±dv=0+v /Vg±+Osv2d can accurately describe the process at hand. After applying the inverse
Fourier transform, we obtain from Eqs.(5a) and (5b):

V̂QDsz,td =
fW+V̂QDsh−d − V̂Fsh−dgezb− − fW−V̂QDsh+d − V̂Fsh+dgezb+

W+ − W−
, s6ad

V̂Fsz,td =
fW+fV̂Fsh+d − W−V̂QDsh+dgezb+ + W−fW+V̂QDsh−d − V̂Fsh−dgezb−g

W+ − W−
, s6bd

whereV̂QDstd;V̂QDsz=0,td and V̂Fstd;V̂Fsz=0,td are the
quantized infrared and FWM quantized fields at the entrance
z=0, respectively,h±= t−z/Vg±, b±= isK±dv=0, and

b+ . i
k01k03D2

k01uVBu2 + k03uVCu2
−

k01k03g2

k01uVBu2 + k03uVCu2
, s7ad

b− . −
sk01uVBu2 + k03uVCu2dsB1 + iB2d

B1
2 + B2

2 , s7bd

1

Vg
;

1

Vg+
.

1

c
+

k01k03

k01uVBu2 + k03uVCu2
, s7cd

W+ .
VB

VC
* , W− . −

k03VC

k01VB
* . s7dd

Here B2;uVCu2g3+g1uVBu2 and B1;uVCu2D3+D1uVBu2.
Close inspection of the expressions(7a) and(7b) of b± indi-
cates that under the conditions described we haveuRefb+gu
! uRefb−gu (also see Fig. 2). The key consequence of this
relation is that theh− velocity component in Eqs.(6a) and
(6b) decays much faster than theh+ component. Conse-
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quently, after a characteristic propagation distance, the field
operators take the form

ÊQD
s+d sz,td .

k03uVCu2expszb+d
k01uVBu2 + k03uVCu2FÊQD

s+d St −
z

Vg
D

+
k01D03VB

*

k03D01VC
ÊF

s+dSt −
z

Vg
DG , s8ad

ÊF
s+dsz,td . SD01VB

D03VC
* DÊQD

s+d sz,td, s8bd

k01D03/k03D01=ÎvQDk01/ svFk03d. We note that Eq.(8) in-
dicates that the two quantized fields travel with the same
group velocity Vg. With appropriate and experimentally
achievable parameters(see below), it can be shown that the
matched group velocity can be substantially smaller than the
speed of light in vacuum. Under the input condition, there
exists only an infrared quantum dot single photon with the
pulse shape functionFstd of single photons. It is straightfor-
ward from Eq.(8) [16] to obtain the state of the total quan-
tized field at the exitz=L as follows:

uCl = CFSt −
L

Vg
DFu1QD,0Fl

+ Sk01D03VB

k03D01VC
* Du0QD,1FlGexpsiu − aLd, s9d

where u=k01k03D2L / sk01uVBu2+k03uVCu2d, a
=k01k03g2/ sk01uVBu2+k03uVCu2d, andC is a normalized con-
stant. Equation(10) shows that with appropriate choice of
intensities of the two classical fields so thatk01uD03VBu
,k03uD01VCu, we obtain a nearly maximum entangled pho-
ton pair (the entanglement of two frequency modes) with
very large frequency difference. Furthermore, it is possible to
adjust the probability amplitude of the ultraviolet photon

wave packet by varying the intensities of the control fields.
This is a remarkable and unique advantage for a single pho-
ton on demand source.

We have carried out extensive numerical calculations to
establish the validity of the above described analytical treat-
ment by using experimentally achievable parameters. A pos-
sible experimental candidate for the proposed system is ul-
tracold 85Rb atoms. We take, for instance,u0l= u5S1/2l, u1l
= u5P1/2l, u2l= u5D3/2l, and u3l= unP3/2l with n.10. The re-
spective transitions areu0l→ u1l at 795 nmsg1.5.9 MHzd,
u1l→ u2l at 762 nm sg2.0.8 MHzd, and u2l→ u3l at
1.3–1.5mm sg3.0.09 MHzd, all accessible with diode la-
sers. From Eq.(10) it is easily verified that the same set of
parameters as those in Fig. 2 leads to a maximum entangle-
ment between the infrared and the ultra violet photon wave
packets. In addition, by choosing intensities of driving fields
properly, one can adjust the probability amplitude of the ul-
traviolet photon wave packet. These are remarkable perfor-
mances in multi-wave frequency upconversion processes.

The ultra violet single photon on demand using highly
efficient single probe photon FWM technique and the newly
developed efficient quantum dot single photon on demand
source may have wide applications in quantum information
processing and photo-sensor metrology. It is a novel scheme
for achieving maximum entanglement of two photons with
very large frequency difference. The flexibility of being able
to adjust the probability amplitude of the ultra violet photon
wave packet may lead to new research opportunities in quan-
tum information processing. The well matched group veloc-
ity and temporal profile may also find applications in quan-
tum computing, quantum cryptography, entanglement, and
single photon quantum key distribution schemes.
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