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Ultraviolet single-photons on demand and entanglement of photons with a large
frequency difference
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We investigate an efficient scheme for generating ultraviolet single-ph6te880 nn). 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 uschemes and to study the fundamental physical properties of
timate control of the light emission process. Impressivesuch systems.
progress has been made in the past several years in obtaining The scheme reported here has four unique featgtgst
such sources using single quantum dot based technologyovides the first single-photon “on demand” source in ultra-
[1-3] and photonic band-gap materigdg. The intense effort  violet spectrum region and the deterministic properties of the
is motivated by the emerging field of quantum informationgenerated ultraviolet photons are dictated by the determinis-
science [5], which requires deterministic single-photon tic properties of the single-photon input sour¢2) It does
sources. Indeed, with nearly 100% conversion efficigl@y not require high-energy, short-pulsed pump lasers as in the
such single-photon sources may be used in broad fields @fase of the familiar down-conversion scheme to produce
research and technology ranging from single-photon quarsingle-photons. In fact, using a well-characterized single-
tum key distributions[6], quantum circuitry for single- photon on demand source, our scheme is capable of generat-
photon switching[7], to single uv photon imaging technol- ing single ultraviolet photoné=300 nm using highly stable
ogy [8]. commercial infrared(~800 nm diode lasers with near
In thIS WOI‘k, we inVeStigate a h|gh|y effiCient UItraViOIet 100% photon ﬂux Conversion efﬁciency' Th|s may S|gn|f|_
single-photon “on demand” scheme using the highly efficientantly improve the stability and controllability of the system,
single probe photon four-wave mixin"WM) technique poth of which are critically important to applications in
[9,10). The motivation for this study is twofold. First, @ guantum information processingd) Under suitable condi-
highly efficient single-photon source in the uv region is nottions, the generated ultraviolet photons can travel in the me-
available and its entanglement properties and potentialgjum with ultraslow group velocitie$e.g.,vg/c~lcr4 or
should be explored11]. Secondly, there has been no study|esy and both the ultraviolet and infrared photon wave
on a high-efficiency scheme to entangle photons of very difpackets maintain a well matched temporal profile as that of
ferent frequencies, and a study that provides basic undefhe input single-photon wave packet. It has been established
standings of this process is desirable. Aside from these funthat such ultraslow propagation velocities significantly in-
damental physics viewpoints, a well characterized single U¢rease the interaction time between single-photon wave
photon source is also desirable for the fast development gfackets and may significantly enhance certain nonlinear pro-
single-photon counting sensors working in the uv spectrgesseg9,10,12-1% These enhancement effects may lead to
region. Such a detection SyStem, although insensitive to th@ontro”ed interaction between photonS, which is a main
entanglement properties of the uv photon, requires well charchallenge in quantum information processing. Finay, it
acterized single-photon responsivity in the region ofppens the possibility of achieving very efficient quantum en-
180—800 nm. Furthermore, fast developing GEM-basedanglement of photons with very large frequency differences
single uv photon multiplier technology for uv imagin§]  within a small propagation distance. We will show that it is
requires a well characterized single uv photon source as gossible to achieve nearly maximum entanglement of two
metrological calibration source to provide a well traceablequamized electromagnetic fields with very large frequency
metrological standard. These considerations have prompteglferences for an extended period of time permitted by the
us to investigate efficient single uv photon generationytrasiow 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
*Email address: Lu.Deng@nist.gov single ultraviolet carrier. In addition to the above described
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FIG. 1. A lifetime broadened four-level atomic system that in- -4 =2

teracts with two continuous wauvew) classical laser fieldsfre-

quenqes(;»B and a;_c,ljlndf ?ab' frequencies(B; and Zlc) and_ a d FIG. 2. The absorption coefficients —[@&] versus the dimen-
quantized pump field of frequencyqp to generate a quantized  gjqnjaqs control fieldg/ v,. Parameters used angr=2mXx5.9

four-wave-mixing field of frequencye. X 10°/s, yp7=27X0.8X 10°/s, y37=2m X 0.09x 10°/s, A;=A,
=0, A3=27x0.02X 106/5, Kg1=2X 109/(5 cm, Kog3=2

aspects from a fundamental physics point of view, the systenx 107/(s cm), and Q¢ relates toQ)g by the expressiomg;|Doz(2g|

studied may also have potential as a standard single uv phe+«ogDo:{2c| (for maximum entanglement, we assumegd ~ o).

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 uvb20 - i(Ap+iy2)poo+ iQppao+iQcpro— if)21ﬁQD— ipoaCLr,

photon multipliers as a metrological traceable calibration

standard. (2b)

The scheme under consideration is a lifetime broadened
four-state ladder systeffig. 1). Here, we use a quantum dot -

single-photon on demand laser sout€iyp) as the first step T =i(Ag+iy3)pso+ I Qepao+ 1QePoo— ipa1op — 1Pl
of frequency upconversion proceg., |0)—|1). We note
that the following calculation is independent of the type of (20

single-photon source as long as it is a well-characterized

“on-demand” type single-photon soujcelwo continuous 0 0
yp gle-p y g , 1300 ;

wave (cw) classical field9()¢,{)g) complete the remaining P P =1Kp1P10s

two steps up to resonantly reach stide where a phase 2 ¢

matched FWM field(Q)r) is originated. We show that with ~ ~

experimentally achievable parameters, a single-photon FWM e 10

field in the ultraviolet spectrum region can be very efficiently Tz oo KoPso (2d)

generated. We further show that under suitable conditions, ) ) )
both the ultraviolet and infrared photon wave packets carfiere, Agc) andwg(c) are the R?b' and 0pt|caJ frequencies
travel with well matched ultraslow group velocity. of the classical pump fielEg ), 2Qqp(r)=DoxosEvpe /i i

.
. . . . . . . QD(F)
_Ourblnvestlgatlon begins with the system Hamiltonianihe Rapi frequency operator for the quantized infrared

given by

(FWM) single-photon fielcég)D (E(;)) with frequencywqp
(wp), v; denotes the decoherence rate mgf, and xoyog)
=2Nwqpr)|Doxog|?/ (ch) with N and Dgyoz being the con-
centration and dipole moment between sti@gand|1) (|3)),
respectively. In deriving Eqe2a—2d), we have assumed
_ (QQD|1><0| + ()F|3><o| +H.c). (1) that the input infrared field is in a single-photon wave packet
state with a shape functioR(t) (see below. We have also

. . . . taken the slowly varying envelope approximation and de-
Using Eq.(l), the equations of motion for the atom density fined detunings{Al:a?/ Dg el AF;:wD§+ i, BN
operatorp and the quantized electromagnetic fields can beA = ot ot o € /fgwith . ’being tth energy of 'statja
obtained as (:OZO;?D CcTwBT €3 j

The task of solving Eqg2a)—(2d) for the quantized fields

3
R = = 2 Ajl)] = (Qcf2X(1] + Qgl3)(2] + c.c)
=1

Pro . A starts with the nondepleted ground-state approximation, i.e.,
a i(Ay+iy1)p10+iQqppoo+ P20 Poo=1. We note that the last two terms in E@)—(2c) are
~ ~ higher-order terms of small quantiti€3,, and (¢. For a

—ip11Q0p — 1P13Q, (28 small signal treatment, we neglect these higher-order terms.
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By taking the time Fourier transform of EgRa—(2d), we R Dan ~ QO ~
obtain = —‘I(D)—DAQD+ (I:D P A, (49)
(0+A; +iy)age+ Q= - ]\QD1 (3a) 0 D -
. . . azo= Agp+ —Ap, (4b)
Qcage+ (0 + Ay +iyy)az+ Qgaz=0, (3b) D D
Qpbtog+ (@ + Ag+iy3)éag= — As, 3¢ . (0+A9)Qc-  (0+A)Q5~
B2+ (@ 3 73)“30 f (30 &= - 3)%5C oo 1 BAF' (40)
D D
LAop=ikordne LA =ikosis, 3 . -

) QD Ifj01a10 F = I Ko3¥30 (3d) where A]-:A]-+iyj (j=1,2,3, D:|Qc|2(0)+A3)+|QB|2(0)
where &, Agp, and Ag are the Fourier transforms o, +Zl)—(w+Zl)(w+Zz)£w+ZS)L Dop=(w+A,)(w+As)
Qops andp,;, respectivelyw is the Fourier transform vari- -]/, and De=(w+A;)(0+A,) —-|Qc/% Substituting Egs.
able, andL=4d/dz-iwlc. (48 and (4b) into Eqg. (3d) and noting that there is no gen-

The solution to Eqs(3a—3c) can be found as erated field at the entrance of the medium, we obtain

Aop(0,w)[U,€7K - U_e7] - AL(0,w)[ €7 - 7]

Agolzw) = 5
op(z ) U,-U_ (5a)
- Ap(0,0)[U,7 = U_e7] + U,U_A 5p(0,0)[€7K- - 67
Ar(zw) = £(0,0)[ ] QD( w)[ ] ’ (5b)
U,-Uu_
where Kizw/C+(K03DF+K01DQDi G)/(ZD), Ui':(KO3DF_K01DQDi G)/(ZKOJ_QEQ*B), and

G= \/(KO3DF_ k01D op) %+ k3ol QcQpl%.
We focus our attention on the adiabatic regime, whérandU., can be expressed by a rapidly converging power series of
w. This allows analytical evaluation of Eq&a) and(5b) so that a clear physical picture of the process can be obtained. To

ensure such a robust adiabatic process, we as$@@é, |Qg|?>max(|A;A,],|AA4)). 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,+0O(w) and Kt:(Kt)w=0+w/Vgi+(’)(w2) can accurately describe the process at hand. After applying the inverse
Fourier transform, we obtain from Eqg&a) and (5b):

[W.Q00(7-) = () ]6%- = [W.Qop(7:) = Q7)1

Qop(zt) = , 6
on(z) W (6a)
. W,LQ:(7:) = W-Qop(7.) 1% + W W, Qop(7) — Qp(5.)]e%-
oz = WALQe(1) = W-Q0p(7.)] [WDon(7.) = Qe(n )1 ] (6b)
W, - W_
[
whereleD(t)EleD(z:O,t) and Qr(t) =Qp(z=0.1) are the 1_1 1. Ko1K03 (70)
quantized infrared and FWM quantized fields at the entrance Vg Vg C koilQgl?+ kod Qcf?’
z=0, respectively, =t-z/Vg,, B:=1(Ky) =0, and
Q
w, = 2y etle (7
A Qc Kkorfdg
B. =i Ko1Ko3R2 _ Ko1K03Y2 (78 ) , ) ,
101l Qal” + rod Ucl® k01 Qgl* + 03 Qe Here B,=|Qc|*ys+y1|Qel® and B;=[Qcl?Az+A|Qgf%
Close inspection of the expressioff®) and(7b) of B, indi-
cates that under the conditions described we HReES, ]|
O+ ke d OI2(B. +iB <|RgA_]| (also see Fig. R The key consequence of this
Bo=-— (orl Qal” + Koal Al (By +1 2), (7b) relation is that then_ velocity component in Eqg6a) and

2 2
Bi+B3 (6b) decays much faster than thg, component. Conse-
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quently, after a characteristic propagation distance, the field/ave packet by varying the intensities of the control fields.

operators take the form This is a remarkable and unique advantage for a single pho-
ton on demand source.

£ (zZt) = K03|Qc|zeXp(Zﬂ+) (+) t— z We have carried out extensive numerical calculations to

QDY k01l Qg2 + kg Qcf? Vg establish the validity of the above described analytical treat-

. ment by using experimentally achievable parameters. A pos-
+ K01Doa(2g E(+)<t— i)} (8a) sible experimental candidate for the proposed system is ul-
KkoaD o1 Vy/ |’ tracold ®Rb atoms. We take, for instanci®)=|5S,,,), |1)

=|5Pyp), |2)=|5D3/y), and|3>—|nP3,2> with n>10. The re-
R Do) spective transitions an®) — |1) at 795 nm(y;=5.9 MH2),
EX(zt) = ( t ?> 5oz, (8b)  |1)—|2) at 762 nm (y,=0.8 MH2), and [2)—|3) at
Dosl2c 1.3-1.5um (y3=0.09 MH2), all accessible with diode la-
k01Do3/ kKoaDo1= \wopkoi/ (wpko3). We note that Eq(8) in-  sers. From Eq(10) it is easily verified that the same set of
dicates that the two quantized fields travel with the samdarameters as those in Fig. 2 leads to a maximum entangle-
group velocity V. With appropriate and experimentally ment between the infrared and the ultra violet photon wave
achievable paramete(see belowy, it can be shown that the packets. In addition, by choosing intensities of driving fields
matched group velocity can be substantially smaller than th@roperly, one can adjust the probability amplitude of the ul-
speed of light in vacuum. Under the input condition, theretraviolet photon wave packet. These are remarkable perfor-
exists only an infrared quantum dot single photon with themances in multi-wave frequency upconversion processes.

pulse shape functioR(t) of single photons. It is straightfor- ~ The ultra violet single photon on demand using highly
ward from Eq.(8) [16] to obtain the state of the total quan- €fficient single probe photon FWM technique and the newly
tized field at the exiz=L as follows: developed efficient quantum dot single photon on demand
source may have wide applications in quantum information
W) = CF(t _ L) {|l 0p) processing and photo-sensor metrology. It is a novel scheme
Vy/ [T for achieving maximum entanglement of two photons with

very large frequency difference. The flexibility of being able
+ (M)|OQD1 1F>}exp(i 0-al), (9) to adjust the probability amplitude of the ultra violet photon

k03Do1 ¢ 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.

where 0= ko1Koal oL/ (o1 Qgl*+ K03 Qcl?), @

= ko1K03Y2! (K01 Q|2+ Kol Qc|?), andC is a normalized con-
stant. Equation10) shows that with appropriate choice of
intensities of the two classical fields so thag|Dys(Qg|

~ ko3 Do1{dc|, we obtain a nearly maximum entangled pho-  Y.W. acknowledges financial support from NIST, National
ton pair (the entanglement of two frequency moyegth Fundamental Research Program of China 2001CB309310,
very large frequency difference. Furthermore, it is possible tand NSF of ChinaGrants No. 90103026, No. 10125419,
adjust the probability amplitude of the ultraviolet photon and No. 10121503
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