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Scheme for generating a sequence of single photons of alternating polarisation
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Single-photons of well-defined polarisation that are deteistically generated in a single spatio-temporal
field mode are the key to the creation of multi-partite eneeshgtates in photonic networks. Here, we present a
novel scheme to produce such photons from a single atom ipt&abcavity, by means of vacuum-stimulated
Raman transitions between the Zeeman substates of a siyyggefine state. Upon each transition, a photon is
emitted into the cavity, with a polarisation that dependstendirection of the Raman process.

I. INTRODUCTION laser and cavity, but with their roles changing as a function

of the chosen laser detuning. In this way the Raman transi-

, ) , . tion can be driven in one or the other direction, leading to an
Worldwide, large efforts are being made to interface single,mission of eithes* or o— photons. As can be seen in the

atoms with single photons, since this is the key to the entang,g| scheme shown in Fig. 1, this method requires the laser
glement [LI2{13.14] and teleportatidi [5, 6] of quantum state ;e polarised perpendicular to the cavity axis, so thagit d
between distant atoms. Transform-limited and mutually COtomposes inta+ ando— polarisation components with re-
herent sm_gle photons in well-defined polar|sat|or_1 andispat ¢pactto the magnetic field direction. Only thé polarisation
temporal field modes are needed so that the desired quantu 5mponent of the driving laser is used for the generation of
correlation effects occut[7] B, 9]. Some crucial problenatt ;- polarised photon and vice versa. The other polarisation

arise in the_ production of such ph.otons have.b.een solved, SUGomponent of the laser pulse is always present, but it is out-
as the choice of an adequate emitter, the efficient collectio ¢ ~<onance with all relevant atomic transitions.

the emitted photons or their channelling into a given diogct As the cavity supports both polarisation modes, altergatin

!Sr:rgﬁrtllcuclgz Slg\ée;?(l)rﬁi:irfhsgggfnsshfgﬁ ggmugggtr;ajeéjei etr]e laser frequency between the two possible resonanaas fro
gy P Y Sy ulse to pulse should be sufficient to generate a sequence of

, since the final state reached with a photon emission
at the same time the initial state for producingaphoton

other branch is resonant with the cavity mode so that the fieliiIj
ith the subsequent driving laser pulse, and vice versah Wit

mode of the cavity receives one photon upon each successf

Raf."a” transition. The photons_are finally emitted_from thethis novel scheme, one should therefore be able to produce
cavity, and Hanbury Brown & Twiss photon-correlation mea'sequences of photons with well-defined polarisation.

surements are used to demonstrate the single-photon méture
the emission.

In this article, we propose to extend this photon-genemnatio
scheme in such a way that single photons of well-defined
polarisation are emitted from a coupled atom-cavity system
This new method is based on our previous work [10,[1B, 14, For anillustration of the photon generation process, we firs

Il. THEIDEAL THREE-LEVEL ATOM

[15], where Raman transitions between hyperfine states of @onsider an idealised atom with & = 1 hyperfine ground

$5Rb atom were used to generate single photons. The larg#ate and arf” = 0 electronically excited state. The Zee-
number of accessible magnetic sublevel$%Rb meant that man shift induced by the magnetic field on the- = +£1
the polarisation of these photons was undefined. In order tgtomic ground states i$Ap = F|gr|upB, whereug is
achieve polarisation control, we now investigate the $itjma  the Bohr magneton angl, the Landé factor. In the follow-
shown in Figl. Vacuum-stimulated Raman transitions aréng themyr = {—1,0,+1} Zeeman substates of the = 1
considered between ther = +1 Zeeman substates of an ground state will be written as-),|0) and|+), whereas the
F = 1 hyperfine state, e.g. in the electronic ground state of”" = 0 excited state is labelleld). For geometric reasons the
$7Rb atoms. We assume a magnetic field along the cavity axigavity supports onlyy™ ando~ photons, which have iden-
that lifts the degeneracy of the magnetic substates. Ifrre f tical frequencies if the relevant cavity modes are degéeera
quency of the applied laser pulses is either red or blue @etun The state of the coupled atom-cavity system can therefore be
from the unperturbed transition by twice the B-field inducedwritten as a superposition of product stafes. ., n_), with i
Zeeman shift, while the cavity frequency is in resonancé wit representing the atomic state, and denoting the number of
the unperturbed atomic transition, then the transitiomwben o photons. In this paper we restrict the number of photons
themr = +1 andmyr = —1 levels is resonantly driven by in each mode to zero or one, since higher photon numbers are
very unlikely. Note that the cavity couples only productesa
of different photon numbers, while the interaction of thenat
with the pump laser leaves the intra-cavity photon number un
*Corresponding author: gerhard.rempe@mpg.mpg.de changed. The pump frequengy, and the cavity resonance
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FIG. 1: Principle of the photon generation scheme. A singdends strongly coupled to an optical cavity, and a magnetid facting along the
cavity axis lifts the degeneracy of the Zeeman substate$-(ajn the side, laser pulses drive Raman transitions inttire.al he polarisation

of the laser is perpendicular to the cavity and B-field axasttet it decomposes intet ando~ components with respect to the cavity. As
illustrated in (b) and (c), the cavity is resonant with the+shifted atomic transition, but the laser pulse is red oeliletuned: a blue detuned
laser pulse drives a Raman transition from» = +1 to mr = —1 and generates@™ polarised photon (b), while a red detuned laser pulse
drives the transition in the opposite direction and gemsrat-— polarised photon (c).

frequencyw. are both close to th&) to |e) transition fre-  stationary part,,,; includes the energy levels of atom and
quencywo.. We also disregard the statfsn,n_), since  cavity, andH,,, describes the interaction of the atom with
|0) is decoupled from all other internal states. In this waypump laser and cavity. The system is examined in the interac-
an atomic three-level system imaconfiguration is obtained. tion picture. In the rotating wave approximation, the stagi
Here, we choose the energy of the excited stat6,0) to  ary part of the Hamiltonian reads

define the origin of the energy scale and we divide the Hamil-

tonian of the system into two partd, = Hya; + Hyne. The

Hutor = Hotom + Heauity = | (8 + A5) ) (-] + (8, = Ap) [#)(+]] + A, (ala +515) 1)

whereA,, = w,, — wy. is the detuning of the pump laser from annihilation operators of a photon in th€ or o~ polarised
the transition betweefD) and|e) and A,, = w. — w, IS  cavity mode, respectively. The interaction between atoth an
the difference between cavity resonance and pump laser freavity is given by the interaction Hamiltonian

quency. Herea! anda, or b' andb, are the creation and

Hit = —h {g (|e><7|d +at|-) el + Je) (+]b + 5T|+><e|) + %Q(|e><,| + 1) el + le) (+] + |+><el)} ) @)

where g is the coupling constant of the atom to both cavity
modes (assumed to be equal), & the Rabi frequency of
the pump laser. . o o
Lip = (2@,3& —atap — pata+ 2bpbt — btbp — prb) .

3)

The cavity decay gives rise to the emission of photons fronThe cavity field decay rate, here identical for both polari-

the cavity, which is a non-unitary process. It cannot be in-sations, has to be fast with respect to the Raman process to
cluded in a Hermitian Hamiltonian, but its effects on the-den ensure that the photon is emitted from the cavity beforedein
sity matrix can be expressed by the Liouville operatol [16],reabsorbed by the atom.
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The time evolution of the system is then given by the master Exactly the same photon generation efficiency and photon

equation envelope are obtained when the initial state-i9), 0) and the
, detuning of the pump laser frequencyds, = —2Ag. Then
i At H.5l+ L5 4 Raman resonance is fulfilled for thetype transition shown
p=—<[H,p]+ L[p]. @ > .
dt h in Fig.I (c) and ao— photon is generated. Both cases are

o A ... similar, since the cavity frequency has been chosen to be on
Note that a similar Raman process driven in only one directio the unshifted transition fron — 1 to F’ — 0, leading to an

has been discussed previously [inl[17]. Here, we search for . - . .
conditions where Raman transitions can be driven in both digtnoamn;f;asv;% detutrcl)lng C;f;ﬁB V\{gh resﬁﬁgtstor::ﬁe?:or.g'gﬁs'
rections, albeit with the cavity frequency fixed. This impss M) 0 Je) |-) toe). This sy y y

new constraints, and we now have to determine the optimatfre?]iergt‘i’(\;zeenﬁ;’g;gggjsnzrtehelgt?ggyésl2 Ecﬁé?og?ﬁ etpf;?/tion
parameters for efficient production @f ando— photons. g P ¥

The initial state of the system is set|@;q,+) = |+, 0,0) atom detuningA., = we — woe, With the pump frequency al-
and realistic cavity parameters are chosgns: Ap) /27 — ways chosen_ in s_uch a way that laser and cavity are in Raman
(2.7;1.25;15)MHz (e.g. corresponding to &Rb atom in resonance with e|therthe_> 0 |.’> Qrthe|7> to]+) transition,
thé ’53'/ ]F - mF o +1) hyperfine ground state and i.e. A, = £2Ap. Blacklines indicate the probability to emit

2 - ) - _ . - . . .
excitation of the B-line, inside a cavity used in former ex- ao phqton_and grey linesa™ photon. The S.OI'.d lines give
periments [0 1314, 5] and a magnetic field of 21.4G) the efficiencies for the photon production within the desire

The cavity is in resonance with the) to |e) transition, (i.e. A-type Raman transitions, i.e. starting i) and ending in-)

+ i - ivi R _
we = woe), and in order to resonantly drive the Raman transi—]cor o or vice versa fow ™~ photons. Driving aA-type tran

tion from|+,0,0) to |-, 1,0), the pump laser has to have a de- sition with a cavity-atom detuning arounti., = —A for

: 7 ) . ~ o photons (grey line) oA, = +Ap for ¢~ photons (black
tuning 9f§P = +24p. The pump laser Rab| frequency fol line) leads to 10% efficiency of the process. In both cases,
lows asin“(7t/1.5us)-pulse amplitude with a peak value of

Q27 — 6 MHz for each polarisation, as shown in . 2 (a). the detuning of the cavity compensates the Zeeman shift and

. : e . both arms of the Raman resonance coincide with an atomic
The probability density for emitting a photon varies as acfun

tion of time, and reflects the envelope of the generatedesing| resonance. However, to generaté ando™ polarised pho-
photon wave packet. Note that the shape of the photon d tons with the same probability in case of a fixed cavity detun-

pends on the driving field. Changing the shape of the pum?éﬁ}Svgi%r??)\:gggb?li;izgic?dmﬂ%%mlse’ \Beq = 0 with an

pulse or its peak value has a direct impact on the emission
probability. The photon can therefore be shaped in many de-
sired ways. The integral of the probability density over the _ i
whole photon duration gives the overall emission probgbili 10 verify whether no unwanted second photon will emerge
of a photon, here it measures%. The lower part of FidI2 (a) from the system, we also have calculat_ed the probablllty fpr
illustrates the population inversion between the statesnd & Photon production from an atom starting in the wrong ini-
|+), which is here the population difference between the fitial state, e.g. statg-) for o™ photons. Ifo™ photons can
nal and the initial atomic state. The inversion starts froin D€ generated in this case, the atom would undergo a cycling
att = 0 and increases until it reacheg).56. Note that any transition, since initial and_flnal state are the same. As ind
losses out of the system (except for cavity decay) have beetted by the grey dashed line (black dashed line for the anal-
omitted in this simplified model, therefore population whic ©90us case witly~ photons) in FidR (b) the probability for
is not transferred into the other ground state simply stays j SUch cycling transitions is close to zero in the frequenogea
the initial state. Under these conditions, the emissiomaro aroundA., = 0, where the scheme for generating photons
bility equals the fraction of transferred population. Tisisot ~ Of alternating polarisation works best, so no second photon
the case in general, since other loss channels than they cavit/ill be emitted. Only when the pump laser accidently hits
might exist. an atomlp resonance does the emission probability become
During the population transfer from the stdte 0,0) to non-r]egllg]ble. This phenomenon is hc_>wever an artefact of
|-, 1,0), the single photon state of the cavity decays. SincéUr simplified model, the peaks appearing because the spon-
the time constant/2is much faster than the duration of the taneous decay of the excited atomic state has been omitted.
pump pulse, the photon leaks out of the cavity during its gen_Cons_equentIy, once the atom is in the excited state it can onl
eration. Once the atom has reached the state, 0), it will emit into the far-off resonant cavity mode. In a real atom the
be very unlikely to undergo another Raman transition back tgPontaneous decay to other states would dominate the atom's
the initial state, since the back transition is detunediy, ~ Pehaviour. This is discussed in more detail below.
(see FidL (b), grey lines) which is much larger than thetgavi
linewidth of 2<. This means a second emission is suppressed
and thus only a single™ or o~ photon is generated. The  This simple model shows that, fdx., = 0, single-photon
efficiency of the photon generation depends on many paranpolarisation control can be achieved by choosing the approp
eters. Here it i¥8%, but it can rise up td00% with increas-  ate pump-laser frequencies. There is no need to alter the cav
ing pump power or with a stronger atom-cavity coupling. Fority frequency or the pump polarisation. Moreover, the prob-
a larger Zeeman splitting the emission probability would de ability to emit two photons during the same pump pulse is
crease. vanishingly small.
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FIG. 2: Results for the idealised three-level atom with paeters(g; x; Ap)/2m = (2.7; 1.25; 15) MHz.(a) Time evolution of the system:
pump laser Rabi-frequendy/2r follows asin?(wt/1.5us)-pulse amplitude, with a peak value of 6 MHz. The probabilignsity for gener-
ating a photon pegs is shown. Integrating over the whole pulse gives an emigsiohability of 78% per pulse. Accordingly, the population
transfer between the atomic state, defined by the differenpepulation of the final and initial state, ends up at anlisim of 0.56. (b)
Photon production efficiency as a function of the cavityrattetuningA... The pump laser is always tuned to the desired Raman resgnanc
for o~ photonsA., = —2Ag, for ot photonsA,., = +Ag. Black lines stand for the probability for generating photons, grey lines for
o photons, whereas solid lines indicate the desixetpe transition, and dashed lines the cycling transitistesting and ending in the same
state.

I11. POLARISED PHOTONSFROM ALKALI ATOMS ourselves to a situation where the cavity frequency is resar r
onant with the transitions from = 1 to ¥’ = {0;1}. With

To analyse the behaviour of a coupled atom-cavity sys@ distance ofrx157 MHz betweerF” = 1 andF’ = 2, the
tem under more realistic conditions, all relevant atomic le latter state is far from resonance. Combined with the faat th
els and the spontaneous decay of the excited states must e dipole-matrix elements for transitions betwder- 1 and
taken into account. As an example we consider thdiibe I’ = 2 are smaller than those for the relevant transitions _to
of 7Rb. Its 53, ground state decomposes into two hyper-£" = {0; 1} the F = 2 state can be neglected. We also omit
fine statesf = {1;2}, with 27 x6.8 GHz hyperfine splitting, theF”’ = 3 state, since it does not couple o= 1.
while the 5R/, excited state has four hyperfine substates, The stationary part of the Hamiltonian now includes all in-
F' = {0;1;2; 3}, with splittings of2r x(72; 157; 267) MHz.  volved atomic levels. It reads
The two 5§ 5(F = 1,mr = =%1) states are thet) states in
our scheme, while the virtual excited level of the Raman-tran . o
sition is some superposition of 5R(m=0) states. Note Hgar = h <Z Al (i + Ay (de + bTb)) . (B
that the origin of our energy scale is chosen to coincide with i
F’ = 0. This state is still labellede). In the ground state,
F = 2 is so far from resonance with pump and cavity thatHere,A; stands for the energy of the respective atomic level
there is effectively no coupling. Therefore spontaneousem in the rotating frame, including pump detuning and Zeeman
sions intoF' = 2 constitute an additional loss channel, but theshift with respect to the zero level of our calculation. The
state as such need not be considered. Moreover, we restrictteraction part of the Hamiltonian can be written as

Hi ==Y [g;- () Glat -+ 133 1) + g5 (10161 + 133 1B) + 5905 (101 + |j><z'|)] : (6)

where: andj denote ground and excited states, respectively.  Transibetweery) and|j) are either driven by the pump
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TABLE I: The angular part of the dipole matrix elements; for the transition betweefi) and|j). With these numbers, the Rabi frequencies
areQ;; = A;; - Qo. For a transition wherd\m = +1 the cavity coupling constant reagg = Ajj - go, for transitions withAm = —1
itis g;; = Aij - go andg;‘; = 0 in all other cases. The indicésandj refer to the state§, mr) and|F’, m /). The electronic parts of

the coupling constant and Rabi frequency are chosen i fir = 6.7 MHz andQo /27 = 14.7 MHz. Note that in our scheme onby™
transitions are accessible. THg; for the non-relevant transitions are shown in grey.

with a Rabi frequency?;;, or by the coupling of the atom For the relevant transitions, also the Rabi frequencied rea
to thecr cavity modes, with the atom-cavity coupling con- ;; = A;; - €. For our calculation, we have chosen realis-
stanth Both €2;; andgZ depend on the angular pa;; tic values for the electronic parts of the atom-cavity caugpl

of the cﬂpole matrix eIements listed in TEb[L[18] 19]. We and of the peak Rabi frequency, i.80/2m = 6.7MHz and
have to distinguish betweern™ ando~ cavity coupling con- Qg /27 = 14.7 MHz.

+ - ) . .
stants. They reag;; = Aj; - go, but g is zero unless To include the spontaneous decay of the involved excited
Am =mp —mp = +1andg;; is zero unless\m = —1.  states, we extend the Liouville operafdr (3) to

L[ﬁ]:Z[mg‘(2l'><lelj> )} Z%(IJ J|P+P|J><J|)+/’v(2€lpa —alap — pala+ 2bpbt — bTbp — prb)

,J J

wherev;; is the transition strength of the decay channel fromdetuningsA., are found where the efficiencies fer” and
|7) to i) and~y; the total polarisation decay rate of the excitedo~ photon production are equal. One is almost half-way be-
state|;), including transitions to other levels, such asthe-  tween the two atomic resonances, and the other two are close
2 ground state. tothe’=1to F/ =0andF = 1to F’ = 1 resonances. For
The extension of the model makes the prediction of thehe latter two cavity frequencies, the probability for gexte
emission probability more difficult. The influence of centai ing a photon starting from the wrong initial state is belth#
atomic bare states increases or decreases depending on th&iig.[d (a), dashed lines). This is an upper limit for the prob
distance from the virtual excited level of the Raman transi-ability of generating a second photon after a first emissfon,
tion. Only from a numerical simulation of the scheme, usingthe process is started from the right initial state.
the master equatio](4) with the extended Hamiltonian and For instance, af\., /27 = 63.2 MHz, the equal probabil-
Liouvillian from Eq. [(BET), do we gain more insight into the ities for o™ and o~ photon emission reach a maximum of
physical processes. 74%. The time evolution of the system for this detuning is
In Fig.[d (a) the calculated emission probability is shownshown in Fig[B (b). The atom is exposed to the same pump
as a function of the cavity-atom detunidg,,, with the black  pulse (shape and amplitude) for both directions of the Raman
lines again showing emission probabilitiesfor photonsand  process. Although the probabilities for™ and ¢~ photon
grey lines foro* photons. Compared to FIg. 2 (b), the sym- emission are equal, the envelopes of the emitted photons dif
metry aroundv. = wy. is lost. At this frequency the probabil- fer, as can be seen in the probability-density plot. In e,
ities foro™ ando~ photon emissions differ from one another virtual levels for the two transitions are not at the samegne
although the cavity is in resonance with an atomic transitio and their transition amplitudes have different values. i@ p
This can be qualitatively understood because the influehce aluce identical photons, one could eventually compensate fo
the F/ = 1 state becomes larger the closer the virtual exitedhis by choosing suitably shaped pump pulsessforando—
level is to this state. For a cavity-atom detuningof, = 0, processes. This is, however, beyond the scope of thisarticl
the virtual excited level is betweelY = 0 andF’ = 1 forthe  Differences in the two processes can also be seen in the popu-
* process, but below the’ = 0 level foro~. Moreover, the lation transfer from the initial to the final state, see Ei¢o3
detuning of the virtual level with respect to the atomic barelt is more successful far™ photons, which indicates that the
states determines the sign of the transition amplitudesréFh losses to non-coupled states are higher whemn ghoton is
fore the two possible path of the Raman transition f/ia= 0  generated. Note that these losses never ext&gd Further-
andF’ = 1) interfere either constructively or destructively.  more, from the low probability of the wrong transition to ¢éak
Although the former symmetry is lost, three cavity-atom place, we conclude that the starting conditions for a phofon
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FIG. 3: Polarised photons from®Rb atom: (a) Photon emission probability as a function ofdégty-atom detuning\.., with respect to
the transition from0) to |e¢). The ground staté’ = 1 and the excited statds’ = 0 andF’ = 1 are incorporated in the simulation, as well as
their spontaneous decay. The vertical grey lines indicate detuning to the transitions froff' = 1,mp = 0) to |F’ = 0, my = 0) and

|F =1,mr =0)to|F =1,mp = 0), respectively. The probabilities for the generationrofando ~ photons are equal for three values
of the detuning. They now deviate from a symmetrical piciwith respect to the atomic resonances (grey vertical lisgge the transition
amplitudes via both excited states interfere. (b) Timewimh of the system al\., /27 = 63.2 MHz: The probability density of the photon
emission has a different shape for the emission ef aphoton (black) and photon (grey). The final population inversion of the atomic
state differs from 1 because of losses due to spontaneossiemto| " = 2) and|F' = 1, mr = 0). This leads to losses in the system which
are about 1%.

150

opposite polarisation are always met once a first photon has
been emitted. Therefore generating a sequence of photons of

) o > 125 -
alternating polarisation seems feasible.

o photon

100 -

—— Atransition

We have seen that the production of a photon when the ato
is initially in the wrong Zeeman state is unlikely. We now
show that one can address either|theto |+) or the|+) to |-)
transition by choosing the appropriate pump laser fregesnc
For a fixed cavity-atom detuning dk., /27 = 63.2MHz,
Fig. (@) shows the calculated emission probabilities asa-fu
tion of the cavity-pump detuning?.,. Again the pump
laser Rabi frequency follows a pulse amplitude as shown in
Fig.[d(b). As expected, we find maxima in the photon emis-
sion probability whenever Raman resonance conditions are
met. Starting from staté-), the emission probability for FIG. 4: Dependency of the photon emission probability onfthe
o~ photons shows a maximum at a pump laser detuning ofiuency difference of pump laser and cavity. The cavity-atieun-
A, = —30MHz, and similarly starting from state ) we ing is set t0Acq /27 = 63.2MHz. The Raman resonance of !asgr
find a maximum in the emission probability ef~ photons and cavity at+2Ap leads to sharp peaks in the photon emission

for A., = +30MHz. The emission probability amounts to probability for A transitions while cycling processes are only visible

. . . dA., = 0.
74%, as discussed before. Note that the Rayleigh scatterln%roun i

peak atA., = 0 dominates the spectrum. It exceeds 100%

emission probability, since the pump laser hits the caws r

onance and the atom undergoes a cycling transition. For thied have to be avoided. Since the width of the resonances de-
reason, more than one photon per pulse can be emitted. Thegends on the cavity decay rate,2he magnetic field has to be
cycling transitions are more pronouncedd#adr photons, since  chosen high enough to ensure that the separation of the tran-
here the virtual excited level of the Raman transition isefo  sition lines significantly exceeds:2For the Zeeman splitting

to a real atomic level. To guarantee single-photon emigsion considered here the Raman resonances are well resolved and
our scheme, transitions where two photons are possibly emithe scheme is not disturbed by cycling transitions, as can be

===-= cycling transition

o * photon
A transition
cycling transition

emission probabﬁty [%]

40

Ap/2m [MHZ]
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seen in Fig [(KB). equal efficiencies can be obtained for the production of
ando~ photons when an appropriate cavity-atom detuning is
used. The efficiency is 74 for a cavity resonance close to
V. CONCLUSION the FF = 1to I’ = 1 transition frequency. The losses to other
states are small, which guarantees that after a first emissio
The calculations discussed in this paper are based on the p€ atom is well prepared to produce a subsequent photon.
rameters of an atom-cavity system that has been studied-expd he realisation of this scheme seems promising. Since the
imentally in our groupl[10, 13, 14.115]. In these experiments produced photons have a well defined polarisation, they can
85Rb was used and the Raman transitions were driven betwed® directed along arbitrary paths. This would be very con-
two different hyperfine ground states. The Zeeman structurgenient for quantum communication and all-optical quantum
of the levels was not important. Moreover, a repumping laseinformation processing in photonic networks [7].
was necessary to re-establish the starting conditionsesith
photon emission. The scheme proposed here could easily be
implemented i®"Rb atoms were used and a magnetic field
was applied. With the pump frequency being switched from
one pulse to the next in a way that the Raman transition is
either driven frommyr = +1tomp = —1 oOr vice versa, a This work was supported by the Deutsche Forschungsge-
stream of photons with alternating polarisation is expécte meinschaft (SFB 631, research unit 635) and the European
No time-consuming repumping will be needed, so that thdJnion [IST (QGATES, SCALA) and IHP (CONQUEST) pro-
photon-emission rate increases. The simulations show tharams].
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