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Cooperative effects in the light and dark periods of two dipole-interacting atoms
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If an atom is able to exhibit macroscopic dark periods, or electron shelving, then a driven system of two
atoms has three types of fluorescence peri@dsk, single, and double intensityWWe propose to use the
average durations of these fluorescence types as a simple and easily accessible indicator of cooperative effects.
As an example, we study two dipole-interactivgsystems by simulation techniques. We show that the
durations of the two types of light periods exhibit marked separation-dependent oscillations and that they vary
in phase with the real part of the dipole-dipole coupling cons{&1050-294{9)03903-1

PACS numbds): 42.50.Ar, 42.50.Fx

I. INTRODUCTION guantities easily accessible, both experimentally and in simu-
lations.

Cooperative effects in the radiative behavior of atoms In this paper we therefore present a study of cooperative
stored in a trap may arise from their mutual dipole-dipoleeffects on the mean durations of the three types of fluores-
interaction if the atoms are close enough to each other. Thigence periods of two three-levélsystems with a metastable
is particularly interesting for two or three atoms, and hasState, as a function of their distanceThe level scheme of a
attracted considerable interest in the literatjte25. Re-  SingleV system is depicted in Fig. [43]. Our simulations
cently, the present authors investigated in detail the transitioi"OW that the mean durations of the single- and double-
from antibunching to bunching for two two-level systems Ntensity periods,T, and T,, depend sensitively on the
with decreasing atomic distang26]. dipole-dipole interaction and thus on the atomic distance

For a single multilevel system with a metastable state ond N€Y €xhibit marked oscillations which decrease in ampli-
has the striking phenomenon of macroscopic dark periods, dpde Whe_nr increases. These_oscnlatlons seem to continue
electron shelving, in which the electron is essentially shelvedP t0 & distance of well over five wavelengths of the strong
for seconds or even minutes in a metastable state withodfansition, where we have stopped our simulation. The real
photon emissionf27—39. For two such systems their fluo- Part of the dipole-dipole coupling constant of the tWays-
rescence behavior would, without cooperative effects, be jud€MS also exhibits damped oscillations. As a remarkable fact
the sum of the separate photon emissions, with dark period¥€ find that these oscillations are in phase with thosg ,0f
of both atoms, and light periods of a single atom and two®"d T2 This correspondence is easy to understand intu-
atoms. In Ref[36] the fluorescence intensity of two and tively, since the real part of the dipole-dipole coupling con-
three such ions in a Paul trap was measured, and a |ar%§ant enters the decay rates of the excited states of the com-
fraction of almost simultaneous jumps by two and even allPinéd two-atom system. _
three ions was recorded. This fraction was orders of magni- !N Sec. Il we explain the methods employed, which are
tudes larger than that expected for independent ions. A quar2Sed on the quantum jump appro@éi—4§ (equivalent to
titative explanation of such a large cooperative effect hagh® Monte Carlo wave-function approap#9] and to quan-
been found to be difficulf13,37—4Q, and we will briefly tum tra_jectorle_s[SO]). This approach is here adapted to two
discuss this question again in Sec. V. Other experiments &iPole-interactingv systems. .
larger distances and with different ions showed no coopera- N Sec. lll we define in more detail the three types of
tive effects[41,42. A numerical approach to the study of fluqr(a_scence periods of.zero, single, and double intensity.
double jumps faces the problem that for good statistics ondNiS involves an averaging procedure, both experimentally
needs very long simulation times. and theoretically. We then present the results of our simula-

As a simpler indicator of cooperative effects for systemstions- . . o
with light and dark periods, here we propose to use the mean In Sec. IV the numerical (esults are mte_rpreted, and it is
durationsT,, T,, andT, of the three different types of fluo- shown that one can associate three distinct subspaces of
rescence periods, i.e. dark, single-intensity, and doubleStates of the coupled system with the three types of fluores-
intensity periods, respectively. The running time can bef€nce periods. During each period the coupled system re-

much shorter than required for double jumps, making thes8ins in the corresponding subspace. In Sec. V we discuss
and summarize our results.

*Present address: Blackett Laboratory, Imperial College London,
London SW7 2BZ, England. Electronic address:
a.beige@ic.ac.uk In the quantum jump approadd4—48, the time devel-
"Electronic address: hegerf@theorie.physik.uni-goettingen.de  opment of an atomic system is described by a conditional

II. QUANTUM JUMP APPROACH
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The Rabi frequencies of the lasers ddg=(e/%) Dy;- Ey;
for j=2 and 3, and they are the same for both atoms. The
operatorH, implicitly contains the dipole-dipole interaction
of the two atoms, as seen from the conditional Hamiltonian
H cong further below. In the Power-Zienau formulation, which
we have used above, this interaction is due to photon ex-
change1].

Conditional Hamiltonian and waiting time#s explained
in Refs.[44-48, H .y, is obtained(in the interaction pic-

lasers driving the weak 1-2 transition and the strong 1-3 transitionure) from the short-time development under the condition of

respectively.

non-Hermitian Hamiltoniam ;,,4, Which gives the time de-

velopment between photon emissions, and by a reset opera-

tion which gives the state or density matrix right after an
emission. For a generdl-level system these have been de-

no emission, i.e., from the relation
i
1- %HcondAt:<0ph|UI(Atv0)|0ph>’ 4

where the right-hand side is evaluated in second-order per-

rived in Refs.[46,47). The derivation is adapted here for a turbation theory forAt intermediate between inverse optical
system consisting of two atoms. Slight modifications arisffeduencies and atomic decay times. In a similar way as for a
here since the field operator appears with different positiorsingle aton{44—47, for the system of two three-level atoms

arguments.

We consider two atoms, eachvaconfiguration as shown
in Fig. 1, with the leveld1);, |2);, and|3); (i=1 and 2,
and fixed at positionsr;. We define operator§|ij @
=1,2; j=2 and 3 in the two-atom Hilbert space bg;
=1j)i(1] and Sj=|1);i(j|. For simplicity we consider the

one obtaing51]

case where the dipole moments of two atoms are the sam@ih the r-dependent coupling constants

i.e., 1(1|Xq]j)1=2(1[X;|j)2=Dy;. If Dy; is real, then the

angle it forms with the line connecting the atoms is de-

noted by 9;. In general 9; is defined through c639]
=|(Dy;,1)|?/r?D3,, wherer=r,—r;. We assume the laser
] i

radiation normal to this line so that the lasers are in phase for

both atoms. The two lasers are denotedlgyand L;. We
take zero detuning andg(r,t)=Rd Eq exp{—i(wjt
—k-r)}], wherefiw;, is the energy difference between level
1 and levelj. Making the usual rotating-wave approximation

a3 B B B -
HcondzzLZzAj(sirjslj+S;r182j)+cj(sl+jSZJ+S;jSli)
+H, (5
3AJ iKiqr 1
CJ—Te j1 W(l_cog 73])
+( ! )(1 3cog ) (6)
— - —3cos ¥ |,
(kji)?  i(kjar)® :

which contain the dipole-dipole interaction between the at-

and going over to the interaction picture the interaction®mS- The dependence & on r is maximal for ;= /2

Hamiltonian becomes

2 3
Hi=> 2 > #[gjksaxs€ @10 ek s + Hel
i=1j=2 ks

+H, )
with the coupling constants
. wy 1/2
Ojks=le 2edil? (D1j €.s), 2

and laser part

(see Fig. 2 In the following, for the Einstein coefficients
and Rabi frequencies we will assume the relations

)

ThenA, and ReC, can be neglected iHl ;5,4 We will also
neglect ImC,, which is allowed ifr is not small compared to
N1, as seen from Fig. 2.

Let|g), |e,), and|e;) denote the states where both atoms
are in the ground state and the excited sta®sand |3),
respectively, and Igfs;) be the symmetric anija;,) be the
antisymmetric combinations df)|k) and|k)|j). Then Eq.
(5) becomes

0,<Q;5, 0,<03/A; and A,~0.

fi
H cond= Z{ Az (IS23)(S2d +[@z3){(@sg ) + (Az+ C3)[S13)(S13 + (A3~ Cg)|arg)(asg + 2Az |es) (e

3
+

122 \/Ein(|g><31j|+|51j><ej|)+i92(|513><323|+|als><323|)+i93(|312><323|_|312><323|)+H-C-

. (8
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FIG. 2. Dependence d;/A; (j=2,3) onr.

Without lasers the conditional Hamiltonian is diagonal in photon space The probability for this event is the trace over

this basis. Eqg. (11). For the state of the atomic system it is irrelevant
Between emissions the atomic time development is givenwvhether the detected photon is absorbed or (mtitively

by U condt.0)=exp[—iHngt/A}, which is nonunitary since the photon travels away and no longer interacts with the

Hong IS NON-Hermitian. The corresponding decrease in theatomic system Hence after a photon detection at tirhe

norm of a vector is connected to the waiting time distribution+ At, the non-normalized state of the atomic system alone,

[32] for emission of a(nexd photon. If att=0 the initial denoted byR(p)At, is given by the partial trace over the

atomic state i), then the probabilityP, to observeno  photon space,

photon by a broadband deteci@ver all spacgis given by

[44-47 R(p)At=tryy(P- U, (t+At,t)

Po(t:#)) =l cond t.0)[ )%, ©) X|0prp (Opr| U] (t+ALHPL).  (12)
and the probability densitw, of finding the first photon at We call R(p) the non-normalized reset std#6]. Proceed-
timetis ing as in Refs[46,47] and using perturbation theory, one

d obtains[51]
t; =——Py(t; . 10 - _
For an initial density matrix instead ¢fs) the expressions +A3(S130S13+ S50S53). (13
are analogous, with a trace instead of a norm squared in Eq. R
(9). The normalized reset state B(p)=R(p)/trR(p). By Eq.

According to Egs(9) and (10), A;=ReC; describe the (11) the normalization of(p) is such that tiR(p)At is the
decay rates ofs;3) and |a,3), respectively. From this the probability for a photon detection at timer At when the
well-known fact follows that two atoms with dipole interac- (normalized state of the atomic system at tinhds p. The
tion can decay faster or slower than two independent atomiaser field does not appear in the reset state, just as in the
(superradiance and subradiafi28]). Im C5 corresponds to a case of a single atof@6,47, since its effect during the short
level shift of |s;3), and —ImC5 to a level shift of|a;g),  time At is negligible.
caused by the interaction between the atoms. By a simple calculation one checks that Efj3) can be

Reset matrix Now we determine the reset operation Written as
which gives the state or density matrix right after a photon _ t _ T
detection. Let the state of the combined system, atoms plus Rlp)=(As+ReCa)R.pR; +(Ag ReC3)R_pR_(14)
quantized radiation field, be given at tirhéy |0, p (Opy,

i.e., the atomic system is described by the density matrix where

and there are no photorecall that the laser field is treated R.=(Srut S/ \V2=aM s + s e
classically. If at time t+At a photon is found by a += (5159 V2 0)(s1dl sz (e

non absorptive measurement, the combined system is in the +(|512)(Sa3 — |ar2)(@z4 )12,

state (15

R_=(S;3— Syo)/\2=g)(aid +]aip)(ey

+ (|S19){as3 +|a12){Ssq )/ V2.
whereP- =1—[0p,) 15(0, is the projector onto the one or (Is12(@zd + 212} 2
more photon spacgsinceAt is in the above range, and thus If p is a pure statep=|#)(¢| say, thenRipRT: are also
small one could directly take the projector onto the one-jure states. This decomposition®fp) is advantageous for

PoU, (t+ A1) 0 p (O U (t+ALDP-,  (1D)
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simulations of trajectories. As pointed out abovAg °r ]
=ReCj; describe the decay rates [sf3) and|a;s) to |g). BRI EY: ]
The statde;) can decay both tfs;5) and|a;z), with respec- = o3[ U L’“\ ﬂ J“‘“rﬂ’-\ rn‘“m f ’-‘VF‘\ ;
tive decay rates\;= ReCs. The decay rate of the statesss) °s 10000 20000 30000 40000 50000
and|a,g) is Az, and is the same as in the case of two inde- 05 (units of 1/A3 (a)
pendent atoms. 04 i

Simulation of a single trajectoryStarting att=0 with a s e T JL . f ;' ]
pure state, the state develops according tg,quntil the first 0-3 [ ]
emission at some timg, determined fromw, in Eq. (10). o000 20003 (units Of?(/)els) b40°00 50000
Then the state is reset according to E) to a new density 05 . . : .

. . . 04 F i

matrix (which has to be normaliz¢dand so on. o3 Fn e i

The decomposition 0R(p) in Eq. (14) allows one, how- = 021 &7 f
ever, to work solely with pure states, which is numerically s PV P 20000 5050 59000
much more efficient. One can start with a pure stak, t (units of 1/43)  (c)

develop it with Uy until t; to the (non-normalizey
|4(ty)), reset to one of the pure statBs|y(ty))/|-| with
relative probabilities given by the factofg + ReC3 appear-
ing in Eq.(14), and so on. The waiting time distributions are
not changed by this procedure.

FIG. 3. Number of photondt), per timeAgl emitted by two
dipole-interacting atoms, averaged ovaArT=190A; for Q,
=0,01A;, Q3=0,5A;, and 93=m/2. (8) Kkg;r =10, (b) ksyr =5,
and (c) ky;r=2. The dashed curve indicates the fluorescence type
(zero, single, and double intensity

IIl. ELUORESCENCE JUMPS FOR TWO ATOMS particular atom either, and one has to consider the two inter-
acting atoms as a jointly radiating system. To be able to
For a single atom in & configuration, the existence of differentiate between different fluorescence phases one again
dark periods is due to two widely different time scales in thehas to average the photon numbers over a time intex¥al
times between two subsequent photon emissi@hs e.g.,  to arrive at an intensity, and in the following we present the
Refs. [32,44,45,3). The smaller time scald’ is of the results of numerical simulations which have been obtained
order of Az *, while the larger time scal&” is the inverse of by the methods explained in Sec. Il.
the smallest eigenvalue bf;,,4/i for a single atom. One can Atomic distances of a few wavelengtidgure 3 shows

pick a time,T, say, withT'<T<T”, and if the time between the number of emitted photons per tirAg *, averaged over

two subsequent photon emissions is longer faone may a time intervalAT=190/A;. If the atomic distance |s larger

then define this as a dark period. The mean duration of suc“1an a third of a wavelength of the fast transition; 515,
e., ksir>2, one can clearly distinguish three types of fluo-

dark periods is essentially independentTafif chosen as  (escence periods: dark perio@®, single-intensity periods
above, and is given by". When the waiting time between (1) and double-intensity periodg). For two noninteracting
two photons is less thaﬁ the atom is said to be in a light atoms these would correspond to radiation of no atom, one
period. The average intensity in a not too short light period isatom, and two atoms, respectively. However, in the case of
that of a driven two-level system, i.e., in our case the 1 and #teraction and small distance the system of two atoms radi-
levels. ates as a whole, and in general one cannot attribute periods 1
If one has two independentioninteracting atoms, the and 2 to radiation of individual atoms as in the noninteract-
combined fluorescence is just the sum of the individual coning case.
tributions. When both atoms are in a dark period one has a The transition between the periods occurs rapidly but not
dark period of the combined system. If only one atom is in ainstantaneously. The duration of the periods is long com-
dark period, one observes a fluorescence period with interpared to the atomic time scale. From a sulfficiently long tra-
sity of that of a single two-level ator(single-intensity pe- jectory one can obtain the average lengths of the periods,
riod), and if both atoms are radiating one observes a doubledenoted byT,, T, andT,. The results are shown in Fig. 4.
intensity period. However, due to fluctuations in the The Rabi frequency), of laser 2, which drives the weak
emission times the latter two periods are not sharply definedtomic 1-2 transitions, has been chosen in such a way that
if the atoms are so close to each other that one cannot deteior independent atoms one hig=2000A;. As seen in Fig.
mine from which atom a particular photon came. To distin-4, T, is essentially independent of the atomic distance and
guish the periods therefore, one has to use an average phottitus of the dipole-dipole interaction. In contrast to this, the
intensity, obtained by means of an averaging tivie. This  two light periods are strongly distance dependent. In Fig.
AT has to be large enough so that the photon intensityl(a), T, varies between 12084, and 260043, and a similar
doubles when both atoms are not in a dark period. If, on théehavior is also seen in Fig(l#). The curve fofT, resembles
other handAT is chosen too large, one may overlook shortthat for T,, except for smaller relative variation.
fluorescence periods, and one will see more seemingly direct There is an interesting correspondence betweem the
transitions between dark periods and double intensity periodsendence off; and T, with that of ReC;. As seen from a
(double jumpg The analytic treatment of fluorescence of comparison of Figs. 4 and 5, the variations witbf all three
two independent atoms is easily obtained from the singleguantities seem to be in phase. For@mthe variation is out
atom cas€36]. of phase, as seen from E(f). Since ReC; influences the
For two dipole-interactingatoms which are sufficiently decay rates of the two-atom systems, this in-phase behavior
close to each other, the photons cannot be attributed to suggests that the variation in the lengths of periods 1 and 2
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FIG. 4. Ty, T4, andT, as a function of for 93=7/2 andAT=250A3. (a) Q3=0.3A; and(b) Q;=0.6A3. Q, has been chosen such
that for two noninteracting atoms one heg=2000A;.

are due to am dependence of the decay rates. rium state(density matrix of the 1-3 subsystem driven by
Small atomic distance®©ur simulations have shown, fur- (), again up to terms of the above ordg5€]. A jump from
thermore, that for <3\ 3, the intensity in period 2 decreases one fluorescence period to the other corresponds to a transi-
and no longer reaches that of two simultaneously radiatingion between these atomic states, and such a transition is
independent atoms. For very small distance only periods @aused by laser 2. With,=0 andA,=0 there would be no
and 1 remain. The reason for this will be discussed below. transitions. This correspondence clearly carries over to the
three fluorescence periods of two independent atoms.
V. INTERPRETATION OF RESULTS We are now going to suggest a similar correspond_ence
: between fluorescence periods and states for two dipole-

For a single atontin a V configuration as in Fig.)lone interacting atoms. Figure 6 depicts the Dicke states of the
can associate light and dark periods with certain atomigwo-atom systenjsee Eq.(8)]. Dashed arrows indicate the
states and density matrices. During a dark period the atomi¢eak driving by laser 2, solid arrows indicate strong driving
state rapidly approaches the eigenstateHgf,q with the Dy laser 3 and decay, respectively. Now, f5=0, i.e., no
smallest imaginary part of the eigenval(#4,35,52. This dashed arrows, the states in Fig. 6 decompose into three non-
eigenstate is very close tt2), up to terms of order connected subspaces, namely, one spanne@hyand the
QZA3/93 andQ,/Q; [52]. Thus in a dark period, the atom WO others spanned by the four inner and outer states, respec-
can be regarded to be approximately in the sf@je During  tively:

a light period the atom can be regarded to be in the equilib- subspace 0: |e,),

03 T T T T
02 | subspace 1: [s1y),]a12),[S29),|829),
~ 01 | E
z o /\ subspace 2: |g).Is1a. s es).
=1
btk \/ ] If the two atoms are in stafe,), then each of them is in its
021 . . . , ] dark state, and thus no photon can be emitted. &0,
5 10 T ® 25 30 the time development in subspace 1 is exactly the same as

that for a system of two noninteracting atoms in the same
FIG. 5. ReC;/A; as a function of for d3= /2. subspace of states. This can be seen directly from(&g.
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FIG. 6. Dicke states. The dashed and solid double arrows denote

weak and strong driving, respectively. Simple arrows denote de- FIG. 7. Correspondence between fluorescence types and sub-
cays. spaces 0, 1, and 2 fé2,=0,01A;, 13=0,5A3, and93;= /2. The

atomic distance is chosen a& H/27.
and it is also physically obvious since two atoms can only
interact via photon exchange if none of them is in the darkis essentially restricted to subspace 1. This explains the van-
state|2). The photon rate for subspace 1 is therefore that ofshing of double-intensity periods for very small atomic dis-
a single two-level atom with levels 1 and 3. Subspace Zances.
corresponds to the level scheme of a system of two dipole-
dipole-interacting two-level atom@vith levels 1 and B as,
for example, recently discussed in REZ6]. The photon rate
of this system is, in good approximation, twice that of a Cooperative effects of two driven three-level atoms have
single two-level atom, provided> 3\ 3;. For smaller atomic  been studied, where each individual atom can exhibit light
distance the photon rate rapidly decreases to zero, due to tlaad dark periods. The atoms were considered to be a fixed
increasing level shifts. distancer apart. Ifr is of the order of a few wavelengths of

If the two-atom system has been in one of the subspacebe fluorescent light the individual photons are no longer
0, 1, or 2, it will quickly approach the corresponding equi- attributable to a particular atom, and the two-atom system
librium state for drivingQ); and distance. If (,#0 the radiates as a whole, due to the dipole-dipole interaction. In
additional weak driving will, from time to time and in anal- addition to dark periods the system shows two types of light
ogy to a singleV system, cause transitions between the thregeriods, one with fluorescence intensity as if only a single
subspaces 0, 1, and 2, and each transition will correspond &tom were radiating, and the other with double intensity.

a jump in the fluorescence. We have proposed to study the mean duratibpandT,

Thus the fluorescence periods 0, 1, and 2 should corresf the two types of light periods as a quantity sensitively
spond to(the equilibrium states dpthe subspaces 0, 1, and 2, depending on the dipole-dipole interaction and thus on the
respectively. This is verified by the numerical evaluation inatomic distance. Experimentally and numerically these quan-
Fig. 7. In the lower part of Fig7 a particular realization of tities are easily accessible.
an intensity trajectory with alternating periods of fluores- We have performed fluorescence simulations for atomic
cence is plotted. The three upper curves show the populaeparations of up to five wavelengths and have found oscil-
tions of the three subspaces corresponding to this realizatioftions inT, and T, of up to 40% in amplitude. The ampli-
obtained by the conditional Hamiltonian and reset matrix oftude decreases with the atomic separation but the oscillations
Sec. Il. The agreement between fluorescence periods 0, §eem to continue for separations larger than five wave-
and 2, and subspaces 0, 1, and 2 is striking. During darlengths. By simulations we have shown that thelepen-
periods the two-atom system is in the subspace 0, and sim@dence ofT; andT, is in phase with that of the real part of the
larly for periods 1 and 2. dipole-dipole constant. This is eminently reasonable since

This correspondence, however, depends to some extent ®eC; directly influences the decay rates of the excited states
how largeAT is chosen for the averaging of photon counts.of the two-atom system.

If AT is chosen too large one can overlook some jumps We have associated the three types of fluorescence peri-
between subspaces and some very short fluorescence periodds with certain subspaces of states for the two atoms and to
If AT is chosen too small there may be large intensity fluc-equilibrium states in these subspaces. The equilibrium states
tuations, resulting in an incorrect determination of the differ-depend on the driving of the strong transition and on the

ent periods. distance. The weak driving then causes transitions between

If the atomic distance decreases beldWws; the level the subspaces. The transition rates depend not only on the
shifts of |s;3) and|a;3) by ImCj increase rapidly. This ren- weak driving, but also on the form of the respective equilib-
ders the driving by laser 3 within the subspace 2 much lesgum states and thus on the strong driving and on the atomic
efficient. Hence for very small atomic distances the drivingdistance. In contrast to the mean durations of the light peri-

V. DISCUSSION AND SUMMARY
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ods the mean duration of the dark periods is practically intally these were seen in R¢27]. The cooperative effects of
dependent of. This is intuitively quite clear, since in the up to 40% found by us in the duration of the single-intensity
dark state there is essentially no photon exchange and thasmd double-intensity periods are noticeable. Therefore, we
no induced dipole-dipole interaction. expect that the frequency for the appearance of double jumps

To define fluorescence periods, one has to average thie also modified by the dipole-dipole interaction, but we can-
number of photon emissions over a time interddl of a  not predict whether the changes are of the two orders of
some finite length. Hence very short fluorescence periods amagnitude reported in Ref27]. In addition, the system in
washed out and not observed, and this can lead to appareRef. [27] differs from the one considered here, and it is not
direct transitions between double-intensity periods and darkbvious if and how our results would carry over to that sys-
periods, or, vice versa, so-called double jumps. Experimentem.
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