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Coherent enhancement of collection of
light from linear ion crystals
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The efficient detection of light from trapped ions in free space is paramount for most of their
applications. We propose a scheme to enhance the photon collection from linear ion strings. It
employs the constructive interferenceof light scattered from ions along the axial direction in linear Paul
traps. The coherent enhancement of photon collection is numerically optimized for a range of feasible
spatial angles and realistic ion positions in a single harmonic Coulomb potential. Despite the large
mutual distance of scatterers on the order of many wavelengths of scattered light, the experimental
tests presented confirm the feasibility of enhancements by a factor of 3.05 ± 0.09 with a crystal of nine
40Ca+ ions. The proposed collection geometry is intrinsic to diverse linear ion trap designs, and the
methodology can be directly applied to an observation of scattering from ion crystals prepared in
collective electronic excitations.

Realizing an efficient interface between light and atoms represents one of the
most active research directions in experimental quantum optics. While col-
lective interactions between light and atoms can provide a feasible solution in
large atomic ensembles1–3, small trapped ensembles of individual atoms or
ions typically utilize a complementary approach based on high numerical
aperture (NA) collection optics. Diverse optical and trapping designs for
efficient coverage of large solid angles with bulk optics 4–18 or trap-embedded
optical micro-devices19–22 have been developed and tested. The imple-
mentations of such couplings have typically been significantly more chal-
lenging for trapped ions due to the high sensitivity of their motion to the
proximity of dielectric surfaces,which limits the acceptableworkingdistances
of collection optics. At the same time, however, the tight and extremely stable
trapping potentials of Paul traps make this platform superior in diverse
fundamental tests and a broad range of applications23–31. The availability of an
efficient interface between internal electronic states and well-defined pho-
tonic modes plays a critical role in a majority of their implementations. For
example, the limited collection efficiency of light frommany trapped ions to a
single mode severely hinders the extendability of studies of their interaction
with light tomeasurementofhigher photoncorrelations32,33. Its enhancement
would directly provide a required speedup of generation and distribution of
entanglement between quantum repeater nodes based on trapped ions34–36.
Recent progress of interfaces based on optical cavities demonstrated a pos-
sible viable solution31,37,38, however, the selection of a particular spatial mode
structure and slow cavity decay rates impose limits on applicationswhich rely
on inherently fast dynamics39,40. On the other hand, setups employing high-
NA collection optics in free space are mostly limited to absolute photon

detection efficiencies on the order of a few percent, even in particularly
optimized trapping and imaging geometries12,13,15,18,20–22. These often result in
severe restrictions of other critical implementation parameters, including the
trapping potential structure,motional heating rates, or restricted field of view
corresponding to only single or few trapped ions.

Here, we devise and demonstrate a scheme for enhancing the collection
efficiency of light from linear ion strings by tailoring their far-field scattering
patterns in the limit of small collection spatial angles.Weconsider the realistic
spatial structure of trapped ion strings in a single harmonic potential formed
along the axial direction of a linear Paul trap. The relative collection
enhancements inagiven solid angle along the linear trapaxis areoptimizedby
scanning the length of the ion string, which can be experimentally controlled
by theapplied static electricpotential.Theexperimental tests are considered in
the elastic scattering limit andbuild on the demonstrated feasibility of scalable
interference fromlarge ion strings41,42. Theperformed simulationspredict that
within the typicalmotional regimes and corresponding position uncertainties
of ions, there is no significant disadvantage from the non-equidistant crystal
structure compared to idealized regularly spaced chains of atomic scatterers.
Following the experimental implementation limitedbyfinite thermalposition
uncertainties of 40Ca+ ions, we analyze the prospects of further enhancements
by employing 138Ba+, which provides a more suitable configuration of longer
scattering wavelength and higher spatial localization at comparable trapping
frequencies and the Doppler cooling limit. In addition, an analogous collec-
tion approach for spontaneously emitted photons from ion strings prepared
in an entangled state of electronic excitations can be envisaged, following the
methodology demonstrated previously with two-ion crystals43.
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We illustrate the capability of the proposed scheme on a generic
experimental scenario with broadly feasible ion trapping parameters. The
photons scattered from the linear ion string are collected within a spatial
angle parameterized by the numerical aperture in a vacuum NA ¼ sin θ,
where θ is half of the aperture angle. The relevance of the axial optical access
along the z-direction emerges from the availability of the smallest angular
gradient of the intensity patterns generated by scattering light from linear
ion strings along their symmetry axis. The maximization of the coupling in
the particular solid angle fraction centered along the axial direction of the
trap using far-field interference critically depends on the collective con-
structive contribution to the coupledmode given by the relative positions of
ions in the same linear harmonic potential. The equilibrium position of i-th
ion in the laser-cooled string can be found by minimizing the potential
energy of the whole n-ion crystal. Since the spatial configuration in a
commonharmonic potential is effectivelydeterminedbya single parameter,
ions positions can be conveniently parameterized using a common spatial

length scale l ¼ ðq2=ð4πϵ0mω2
z ÞÞð1=3Þ, where ϵ0 is permittivity of free space,

such that zi = lvi, and vi is dimensionless equilibrium position of i-th ion
found numerically by minimizing the total potential energy of the ion
string44. The upper limit on the axial trapping frequency is ultimately given
by the requirement on the geometrically linear configuration of ions in the
trap, which sets the ratio A ¼ ðωz=ωrÞ2 to be lower than Acrit = cnB,
where parameters c = 2.94 and B =−1.845–47. However, we note that in the
experiment, other factors affecting the stability of the linear crystal and the
feasibility of the optimal laser cooling will further restrict the convenient
range of axial motional frequencies. The opposite - maximal spatial length
scale is set to the frequency of the secular motion in the axial direction

ωmin
z ¼ ðλ4Þ

�2 ℏ
2m, such that the corresponding position uncertainty at the

Doppler cooling limit effectively still allows for resolving optical interference
from two scatterers.

Results
Simulations
We access the feasible photon collection enhancements by evaluating the
far-field spatial angular dependence of optical intensity resulting from the
interference of light scattered elastically from a linear ion string. We con-
sider a scattering of the beamwith a plane wavefront and direction given by
the excitation angle α. The evaluation of an intensity pattern on a spherical
screen represents a generic scenario, which can be applied to comparing the
achievable relative collection enhancements irrespective of the particular
collection optics and photon detection system. Any linear optical imaging
with a corresponding input numerical aperture will merely affect the
resulting spatial intensity patterns at the detector. The complex amplitudeof
light field scattered from the first ion in the far-field can be written as
U1 ¼ ε0e

�iðkr�φ0Þ, where ε0 is the amplitude, k is the wavenumber, r is the
distance traveled by the wave from the first ion to the screen, and φ0 is the
phase of the light at the position of thefirst ion.Here,we omit the residualβ-
dependent phase offset, as the following evaluation of interference patterns
depends only on the relative phase delay of thefields scattered fromdifferent
ions. The complex amplitude of light scattered from the j-th ion can
then be expressed as Uj ¼ εje

�iðkr�φ0Þe�ikΔj;1
d , where the path difference

Δj;1
d ¼ lðvj � v1Þðcos α� cos βÞ is taken with respect to the first ion. The

far-field amplitude resulting from the scattering of themonochromatic light
with a planewavefront and awavenumber k froma string ofn identical two-
level scatterers is given by the sum of complex amplitudes from different
ionsU tot ¼

Pn
j¼1 Uj. For simplification, we assume identical amplitudes εj

= 1, which is an experimentally plausible approximation in the considered
axial crystal spatial lengths and feasible excitation beam widths41,48. The
spatial intensity pattern I(β) = ∣Utot(β)∣2 can then be evaluated as

IðβÞ ¼ Pn
j¼1

UjðβÞ
�����

�����
2

¼ Pn
a;b¼1

UaðβÞUbðβÞ
�����

����� ¼

¼ Pn
a;b¼1

cosðkΔa;b
d Þ;

ð1Þ

whereΔa;b
d is a pathdifference betweenfields scattered from thea-th ion and

the b-th ion proportional to their mutual distance l(va− vb). We note that
this simplified model neglects polarization effects and corresponding
orientations of atomic dipoles, as they provide on average the same
enhancement for the considered scattering from multi-ion crystals and to
the reference average emission from a single emitter.

The optimization of collection enhancements can be quantified by
the evaluation of the maximal photon flux ΦNA(n) = ∫ΩIdΩ within a
given solid angle Ω ¼ 2πð1� cos θÞ over experimentally feasible spatial
length scales l. Equivalently, parametrization by the corresponding
numerical aperture θ ¼ arcsinðNAÞ can be employed. Due to the circular
symmetry of the scattering patterns around the z-axis, the photon flux
can be evaluated in a paraxial limit, evaluated in spherical coordinates as
ΦNAðnÞ ¼

R 2π
ϕ¼0

R θ
β¼0 I sin βdβdϕ ¼ 2π

R θ
0 IðβÞ sin βdβ. Using the overall

flux from an n ion string Φ4π(n) = n4π, the collection efficiency can be
defined as PD ¼ ΦNA

Φ4π
, where ΦNA denotes the conventional para-

metrization by the numerical aperture NA. For accessing a more direct
estimation of the enhancement, the relative enhancement factor PD,rel
can be defined as the collection efficiency for the n ion string normalized
by the collection efficiency for a single ion

PD;relðnÞ ¼
PDðnÞ

PDðn ¼ 1Þ ¼
ΦNAðnÞ

ΦNAðn ¼ 1Þn : ð2Þ

The enhancement of photon collection efficiency by the presented
methodology depends on the feasibility of geometrical arrangements pro-
viding a close to constructive interference of the scattered light from many
ions within the selected solid angle. The practical limits on such config-
urations in ion traps are imposed by the stability of linear ion crystals. We
present the simulations of feasible enhancements for up to n = 10 ions
considering experimentally broadly feasible radial secular trapping fre-
quencies ωr = (2π) × 5MHz for evaluation of the upper limit on ωmin

z . For
higher ion numbers, insufficient axial compression of the string in the
harmonic trap prevents further enhancement in the practically useful limit
of NA> 0.05. In addition, the finite thermal motion is expected to sig-
nificantly reduce the practical applicability of the employment of high ion
numbers, which require increasingly lower axial trapping frequencies
necessary for achieving close to a quasi-periodic structure. The excitation
angle α = 45∘ is available in many experimental setups, as this configuration
allows for simultaneous efficient cooling of the axial and radial motion of
ions in a linear Paul trap. Employment of smaller excitation angles would
allow further decrease in the sensitivity to thermal motion, and the optimal
setting could correspond to an excitation angle that is slightly larger than the
maximal collection angle θ, such that it would closely avoid the contribution
of the excitation laser light to the detected photon signal. The presented
simulation constraints result in evaluated values of minimal spatial length
scales ranging from lmin ¼ 1:61 μm, to lmin ¼ 4:23 μmforn=2and10 ions,
respectively. The value of the maximal spatial length scale lmax ¼ 81:18 μm
corresponding to ωmin

z is kept the same for all simulations. The photon
collection enhancements have been numerically optimized over the spatial
parameter l.

Figure 2a illustrates the feasibility of significant gains in a broad range
of numerical apertures. In the limit ofNA << 0.1 and small ionnumbers, the
enhancement PD,rel becomes close to linear with n. This is a consequence of
approaching the scaling of ideal constructive interference from a quasi-
periodic array of point scatterers, where Imax / n2, as the angular inter-
ference pattern does not approach the first destructive node within the
corresponding analyzed small spatial angles. The divergence from this
idealized scaling for large n is given only by residual deviations from the
quasi-periodic ion positions within the available range of axial trapping
frequencies. For higher numerical apertures NA>> 0.1, the advantage due
to the coherent contributions gradually decreases. The phase of the inter-
ference patterns oscillates more rapidly for large scattering angles, and the
overall gain vanishes due to the averaging of constructive and destructive
interference contributions.More complete understanding of the emergence
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of enhancement scaling thus must consider the actual behavior of I(β) for
different length scales l, as the relative heights of the resulting constructive
peaks depend on the integrated spatial angle given by the chosen NA. This
results in the sharp transitions between different interference peaks for
different NA corresponding to kinks in the curves shown in Fig. 2a. Amore
detailed analysis of the corresponding behavior of PD,rel can be found in the
Supplementary Information.

As becomes emergent from the simulations in Fig. 2a, the considered
maximal numerical aperture NA= 0.3 approaches field distributions with
large scattering angles β, which result in finite angular distributions of
constructive interference lobes. These limit the achievable enhancements for
higher numbers of ions n with the corresponding longer spatial lengths of
the ion crystal. For n > 3, the dependence of PD,rel on NA displays kinks,
which correspond to points of transitions between different optimal max-
imal constructive lobes,which result inmaximalPD,rel at different numerical
apertures NA. Generally, lower NA allows for the employment of a nar-
rower angular distribution of the contributing constructive lobe of the
interference pattern.

The ideal quasi-periodic ion positions cannot be guaranteed on the axis
for the case of four ormore ions in a single harmonic trapping potential. The
optimized numerical solutions presented in Fig. 2a include many config-
urations, where mutual ion positions provide significant collection
enhancements inagiven solid angledespite residual deviations fromthe fully
constructive interference configurations. We quantify the corresponding
inefficiency of relative enhancement by analysis of the case with equal
mutual distances between neighboring ions. To allow for a physically rele-
vant comparison, the rangeof themutual distanceswas in this case limited to
the average distance of the same number of ions in the harmonic trap given
by the presented limits on their motional frequencies ωmin

z and ωmax
z . The

exampleof simulation inFig. 2b fordifferent ionnumbers andNA~0.07 and
α = 45∘ corresponding to our experimental setting provides a clear illustra-
tion of the emergence of a close-to-linear scaling with n for small ion
numbers. The simulation suggests that the ideal equidistant spacing could
still allow for further enhancement in this limit. The additional relative
enhancement of collection efficiency achievable by employing an equidistant
string of atomic scatterers can be quantified as Peq

D;rel=P
harm
D;rel ¼ 1:48 with 9

ions in an ideal periodic lattice. In comparison, the feasible improvement by
implementation of excitation at α = 90∘, while keeping the harmonic
potential, reachesP90�

D;rel=P
45�
D;rel ¼ 1:26 for the same9 ion string.Wenote that

such perpendicular excitation can be additionally advantageous due to the
reflection symmetry of the interference patterns, where simultaneous
enhancement of coupling to both opposite axial directions can be achieved.

The particularly high spatial localization, long-term stability, and large
mutual distances between ions in Paul traps allow for efficient optical
addressing schemes49,50. Excitation of the ion string with an array of tightly
focused laser beamswith individually controllablen− 1 relative phases allows
for maximization of the coupling of scattered light in the given solid angle.
Alternatively, such a scenario could also be realized in the inelastic scattering
regime by implementing local corrections to phases of light scattered by
different ions to the collectively formed far-field interference pattern using the
addressable AC-Stark shifts on a string of ions prepared in a collective single-
excitation Dicke state of internal electronic levels33,43. An example of a simu-
lation of the optimal phase differences for the given excitation geometry and
for the case of n = 5 ions in the single harmonic potential considers n− 1 = 4
independently optimized phases. Eq. (1) can then be modified to

IðβÞ �
Xn

a;b¼1

cos½Δa;b
φ þ ðφ0

a � φ0
bÞ�; ð3Þ

where φ0
a and φ

0
b are phase shifts for different ions with respect to the initial

phase of the first ion in the string. Thus, φ0
1 ¼ 0 and φ0

2 � φ0
n are varying

from 0 to 2π. Their independent optimization in principle allows for
employing the shortest feasible value of the spatial length scales l ! lmin for
the given radial confinement. Figure 2c presents an example comparison of
the three coupling methods for a linear string of five ions. The green data

points depict the results of the approach with numerically optimized
independent phase factors in scattering fromdifferent contributing ions in a
single harmonic trap. The result depicted as the solid line corresponds to the
equal initial phase factors for all ions and optimization over a single para-
meter—the spatial length scale l, and is identical to the result presented in
Fig. 2a. The dashed line represents the optimization over the range of dis-
tances between ions in a periodic ion string. In the limit of low numerical
apertures NA< 0.1, the three approaches provide nearly identical collection
enhancements, and the harmonic trapping potential does not present any
limitation. For higher solid angles, the possibility of optimization of initial
phases allows for significant improvement of enhancements, which can
provide PD,rel even beyond the equidistant case. This results from the fea-
sibility of the optimal constructive interference over given solid angles
achievable at the smallest distance allowedby the trap lmin. The employment
of the optimization of phases becomes evenmore beneficial in the limit of a
large number of ions, where a close-to-optimal pattern is not feasible for any
realistic ranges of spatial length parameter l.

Experimental test
The practical feasibility of the enhancement of collection efficiency has been
tested for a crystal of 40Ca+ ions trapped in the linear Paul trap, as illustrated
in the example presented in Fig. 1a. The frequency of the radio-frequency
(RF) voltage applied to radial electrodes wasωrf = (2π) × 29.9MHz. The two
radial motional modes had close to degenerate secular frequencies of about
(2π) × 2.2MHz. The axial secular frequencies ωz were experimentally
optimizedby scanning the applied static voltageUtip to confirm thepredicted
collection enhancements within rangesωz ≈ (2π) × (0.60− 1.22)MHz for 2
ions toωz≈ (2π) × (0.30− 0.77)MHz for 9 ions crystal. They correspond to l
parameter ranging from 3.9 to 6.2 μm and from 5.3 to 9.6 μm for 2 and 9
ions, respectively. The linear structure of the string was monitored by the
camera in the radial trapping direction during the whole experiment.

The far-field collection of photons scattered by ion strings in the axial
direction has been based on a single plan-convex lens with a focal length of
100 mm. The limit on the effective observation spatial angle was set by the
aperture of the axially positioned trapping electrode, which has been esti-
mated from the trap design to NA ≈ 0.07. The collected light passed a
polarization beam-splitter, which transmitted the linear polarization
oriented perpendicular to the direction of the applied magnetic field, such
that it maximizes the portion of the elastically scattered field from the σ-
transitions in the detected signal. The precise measurements of the count
rate from a single ion and the background count rate were implemented to
allow for the exact evaluationof the relative enhancements of the couplingof
photons from ions. A count rate from a single trapped ion for the laser
excitation settings allowing for the stable continuous measurement and
optimal Doppler cooling for all ion crystals was estimated toC(n = 1) = 270
± 17 counts/s. It corresponds to a saturation parameter of the scattered
397 nm laser of about s397 ≈ 0.65 and detuningΔ397 =−21MHz, optimized
for the maximal crystal stability and visibility of the interference on the
largest employed ion stringwithn= 9. To allow for the reliable experimental
estimation of scaling with the number of ions, the laser parameters and
radial trapping frequencies were kept identical in all measurements. The
excitation laser frequencies were stabilized to an optical frequency comb
which provides a long-term stability51. The measured background of Cbg =
24 ± 5 counts/s originated dominantly from the residual scattering of the
397 nm laser off the radial trapping electrodes.

An example of an experimental test in Fig. 1b, illustrates the tunability
of the collection enhancement on the scattering from n = 5 ions. The
optimization over axial potential strength was performed for all presented
experimental values within the feasible ranges of the spatial length scales l.
The normalized enhancement of the photon collection efficiency was then
evaluated from the measured photon rates as

Pexp
D;relðnÞ ¼

CðnÞ � Cbg

ðCðn ¼ 1Þ � CbgÞn
: ð4Þ
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The measured data were fitted using the model Pcal
D;rel considering the ideal

interferenceof the coherently scattered part according to the Eq. (1)with the
probability fcoh and the complementary incoherentpart of the scattered light
fincoh = 1− fcoh,

Pexp
D;rel ¼ f incoh þ f cohP

cal
D;rel: ð5Þ

The parameter fcoh was evaluated from the local fits of the model (5) to the
experimental data around the maximal measured Pexp

D;rel to suppress the
effect of measurement noise and the residual deviations of the simplified
theoretical model from the experimental reality. The resulting local max-
imum is depicted as a green diamond, and the error bar shows a statistically
evaluated single standard deviation corresponding to photon number
fluctuations of measured count rate close to the maximal PD,rel.

Figure 3 presents the summary of themeasuredmaximal values ofPexp
D;rel

(red diamonds) and the estimated fractions of coherently scattered light
(black crosses). The values of coherent fraction fcoh estimated from the fit
using the Eq. (5) are similar across the whole range of ion numbers, which
supports the relevance of the observed scaling ofPD,rel withn.Wenote that its
relative decrease by about 20%of the initial value for n> 5 ions can bemostly
attributed to increased spatial position uncertainties, as the optimal working
points correspond to larger spatial length scales l for this number of ions. The
raw collection enhancements have beenmeasured from about 1.51 ± 0.01 for
two ions and monotonously increased to 3.05 ± 0.09 for a nine-ion crystal.

The measured two-ion enhancement value is close to what has been
presented previously43. Despite working here in a much smaller NA limit,
these values can be directly compared because PD,rel is independent of NA
for a very small number of ions in the corresponding effective NA regimes,
as illustrated in Fig. 2a. The intrinsic regularity of ion spacing for two and
three-ion strings enhances their robustness to various geometrical factors
and enables comparison among different experimental regimes and ion
trapping platforms. The residual differences can be attributed mostly to
thermal motional effects specific to different atomic species. The unique
feasibility of testing with a higher number of ions presented in this work
allows for the first observation of the scaling of experimental gains for n > 2
trapped ions. We note that the absolute overall detection efficiency of
photon scattered from a single trapped ion estimated toPD,abs = 1.7 × 10

−2%
remains relatively smallmostly due to the employment of trapwith the axial

access corresponding to the optical solid angle of Ω ≈ 0.015 and the finite
detection efficiency of employed single-photon countingmodule ofηSPCM≈
50%. However, the relative enhancement for 9 ions gives final
PD,abs = 0.051 ± 0.001%, which is close to the optimized value of the overall
detection efficiency in radial direction PD,abs = 0.06% measured with the
collection objective withmuch higher NA of ≈ 0.3 covering about 2% of the
full solid angle in the same apparatus and in the analogous photon detection
settings52. These comparisons provide an experimental validation of the
applicability of the proposed approach for diverse applications requiring
efficient photon collection from ions, including the implementation of
particularly challenging experiments requiring multi-photon detection
events from many ions43,53.

The finite saturation parameter and the multilevel electronic level
structure of 40Ca+ reduce the observed enhancements, whichamounts to the
residual difference between the measured and simulated data points. The
contribution of the inelastically scattered light has been estimated to be
about 13% using dark resonance spectroscopy. In addition, the steady-state
population of the metastable 32D3/2 manifold of about 13% effectively
corresponds to a random switching of the contribution of different ions to
the interfering signal. However, we remind that these effects are intrinsic to
the experimental tests relying on the elastic scattering and should not affect
the collection efficiencyofphotons scattered fromthe ion crystal prepared in
entangled jWi states with coherently shared electronic excitation33,43,54,55.

The reduction of the interference visibility due to the position uncer-
tainty of ions has been estimated to be the most significant deterioration
process, similar to previous demonstrations of interference from strings of
trapped ions41–43,56. The impact of motion increases for low trapping fre-
quencies and corresponding larger spatial length scales l due to the greater
mean position uncertainty of ions, which also becomes emergent from the
measured maximal enhancements. Considering the position uncertainties
of thermal motional states, equation (1) can be modified to

I �
Xn

a;b¼1

e�
1
2k

2
eff σ

2
a;b cosΔa;b

φ : ð6Þ

Here ~keff ¼~kout �~kin, ~kout and ~kin are the scattered and incident wave
vectors, respectively, and σa,b is the standard deviation of the mutual dis-
tance between a-th and b-th ions considering full decomposition to n

Fig. 1 | Illustration of the coherent enhancement of the collection of light from
linear ion crystals in a single harmonic trapping potential. a depicts the principle
of employment of far-field angular intensity distributions I(β) of light scattered from
the excitation beam with a wave vector~kin for maximizing the gain in the collection
efficiency PD,rel in available axial optical collection numerical aperture NA ¼ sin θ
along the ion crystal axis. The optimization over the spatial length scale l of the ion
crystal can be tailored by controlling the axial trapping potential, which allows for
direct experimental tunability and evaluation of the enhancement. The presented
measurement example in (b) with n = 5 trapped 40Ca+ ions illustrates the feasible
modification of relative detection efficiency for excitation angle α = 45∘. The

corresponding simulated normalized scattering spatial patterns I(β) depict several
notable cases, including destructive emission along both axial directions, con-
structive in the direction of the detector, and constructive in the opposite direction,
from left to right, respectively. They illustrate the basic principle of maximization of
the relative collection efficiency in a given solid angle along the axial trapping
direction by controlling the spatial length scale l of the ion crystal. The normal-
ization of the detected photon rateC(n) to the rate from the samenumber of ions in a
fully incoherent scattering regime nC(n = 1) allows for a direct evaluation of the
relative collection enhancement PD,rel.
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normal axial motional modes. The corresponding simulations of collection
enhancements affected by motional dephasing are shown in Fig. 3 as gray
squares. The average reductionof the relative enhancement forn=2 to 6 ion
crystals due to the thermal motion at the Doppler cooling limit has been
evaluated to around 25 %, while the estimated suppression becomes clearly

more significant with the increasing spatial length scale for higher ion
numbers. The enhancement for the given trapping parameters is thus
expected to be further significantly improved when employing heavier ion
species, as the variance of themutual ionpositions is givenbyσ2a;b � ℏ

2mωz
, or

by employing a higher scattering wavelength. Figure 3 includes examples of
simulations with 138Ba+ considering scattering at the 62S1/2 ↔ 62P1/2 dipole
transition with λ ≈ 493 nm, shown as gray circles. The two presented data
points represent notable cases of the largest feasible relative enhancement in
comparison with the measurements on 40Ca+ for n = 5 and the highest
measured Pexp

D;rel for n = 9. For n = 5, the simulation predicts additional
improvement PBa

D;rel=P
Ca
D;rel � 1:45, i.e., a total enhancement of about

PBa
D;rel � 3:93. The predicted optimum for n = 5 is the consequence of the

enhanced sensitivity to motion for larger n, which requires longer spatial
length scales to approach quasi-periodic crystal structure. At the same time,
these longer crystals result in spatial interference patterns with a much
smaller angular width of the first constructive lobe. These effects jointly
contribute to the decreasing in maximal gain Pexp

D;rel=n for high n.

Discussion
The presented scheme for the enhancement of collection efficiency from
linear ion strings employs a scattering geometry that is intrinsic to diverse
modern linear ion traps. Its simulations confirm the feasibility of the close to
an ideal linear gain by a factor of n in the collection efficiency of light
scattered from up to n = 5 ions for small numerical apertures NA < 0.1, and
predict still significant enhancements even for higher ion numbers and
numerical apertures, still within the experimentally feasible position
uncertainties and axialmotional frequencies. The schemeprovides themost
attractive enhancements within the range of numerical apertures 0.05 <
NA <0.2, where themaximumgain can be in the ideal case of fully coherent
scattering approached already for relatively small ion numbers n ≈ 5. They
allow for the employment of small spatial length scales lmin for the given
radial secular frequency and thus naturally provide optimal enhancement
configurations due to the resulting interference patterns with smaller
angular gradients. For higher ion numbers, it becomes unfeasible to achieve
a sufficient axial compression of the string in a single linear harmonic
trapping potential, and the correspondingminimal spatial length scales lead
to the lower maximal collection enhancements. Although the optimization
in the case of equidistant emitters predicts the feasibility of further
enhancements, these gains can be, in principle, fully eliminated by control of

(a)

(b)

(c)

Fig. 2 | Simulations of the relative enhancement of the collection efficiency PD,rel

of light from linear ion crystals in a single harmonic trapping potential. a shows
the optimized PD,rel for different numbers of 40Ca+ ions within the practically rele-
vant range of numerical apertures NA of the collection optical mode. The scattering
wavelength λ = 397 nm and α = 45∘. b depicts feasible PD,rel for different numbers of
ions and the numerical aperture NA = 0.07 corresponding to the employed
experimental test. Results of optimization in the harmonic potential for the two
angles of incidence α = 45∘, α = 90∘, and for the case with regular ion spacing and α =
45∘ (circles) are shown as full squares, triangles, and circles, respectively. c illustrates
the example of different optimization protocols for the string of n = 5 ions. The
optimization solely over the single trapping parameter—the spatial length scale l in
the harmonic trapping potential is shown as a solid curve. The addressable tunability
of individual scattering phases in the single harmonic potential allows for max-
imization of PD,rel for the lowest feasible mutual distance of ions given by l ¼ lmin,
with resulting enhancements shown as green points. The dashed line depicts the
example of optimization for equidistant scatterers.

Fig. 3 | Summary of the measured enhancements of collection efficiency for a
linear chain of 40Ca+ ions for the NA ≈0.07. Values evaluated from the measure-
ments shown as red diamonds can be compared with simulations shown as squares,
which consider the thermal motion of ions at the Doppler cooling limit. The
coherent fraction fcoh shown in the bottom graph was evaluated from the measured
interference dependencies on the spatial length scale l using the Eq. (5). The error
bars correspond to a single standard deviation and are smaller than the displayed
data point symbols, where not shown. The examples of predictions for 138Ba+

illustrate the expected enhancements for the equivalent excitation configuration.
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individual scattering phases in strings of ions prepared in states possessing a
collective coherent spin excitation43.

The realized experiment demonstrated enhancements ranging from
≈ 1.51 for the two-ion crystal to ≈ 3.05 for the nine-ion crystal, limited
dominantly by the residual thermal motion, finite saturation parameters,
and multilevel effects. While the detrimental impact of the inelastically
scattered light and multilevel effects would be practically absent in the
schemes employing the collectively shared spin excitation33,43, the position
uncertainty can be further improved by employing ions with large atomic
mass, employment of transitions with longer wavelengths, further decrease
of the input scattering angle, or their combination.

The presented approach enables a broadly applicable, efficient photon
collection fromions for small spatial angles.Whencompared to the free space
high-NA collection setups, the considered small solid angle limit provides an
inherent advantage for the reductionofwavefront aberrations of the collected
light with simple paraxial collection optics, which promises perspectives in
diverse interferometric applications using collectively coupled trapped ion
crystals57–59. Demonstrated methodology with trapped ion strings can be
directly extended to implementations of protocols involving the enhanced
directionality originally based on forward-scattering of light in cold atomic
clouds60–63. The scaling of the corresponding collective enhancements in a
single-mode detection limit is expected to be comparable to the coherent
enhancements of the collection efficiency presented here. As the large focus
depth of the small-NA fluorescence collection allows for simultaneous
observationof light frommany ions, the available control of large trapped ion
quantumregisters64,65 can allow formappingof the collective internal states of
the ion string on the direction of the scattered light33,43.

Methods
Experimental scheme
The scatteringwavelength and excitation angle are selected according to the
presented experimental tests with 40Ca+, however, the results can be easily
adapted to any other combination of atomic ion species and excitation
geometries. The experimental demonstration employs a 3D linear Paul trap
and collection of the 397 nm photons. This corresponds to several recent
experiments on coherent elastic scattering from ion strings41,42,66. The
trapping of linear ion strings is achieved by the RF voltage U rf cosðωrf tÞ
applied to radial electrodes and a static voltageUtip at two axial cone-shaped
hollow tip electrodes, which together provide a three-dimensional trapping
potential. The frequency of the secular motion of ions along the axial

direction is given by ωz ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qU tipκ=ðmz20Þ

q
, wherem is the ion mass, q is

the ion charge, 2z0 is the distance between the two tip electrodes, Utip is the
voltage applied to the tip electrodes, andκ is the geometrical factor.The radial
motional frequencies ωr ¼ qU rf=ðmr20ωrf

ffiffiffi
2

p Þ depend on the amplitude of
the RF potential Urf and its angular frequency ωrf. Figure1a illustrates the
excitation and detection geometry, which is similar to that previously
employed inbothneutral atomand trapped ion interference experiments41,67.
The scattering of the 397 nm field with a red-detuned frequency ωl from the
42S1/2 ↔ 42P1/2 electric dipole transitions provides a simultaneous Doppler
cooling of ions. The laser scatters off the ion string at an angle α ≈ 45 ∘ with
respect to the axial trapping direction in the z−x plane. The 866 nm laser
beam with the same direction is used for reshuffling the population of the
metastable 32D3/2manifold back to the cooling transition. The degeneracy of
Zeeman states is lifted by applying a static magnetic field with a magnitude
j~Bj ¼ 3:3 of Gauss along the y-direction. Polarizations of both excitation
lasers are considered to be linearwith the vector perpendicular to the applied
magnetic field.

Data availability
The experimental and theoretical data that support the findings of this
article can be found at https://doi.org/10.5281/zenodo.15721196.
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