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Laser spectroscopy of indium
Rydberg atom bunches by electric
field ionization

A. R.Vernon'*, C. M. Ricketts?, J. Billowes?, T. E. Cocolios?, B. S. Cooper?8, K. T. Flanagan8,
R. F. Garcia Ruiz®*, F. P. Gustafsson?!, G. Neyens’3, H. A. Perrett?, B. K. Sahoo®, Q. Wang®,
F.J.Waso’ & X. F.Yang®

This work reports on the application of a novel electric field-ionization setup for high-resolution

laser spectroscopy measurements on bunched fast atomic beams in a collinear geometry. In
combination with multi-step resonant excitation to Rydberg states using pulsed lasers, the field
ionization technique demonstrates increased sensitivity for isotope separation and measurement

of atomic parameters over previous non-resonant laser ionization methods. The setup was tested

at the Collinear Resonance lonization Spectroscopy experiment at ISOLDE-CERN to perform high-
resolution measurements of transitions in the indium atom from the 5s>5d 2Ds; and 555d 2D, states
to 5s2np 2P and 5s%nf 2F Rydberg states, up to a principal quantum number of n = 72. The extracted
Rydberg level energies were used to re-evaluate the ionization potential of the indium atom to be
46, 670.107(4) cm~1. The nuclear magnetic dipole and nuclear electric quadrupole hyperfine structure
constants and level isotope shifts of the 5525d 2Ds, and 5525d 2D3; states were determined for
113,135, The results are compared to calculations using relativistic coupled-cluster theory. A good
agreement is found with the ionization potential and isotope shifts, while disagreement of hyperfine
structure constants indicates an increased importance of electron correlations in these excited
atomic states. With the aim of further increasing the detection sensitivity for measurements on
exotic isotopes, a systematic study of the field-ionization arrangement implemented in the work was
performed at the same time and an improved design was simulated and is presented. The improved
design offers increased background suppression independent of the distance from field ionization to
ion detection.

The ability to separate and study small quantities of isotopes from a large ensemble without losses is the limiting
factor of many experimental studies in modern nuclear physics'™, as exotic isotopes of interest can often only be
produced at low rates (fewer than 100s of ions per second) and their accumulation into substantial quantities is
prevented by their short half-lives. Furthermore, sensitive detection or separation of small quantities of isotopes
also has numerous technological applications®!!. Fast beam collinear laser spectroscopy techniques have allowed
high-precision measurements on short-lived isotopes, down to rates of fewer than 100 ions per second®'>!*. These
approaches use the Doppler compression of an accelerated atomic beam to enable high-precision laser spectros-
copy measurements to be performed in a collinear geometry'*"®. This technique is now being implemented at
radioactive ion beam facilities worldwide, giving a resolution of a few 10s of MHz, which is sufficient to resolve
the hyperfine structure for nuclear physics studies'®™.

Motivated by a need for higher sensitivity to access exotic isotopes produced at rates lower than a few ions per
second, a variation of the technique, the Collinear Resonance Ionization Spectroscopy (CRIS)**?! experiment at

Ynstituut voor Kern- en Stralingsfysica, KU Leuven, 3001 Leuven, Belgium. 2School of Physics and Astronomy,
The University of Manchester, Manchester M13 9PL, UK. 3EP Department, CERN, 1211 Geneva 23,
Switzerland. “Massachusetts Institute of Technology, Cambridge, MA 02139, USA. °Atomic, Molecular and
Optical Physics Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India. ®School of
Nuclear Science and Technology, Lanzhou University, Lanzhou 730000, China. ’Stellenbosch University, Merensky
Building, Merriman Street, Stellenbosch, South Africa. ®Photon Science Institute, Alan Turing Building, University
of Manchester, Manchester M13 9PY, UK. °School of Physics and State Key Laboratory of Nuclear Physics and
Technology, Peking University, Beijing 100871, China.*’email: adam.vernon@cern.ch

SCIENTIFIC REPORTS|  (2020)10:12306 | https://doi.org/10.1038/s41598-020-68218-5


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-68218-5&domain=pdf

www.nature.com/scientificreports/

longpass
dichroic

532 nm
100 Hz

5 6
, In target Time

MagneToF
. detector
T . Field
d?f]fz-rset:tgi(;l Interaction ionisation o
i rids -9 mbar
N pumping % _______ ~10:2mbar = Tons b)
. . | ' ' 300
Neutralisation — Irises
250
q 34 : : 5
®o i Rydberg + : Dumped S 200
el Ions Dumped L atoms i R R O
ions onization 2
region 5 w0
Deflection . L } o,
. into beamline F 120 cm 1 30cm !
0

9 10 11 12

8
of flight (us)

4 7

Figure 1. (a) A schematic diagram of the layout of the modified CRIS experiment, to use field ionization.
Electrostatic deflectors guide the ions created by ablation to be neutralised. Atoms are excited to Rydberg states
by amulti-step resonant laser scheme, and are subsequently field ionized and counted by an ion detector. (b) The
time-of-flight distribution of the bunch created by the ablation ion source. Figure created using Refs.***.

CERN-ISOLDE? has been developed. The technique is based on resonant laser excitation of atom bunches****

using a high-resolution pulsed laser, followed by resonant or non-resonant ionization of the excited atoms. The
ions are then deflected away from the atoms which were not resonantly excited, allowing ion detection meas-
urements with significantly reduced background. The experiment has so far reached a background suppression
factor of 2.5 x 108 providing a detection sensitivity down to yields of around 20 atoms per second®. The main
source of ion background for the technique is due to collisional re-ionization of the atom beam (often also con-
taining a substantial amount of isobaric contamination) with residual gas atoms along the collinear laser overlap
volume. For this reason, considerable effort is given to reach ultra-high vacuum pressures (< 1 x 10~"mbar) in
this laser-atom interaction region. The work reported here demonstrates that the incorporation of field ioniza-
tion, previously tested on continuous atom beams®®-%%, can further increase the sensitivity of measurements on
bunched atomic beams by also compressing the measurements into a narrow ionization volume. In addition, we
show the approach has advantages for measurements of atomic parameters when combined with the multi-step
pulsed narrow-band laser excitation. The sensitivity of the approach is further improved by removing the need
for a powerful non-resonant laser ionization step, which often contributes substantially to the re-ionization
background. This is due to non-resonant ionization of contaminant atomic species, which are often neutralised
into excited atomic levels?, or can be excited by collisions into higher atomic levels®, that are easily ionized
with powerful laser light. Using the field-ionization technique, high-resolution measurements were performed
for the energies of the 5s>np 2P and 5s?nf 2F Rydberg series (intermittently over principal quantum numbers
n = 12to n = 72), which additionally enabled the re-evaluation of the ionization potential of the indium atom.
The production of atom bunches was implemented using an ablation ion source’! with naturally abundant !*In
and 'In isotopes.

In typical measurements using atomic transitions to extract nuclear structure parameters, both the upper and
lower atomic states of the transition have a nuclear-structure dependence. However, due to the vanishing nuclear
structure dependence of the Rydberg states®>®, the transition measurements made here allowed extraction of
the nuclear structure dependent parameters of the lower atomic states alone. These measurements therefore
allowed extraction of the hyperfine structure constants of the 5525d 2Ds /2 and 5s25d 2D; /2 states and their level
isotope shifts (LISs), the shift in the level energies between the ''*!1°In isotopes. This allows a direct com-
parison to atomic calculations of the isotope shift contribution from a single atomic state, in contrast to typical
atomic transitions measurements where upper and lower state contributions are combined. The experimentally
determined LISs, hyperfine structure constants and ionization potential of the indium atom are compared to
calculations from relativistic coupled-cluster theory**. Comparisons with direct measurements of atomic states
provide a valuable benchmark to assist the extraction of nuclear structure observables with high accuracy®"*>.
In addition, the development of high-accuracy atomic calculations has the potential to probe new aspects of the
atomic nucleus and its interactions®~*!.

Methods

Experimental setup. The measurements reported here were performed following a modification of the
CRIS experimental setup*>*. A schematic layout of the modified setup is shown in Fig. 1a. In* ions were pro-
duced using an ablation ion source (detailed in Refs.*"*?), with a pulsed 532-nm Litron LPY 601 50-100 PIV
Nd:YAG laser focused to produce a fluence of >0.5 J/cm? on a solid indium target (99% purity).

This produced high-intensity bunches of indium ions at the 100 Hz repetition rate of the laser with a typi-
cal bunch width of 2.0(3) s (see Fig. 1b). This ablation laser was used as the start trigger to synchronise the
atomic bunches in the interaction region with the pulsed lasers subsequently used for spectroscopy. A set of ion
optics were used to focus and accelerate the In™ ions to 25 keV and deflect them by 34° to overlap with two laser
beams in a collinear geometry. The acceleration creates a kinematic separation in the transition frequency of
the naturally abundant isotopes 1°In (95.72%) and !*In (4.28%), which greatly enhances the isotope selectivity
compared to in-source laser spectroscopy separation or measurement techniques®*, laser induced breakdown
spectroscopy (LIBS)* or in-gas cell laser ionization spectroscopy (IGLIS)*%. Collinear ionization techniques can
therefore also be used to supplement® the isotope selectivity of conventional mass spectrometry techniques®®>'.
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Figure 2. The multi-step laser excitation schemes used in this work on the indium atom. Field ionization was
used following the two laser steps to a Rydberg state. The lifetime of the intermediate 5s25d 2D; /25 5525d 2D /2
states is 7.0(4) ns*2. Figure created using Ref.*.

The ions were subsequently neutralised, using a sodium-filled charge-exchange cell heated to 300(10)°C, with
an efficiency of 60(10)%, where 64% of the atomic population is simulated to be in the 5s?5p 2P3,, metastable
state”. The ions which were not neutralised were deflected electrostatically following the cell. After approximately
80 cm of flight (the maximum 4 pus bunch width corresponds to a spatial spread of 81 cm at 25 keV), the indium
atoms were then excited using either the 5s%5p 2P/, — 5s25d D52 (325.6 nm) or 5s25p 2P3,, — 5s*5d 2D3 2
(325.9 nm) transition, depending on the Rydberg series to be studied.

The multi-step ionization schemes used in this work are shown in Fig. 2. The first step light was produced
using a Spectron Spectrolase 4000 pulsed dye laser with DCM dye dissolved in ethanol. This produced funda-
mental light at 650 nm which was frequency doubled using a BaB,Oj4 crystal to 325 nm. The linewidth of the
laser was ~14 GHz, allowing excitation of all of the hyperfine structure components of the 5s>5p 2P‘3’/2 state,
while the 699 GHz separation between the 5525d 2Ds /2 and 5525d 2D5 /2 states required tuning the laser to each
fine structure transition. The dye laser was pumped with 532-nm light from the second output head of the Litron
LPY 601 50-100 PIV Nd:YAG laser used for ablation. The second excitation step was scanned in laser frequency
to perform high-resolution laser spectroscopy, from either the 5s25d 2Ds/; or 5s*5d 2Dj, state to a Rydberg
state of the 5s%af or 5snp series, ranging over n = 14-72 (763723 nm). The high-resolution infrared laser light
was produced using an injection-locked Ti:Sapphire laser®** pumped by a LEE LDP-100MQ Nd:YAG laser and
seeded using a narrowband continuous-wave Sirah Matisse Ti:Sapphire laser. This provided the pulsed narrow-
band (20(5) MHz"*) laser light to be used for spectroscopy. The resonantly excited indium Rydberg states were
then field ionized in a longitudinal geometry by thin wire grids with a field gradient of 7.5kV cm ™, detailed
in the following section. Spatial alignment of the atom and ion paths was performed using irises and Faraday
cups. The ion beam waist was measured to be around 3(1) mm using an iris*?, below this a reduction in beam
current begin to be observed. This was measured ~30 cm from the neutralisation cell. Following ionization the
ions were deflected by 20° onto a ETP DM291 MagneTOF™ detector and the recorded count rate was used
to produce the hyperfine spectra as a function of the infared laser frequency. The wavelengths were measured
using a HighFinesse WSU2 wavemeter. This was calibrated and drift stabilized by simultaneous measurement
of a Toptica DLC DL PRO 780 diode laser locked to the 5s2S; ;, — 5p 2P3/, F = 2 - 3 transition of ’Rb using a
saturated absorption spectroscopy unit>.

Field ionization using wire grids. The field ionization of the Rydberg states in this work was performed
using the electrode arrangement shown in Fig. 3, located in the position indicated in Fig. 1. Three consecutive
grids of parallel gold wires, of 10 um thickness and with 1 mm separation between wires were used as electrodes
to create the field for ionization, as shown in Fig. 3a,b. The outmost grids were used to provide ground shielding.
The wire grids were mounted on a printed circuit board and spaced 4 mm apart, resulting in an average electric
field gradient of 7.5 kV cm ™! for the 3 kV potential applied to the innermost grids. The arrangement included
two parallel electrostatic deflector plates with opposing polarity before the grids, in order to deflect background
ions. These background ions originate from non-resonant processes in the preceding 120 cm flight path between
the charge exchange cell and the field-ionization grids, which is referred to as the laser-atom interaction region.
The region surrounding the grids is further called the ‘field-ionization region, and the region between the last
field-ionization grid and the ion detector will be referred to as the ‘post-ionization region’ (Fig. 1).

This longitudinal electric field-ionization arrangement was chosen so the closely spaced grids could provide
a small ionization volume of 0.4 cm> with a very well defined electric field gradient. This small volume has to be
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Figure 3. (a) A schematic of the electrode arrangement used in this work (b) The electric potential of the
field-ionization arrangement used for the measurements of this work, and (c) the accompanying electric field
gradient, simulated from measurements of voltages applied during this work. Figure created using Refs. 444>,

compared to the 120 cm® volume where non-resonant laser ionization would normally take place. This is a reduc-
tion by a factor of 300 in volume in which collisional ionization of the atom beam can occur with residual gases.
This is a substantial source of background which can be removed when field ionization is used. However, the
background reduction using this setup is limited by the distance between field ionization and the ion detection,
as this distance can also contribute to an indistinguishable collisional background. This is shown in a systematic
study of the setup and an improved design discussed in the Section “An improved field-ionization setup”. This
section follows the discussion of the spectroscopy results obtained using the setup described above. An additional
advantage of the grid field ionization arrangement is that the grids approximate a plane geometry for the electric
field, removing the dependence on transverse displacement of the atom beam on the field gradient experienced
by the atoms (see Fig. 3¢) compared to compared to traditional tube field-ionization geometries where large
differences in electric field gradient can be found transverse to the beam axis?**’. The electrostatic simulations
were performed using COMSOL Multiphysics.

Coupled-cluster calculations. In order to compare to our experimental results, the indium atom ioniza-
tion potential, hyperfine structure constants Ap¢ and By, and atomic isotope shift factors were calculated using
relativistic coupled-cluster (RCC) theory as outlined below. The Ay¢ and B¢ constants were calculated using an
expectation-value evaluation approach as described in Ref.*®. While the atomic parameters for the isotope shift
were calculated using an analytic response approach (AR-RCC), an approach developed for increased accuracy
for the evaluation of isotope shift contributions, as described in Ref.?*.

In RCC theory, the wave function (|W,)) of an atomic state with a closed-core and a valence orbital v can be
expressed as

1W,) =el[1+8,]]®,), (1)

where | ®,) is the mean-field wave function, defined as|®,) = a]: |®g), with the Dirac-Hartree-Fock (DHF) wave
function of the closed-core, |®g). Here, T and S, are the RCC excitation operators which incorporate electron
correlation effects by exciting electrons in|®¢) and |, ), respectively, to the virtual space. The amplitudes of the
RCC operators and energies were obtained by solving the following equations

(@xc|(He") o) =bxoko » @

and
(@1I(He") S, + (HeT) 1®,) = (810 + (®11S,1 @) E, 3)

where H is the atomic Hamiltonian, and |®x)and|®1 ) denote the excited determinants with respect to|®¢) and
|®,). Here, Ej and E, correspond to the energies of the closed-core and the closed-core with the valence orbital
respectively. Thus, the difference between E, and Ej gives the binding energy or the negative of the ionization
potential (IP) of the electron from the valence orbital, v. The hyperfine structure constants of the unperturbed
state were evaluated by
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W}Tlere O is the hyperfine interaction operator. In the above expression, the non-terminating series of e’ Oe” and
e e in the numerator and denominator, respectively, were calculated by adopting a self-consistent iterative
procedure as described in Ref.*8. All-possible singles and doubles excitations were included in the RCC calcula-

tions (RCCSD) methods, by defining
T = T1 + T2 and SV = Sly + 821/ (5)

with subscripts 1 and 2 representing level of excitation, for determining the energies and hyperfine structure
constants. The calculations were performed by first considering the Dirac-Coulomb (DC) Hamiltonian, then
including the Breit and lower-order quantum electrodynamics (QED) interactions as described in Ref.**. Correc-
tions due to the Bohr-Weisskopf (BW) effect to the hyperfine structure constants were estimated by considering
a Fermi-charge distribution of the nucleus.

The AR-RCC approach adopted to determine the field shift (FS), normal mass shift (NMS) and the specific
mass shift (SMS) constants was implemented by evaluating the first order perturbed energies due to the respec-
tive operators, as discussed in Ref.?>. The AR-RCC theory calculations were also truncated using the singles
and doubles excitation approximation (AR-RCCSD) when used to calculate the FS, NMS and SMS constants in
this work. Contributions from the DC Hamiltonian and corrections from the Breit and QED interactions were
evaluated explicitly and are shown in Table 2.

Analysis and results

A summary of the high-resolution Rydberg series measurements is presented in Fig. 4. A range of wavelengths
from 720 to 770 nm (14000-12900 cm™') were used to cover the transitions to Rydberg states in this work
(n=12-72), as shown in Fig. 4a. The energies of the states in the Rydberg series (vertical black dashes in Fig. 4a)
were estimated using the Rydberg formula® extrapolating from the energies of the five lowest principal quan-
tum number atomic states (1 = 4-9 for nf, n = 5-10 for np), taken from literature®. See the Section “Evaluation
of the ionization potential of the indium atom” for details. Figure 4b,c show hyperfine spectra obtained for the
5s25d 2D5/2 — SSznf2F5/2,7/2 and 5s%5d 2D3/2 — 5sznf2F5/2 transitions respectively. The hyperfine structure
resulting from the 5525d D5 and 5s25d 2Dj; states is visible in these spectra, while the contribution from the
Rydberg state in both cases is vanishingly small due to the reduced overlap of the electronic wavefunctions at the
nucleus®>?. The fine structure splitting between 5s?nf 2F5, and 5s2nf 2Fy, Rydberg states has been measured to
be <1 MHz% and smaller than the linewidth of the laser used in this work. The upper states of transitions from
5525d 2Ds /2 are therefore denoted as 5s2nf 2F5 /2,7/2 to indicate that excitation to both the 5s2nf 2F5 /2 and 5s2nf
2F, /2 states are included.

Hyperfine structure constants and isotope shifts. The extracted magnetic dipole and electric quad-
rupole hyperfine constants, Ay and By, of the 5525d 2Ds /2 and 5s25d 2D3 /2 states for U315 are displayed in
Table 1. The constants were determined by least-square minimisation fitting®® of the obtained hyperfine spectra
to the well known hyperfine structure relations® with Ap¢ and By as free parameters. A Voigt line profile®® was
used in the fitting with the Gaussian and Lorentzian components and transition intensities as free parameters.
The ablation ion source was measured® to produce ions with energy spreads of <10 eV (<100 MHz at 25 keV),
however the energy distribution is not necessarily fully Gaussian. This likely accounts for the slight ‘under-
fitting’ of the amplitude of the peaks of the hyperfine spectra, visible in Fig. 4b,c. This is evident in the Lorentz-
ian component of 200(100) MHz (compared to the laser linewidth of 20(5) MHz), as the Lorentzian profiles
have a lower peak amplitude for the same FWHM compared the Gaussian profiles, the increased Lorentzian
component may compensate for the non-Gaussian part of the ablation ion energy spread. The <0.5 mJ/cm? flu-
ences of the 760-720 nm transitions to the Rydberg states are expected to contribute negligibly to changes of the
resonance centroids compared to the AC Stark shift introduced from temporally overlapping high-power lasers
for non-resonant ionization®.

The presented Aps and By¢ values are an average of the results from well-resolved hyperfine spectra obtained
in this work, over principal quantum numbers n = 15-34. For Rydberg states below n 220, the applied laser
power saturated the transition and this led to power broadening which reduced the resolution of those hyperfine
spectra. The transitions above n &30 were not saturated (see Section “Systematics of the field-ionization setup”),
because the transition probability scales approximately®® as n~>. For these transitions a greater ablation laser
fluence and ion source extraction potential were required to obtain a similar resonant signal level. This resulted
in an increased energy spread of the ion bunch, increasing the Gaussian contribution to the linewidth to greater
than 100 MHz and obscuring the hyperfine spectra in those cases. No statistically significant deviation was
seen for contributions from the Rydberg states to the hyperfine structure constants down to # = 12. The larger
uncertainty of the extracted By values was due to their small magnitudes compared to the laser linewidth of
20(5) MHz. The larger uncertainty on the 13In values was due to the lower statistics, related to its lower natural
abundance of 4.28%°’, in combination with a reduction in excitation efficiency due to the 14-GHz linewidth
of the dye laser used for the first step transition which was centered at a frequency for !'*In. An example of the
spectra of 113In relative to ! 1°In is shown in Fig. 4c. The isotope shifts for the levels (LIS) were also extracted and
are displayed in Table 1. The LIS in this work is defined as the difference in the transition energy, AE, of isotopes
15T and M31n, LIS = AE;13 — AEj;s, for the transitions from the 5s5d 2D5/2 or 5s25d 2D3/2 state to Rydberg
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Figure 4. Summary of the high-resolution measurements of the transitions to Rydberg states from the 2Py
5s2np, 2P3 /2 55°np and 2Fs, 5s%nf series, showing (a) the spectrum of resonances measured in the 770-720 nm
range, with an inset in black indicating energies for the members of the Rydberg series using Expression 6.
Example hyperfine spectra of the (b) 5s>5d 2Ds s2and c) 5525d 2D /2 lower states. Fits to the spectra of 15T are
indicated in red. Figure created using Refs.*#*5, A fit to !*In is indicated in green.

states, AE = Erp — Ep;, ;,- The Erp terms cancel due to their negligible change between the isotopes**. The
result therefore being the isotope shift of the 5s*5d 2Ds; or 5525d D3, energy levels.

The calculated Ap¢ and By, values of the 5s25d 2D3/2 and 5325d2D5/2 states from the RCCSD method are
presented in Table 1.

Literature nuclear magnetic dipole moment values of 1 = 5.5289(2) un (Refs. and nuclear electric quad-
rupole moment values of Q = 0.767(11) b (Ref*") for '13In, and of u = 5.5408(2) 1 (Refs.”*’") and Q = 0.781(7) b
(Ref.>") for 11°In were used to evaluate the Ay and By, values in Table 1, from the calculated quantities of Ap¢l
/i and B¢/ Q.

The DHEF values of Ap¢ were calculated to be 4.37 MHz and 1.87 MHz, whereas the RCCSD calculations gave
—9.74 MHz and 39.87 MHz compared to the experimental values — 64(2) MHz and 151.2(9) MHz for the 5s25d
D3, and 55%5d 2Ds; states of ! 1°In, respectively. The By,¢ values are within the 1o uncertainty of the experimental
results, although the experimental uncertainty was large. The difference in the BW correction to the Ays values
between '!®In and !'°In were found to be negligibly small (<0.01 MHz). Contributions from Breit and QED
interactions were also found to be small. This indicates that electroncorrelations due to core-polarization effects
play the principal role in bringing the results close to the experimental values. Thus, the experimental Ay¢ values
deviate in contrast to the LIS calculations using the AR-RCCSD calculations at the same level of truncation to sin-
gles and doubles excitation. An explanation demands including triples excitations or employing a more rigorous
theoretical approach for the evaluation of Ay factors. This indicates that the behaviour of electron correlations
can be very different in the determination of Ay and By values, which has also been identified previously in e.g.
Ref.”. It is known that electron correlations, mainly the all-order core-polarization effects arising through 0S,,
and its complex conjugate terms, can contribute more than 100% in high-precision calculations of Aps values in
the D5, states of alkali-like atomic systems’*”*. We find that the higher-order core-polarization effects, embedded
in the S;V 0S,, RCC term, are the greatest contribution in the evaluation of Ay values of both the 5s25d 2D3 /2
and 5s25d 2Ds,, states in the indium isotopes. These effects can be enhanced further with the inclusion of triple

69,70)
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IISIn 113111
State Aps (MHz) | Bpe (MHz) | Ape (MHz) | Bpe (MHz) | LIS ¥ (MHz)
Exp. 151.2(9) 33(20) 151(6) 28(200) -103(50)
Theor.
DHF 1.87 2.53 1.86 2.50
55254 2Ds;, | RCCSD 39.66 24.84 39.57 24.53
+Breit 39.80 24.84 39.71 24.53
+QED 40.00 24.99 39.91 24.68
+BW 39.87 25.01 39.78 24.70 —67.3(3.2)"
Exp. —64(1) 41(20) —68(5) 20(60) —98(30)
Theor.
DHF 437 1.83 4.36 1.81
5s25d2D3;; | RCCSD -9.89 17.82 -9.87 17.60
+Breit -9.89 17.81 -9.87 17.59
+QED -9.87 17.92 -9.85 17.70
+BW -9.74 17.98 -9.72 17.72 -67.7(3.2)"

Table 1. Hyperfine structure constants and LISs of the 5s25d 2Ds, and 5s25d 2Ds 5 states measured for 113115

In. "Theoretical LISs were calculated using the E Ksys and Knms constants from Table 2 obtained from the

AR-RCCSD approach, combined with the experimentally measured change in root-mean-square charge

radius, § <r2 >/1L13’115 = —0.157(11) fm?, taken from Ref.%8, which gave the LIS uncertainty for the ‘calculated’

values in the table shown in brackets. Bold text indicate the final reported experimental and theoretical values.

State Method F (MHz/fm?) Knums (GHz amu) Kswms (GHz amu)
DHF ~0.0 277.95 - 38.48
AR-RCCSD 293.33 198.76 -55.92

55%5d D5/, +Breit 293.56 198.72 - 55.41
+QED 288.39 198.97 - 56.41
Exp. 226.20777(13)
DHF ~0.0 277.78 -37.39
AR-RCCSD 295.99 198.59 ~55.69

525d D3, +Breit 296.19 198.54 - 5522
+QED 291.00 198.88 -56.28
Exp. 226.59111(13)

Table 2. Calculated E, Kgus and Knws constants of the 5s25d 2Ds /2and 5s25d 2D3 /2 states for the In atom
using DHF and AR-RCCSD approaches. Experimental level energies for the non-relativistic Knms = Eime
approximation were taken from Ref.%!. The factors were used to calculate the LIS values given in Table 1,
using the expression LIS = F8<r2> Lt w(Knms + Ksms), where i = (my13-my15)/(my13my15) is the mass
modification factor using atomic masses from Ref.”® Bold text indicate the final reported experimental and
theoretical values.

excitation configurations in the RCC method. We, therefore, anticipate that much better agreement between
the experimental and theoretical results for the Ap¢ values can be obtained by incorporating these higher-level
electronic configurations in the RCC calculations, which we defer to the future work. In Table 1, a comparison
is also made between calculated LIS values with the measurements for the 5s25d 2D3/2 and 5s25d 2D5/2 states.
The calculated FS (F), NMS (Knms) and SMS (Kgys) constants, used to determine the calculated LIS values, are
reported in Table 2 along with the included corrections. For comparison to our relativistic ab-initio calculations
of Knwms, the Knms constant values from the non-relativistic approximation are also shown, estimated by the
relation Knys = Eime and experimental energies®, E;. Unlike the Aps hyperfine structure constants, we find a
good agreement between the measured and theoretical values for the LISs of the 5s25d 2D; /2 and 5s25d 2D; /2
states by substituting the calculated IS constants.

Rydberg state energies. In order to reduce the systematic error of the measured transition frequencies,
reference scans were performed every few hours using transitions to the 5s221f2F5 /2 state. When the 55%5p %P3 /2
— 5s25d 2D3., first step transition was used, this was performed using the 5s?5d 2D, — 5s221f 2Fs ), transi-
tion. While for the 5s>5p 2P/, — 5s5d 2Ds; first step transition, the 5s25d >Ds,, — 5s221f 2F5 5 75 transition
was used. This allowed measurements of the Rydberg series to be referenced to the same 5s221f 2Fs /2 state. The
absolute energy of the 55221 2Fs , state was determined for the first time in this work, using an average of meas-
urements of the 5s°5d 2Ds,, — 5s21f 2Fs2,7/2 and 5s25d 2D3/, — 5s221f 2F5 ), transition energies, combined
with literature values for the 5s25d 2Ds /2 and 5s25d 2D5 /2 states, taken from Ref.”. This gave an averaged value

SCIENTIFIC REPORTS |

(2020) 10:12306 | https://doi.org/10.1038/s41598-020-68218-5



www.nature.com/scientificreports/

5521f 2F5/2 o(Lit.)”® | o (v) o(Ext.) |o(Tg) |o(4)
Transition (MHz) (MHz) (MHz) | (MHz) |(MHz) | (MHz)
55%5d 2Ds ), — 5521 2Fs 072 | 1,391,645,930(185) | 150 70 55 28 10
55%5d 2D3/, — 55%21f *Fs 1,391,645,782(173) | 150 19 55 28 10
Average 1,391,645,846(175)

Table 3. Determination of the absolute energy level of the 5s?21f 2F5 , reference state. The final value is the
weighted mean from two sets of reference transition measurements, 5s25d D5, — 5s*21f 2F5 5 72 and 5s25d
2D; /2> 5s221f2F5 /2. ‘Lit? refers to the uncertainty on the lower state energy taken from literature’. Bold text

indicate the final reported experimental and theoretical values.

Series n | Centroid shift (MHz) | Energylevel (cm™') | Literature energy level®' (cm™) |34,
12 | - 15,510,479(20) 45,902.9328(6)[59] 45,902.92(22) 0.04010(4)
13 | - 12,098,644(10) 46,016.7393(5)[59] 0.04028(5)
14 | —9,393,432(60) 46,106.976(2)(6] 0.04052(8)
15 | —7,212,037(60) 46,179.739(2)[6] 0.0407(1)
16 | —5,427,634(80) 46,239.260(3)[6] 0.0408(1)
18 | -2,710,813(20) 46,329.8837(7)[59] 0.0406(1)

257, |20 | -769,186(6) 46,394.6494(2)[59] 0.0407(2)

5s2nf 21 |0 46,420.3070(5)[59] 0.0408(2)
22 | 666,548(10) 46,442.5403(3)[59] 0.0408(2)
23 | 1,247,917(400) 46,461.930(10)[6] 0.0408(9)
24 | 1,758,074(100) 46,478.950(5)[6] 0.0407(6)
25 |2,208,136(60) 46,493.962(2)[6] 0.0406(5)
26 |2,607,211(20) 46,507.2739(7)[59] 0.0404(4)
28 | 3,280,668(20) 46,529.7380(7)[59] 0.0403(5)

Table 4. Energy levels of the 2Fs /5 7/, 5s2nf Rydberg series states determined from energy level shifts relative
to the 2Fs2,7/2 5822 1f reference state, alongside the quantum defects, 8, of the levels. Statistical uncertainty is
indicated in parenthesis. Systematic uncertainty from the reference state is indicated in braces.

of 46420.309(6) cm™! (1,391,645,846(175) MHz) for the energy of the 55221f2F5/2 state, as presented in Table 3.
The 150 MHz uncertainty from the literature values was the largest contribution to the final uncertainty. Other
sources of systematic uncertainty to the absolute energy measured for the 55221 2Fs ; state are also presented in
Table 3. o (v) is the uncertainty arising from measurement of the 5s5d 2D3, — 55?21 2F5; and 5s°5d D3/, —
5s%21f2Fs ), transition frequencies, which includes the statistical uncertainty, uncertainty in the fitting and varia-
tions in beam energy. o (Tg) is the systematic uncertainty in the beam energy, provided by a Heinzinger PNChp
30000-5 power supply, which has an accuracy of <0.02% (5 V at 25 keV) and a quoted stability of <0.001%
(250 mv) over 8 hours or per 1°C. The extraction electric potential at the point of creation of the ablation ions
inside the source also contributes to an uncertainty in the beam energy, o Ext. The largest electric potential was
found to be 10 v in simulations of the ion source®’. o (4) is the manufacture quoted absolute accuracy of the
HighFinesse WSU2 wavemeter used. The o (Tg), o Ext. and o (1) systematic uncertainties are correlated for both
transitions and therefore the covariance was included””® to propagate the uncertainty to the average 5s*21f2Fs
value from both transitions. Transitions to the other principal numbers of the 5s>af and 5s2np series were then
matched with the closest 5s21f 2Fs /2 reference scans in time to determine the relative centroid shift of their
hyperfine structure. These centroid shifts are presented in Tables 4 and 5 for the series measured using the 5s>5p
P55 — 5825d 2Ds ) (325.6 nm) or 55%5p 2P/, — 5525d 2D3; (325.9 nm) as first step transitions respectively.
The centroid shifts for the 5s>sf and 5s?np series were then used to determine their absolute energy levels using
the absolute value for the 5s221f 2Fs /2 State, as reported in Table 3.

The energy levels for the members of the SSznf2F5/2 and 5s2 nf2F5/2,7/2 series shown in Tables 4 and 5, and
Fig. 4 have agreement between them, using the evaluated energy of the 5s21f2Fs/; reference from Table 3. The
few principal quantum numbers with available values in literature”, for the 5s2nf2Fs /2,7/25 552 np 2p, s2and 5s2 np
2p, /2 states, have agreement well within uncertainty.

Evaluation of the ionization potential of the indium atom. The energy levels of the 2Py, 5s%np,
2P3/2 552 np, 2F5/2 5s2nf and 2F5/2,7/2 5s2nf Rydberg series states determined in this work are shown in Fig. 2 in

comparison to the accepted literature ionization potential (IP) of the indium atom®. The energies of the the nth
Rydberg series states, E,,, can be determined using the Rydberg expression®*#!
Ri15mn
E, =P+ —=—,
' (n—6,)2 ©
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Series n | Centroid shift (MHz) | Energy level (ecm™") | Literature energy level® (em™) |3,
22 | - 1,842,830(20) 46,358.8365(7)[59] 3.2238(2)
23 | —922,829(20) 46,389.5244(6)[59] 3.2236(2)
2p 24 | —132,449(20) 46,415.8886(6)[59] 46,415.871(26) 3.2235(2)
55217/; 25 | 551,531(5) 46,438.7037(2)[59] 3.2233(2)
26 | 1,147,394(6) 46,458.5796(2)[59] 3.2231(2)
28 |2,129,967(60) 46,491.355(2)[6] 46,491.338(26) 3.2229(2)
30 |2,900,676(60) 46,517.063(2)(6] 46,517.043(26) 3.2226(2)
2p;, |22 |- 1816214(20) 46,359.7243(6)[59] 3.1969(2)
552”P 24 | -112,789(7) 46,416.5444(2)[59] 46,416.526(26) 3.1966(2)
16 | —5,427,114(30) 46,239.278(1)[59] 0.0404(1)
18 | -2,711,018(10) 46,329.8768(4)[59] 0.0408(1)
19 | - 1,663,438(5) 46,364.8203(2)[59] 0.0409(1)
20 | —769,307(10) 46,394.6453(4)[59] 0.0409(2)
21 |0 46,420.3070(5)[59] 0.0408(2)
22 | 666,346(5) 46,442.5336(2)[59] 0.0411(2)
23 | 1,247,803(10) 46,461.9289(5)[59] 0.0410(3)
24 |1,757,899(8) 46,478.9439(3)[59] 0.0410(3)
25 |2,208,075(100) 46,493.960(5)[6] 0.0407(7)
26 |2,607,218(100) 46,507.274(5)[6] 0.0404(7)
27 12,962,711(20) 46,519.1321(7)[59] 0.0402(5)
28 | 3,280,581(4000) 46,529.700(100)[6] 0.04(1)
30 |3,823,828(9) 46,547.8558(3)[59] 0.0401(6)
32 |4,268,023(10) 46,562.6726(4)[59] 0.0410(7)
33 | 4,460,517(30) 46,569.093(1)[6] 0.0409(9)
2By, |34 | 4636375(60) 46,574.959(2)[6] 0.040(1)
5s2nf 38 |5,205,941(60) 46,593.958(2)[6] 0.040(2)
40 | 5,428,856(6) 46,601.3938(2)[59] 0.039(1)
45 | 5,861,534(20) 46,615.8264(8)[59] 0.039(2)
50 |6,170,831(20) 46,626.1434(6)[59] 0.042(3)
53 |6,316,157(200) 46,630.991(5)[6] 0.037(7)
54 | 6,359,037(200) 46,632.421(7)[6] 0.042(8)
55 | 6,399,878(300) 46,633.780(10)[6] 0.04(1)
57 | 6,475,198(50) 46,636.296(2)[6] 0.034(5)
60 | 6,574,308(600) 46,639.600(20)[6] 0.03(2)
61 |6,603,688(70) 46,640.582(2)[6] 0.040(7)
62 |6,631,893(20) 46,641.5228(7)[59] 0.046(6)
65 |6,709,179(30) 46,644.101(1)[6] 0.048(7)
68 | 6,776,687(200) 46,646.353(5)[6] 0.04(1)
69 | 6,796,960(60) 46,647.029(2)[6] 0.05(1)
70 |6,816,857(100) 46,647.693(4)[6] 0.04(1)
72 |6,853,899(300) 46,648.928(9)[6] 0.03(2)

Table 5. Energy levels of the 2Py /; 5s*np, 2P3 2 55?np and 2Fs , 5s?nf Rydberg series states determined from
energy level shifts relative to the “Fs, 5s221f reference state, alongside the quantum defects, §,, of the levels.
Statistical uncertainty is indicated in parenthesis. Systematic uncertainty from the reference state is indicated
in braces.

where 8, is the quantum defect®?, a measure of the difference in electronic structure for the Rydberg series of

a multi-electron atom compared to hsydrogen, included as the effective principal quantum number n* =n—4,,.
The effect due to the finite mass of !1°In compared to the electron, is given by the Rydberg constant Ry15r,*! of
109736.79 cm™ !, which was derived from Penning trap atomic nuclei mass measurements®>*!, Expression 6 can
be fitted to the experimental energy levels, leaving the IP and §, as free parameters. The result of this is shown by
the black lines in Fig. 5a. Expression 6 was fitted to lower-lying 7 states of the series®! to predict laser frequency
scan ranges and give # assignments.

The 8, values evaluated from our experimental energies are shown in Fig. 5b alongside the Ritz expansion
values (black lines) from?®®
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b) Global fit: IP=46,670.107(4) cm*
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Figure 5. (a) Extracted energies of the 5s%np 2P1/2, 5s2np 2P3/2, 552nf2F5/2 and 5s2 nf2F5/2)7/2 Rydberg series
measurements. Literature values, labeled as ‘lit, were taken from Ref.*’. The black lines indicates the Rydberg
expression values for the 2Fs /2,7)2 5s2nf (solid line) and 2P, /2,32 5s2np series (dashed line). The ionization
potential is indicated by the dashed grey line. (b) Determination of the ionization potential of the indium atom
using a global simultaneous fit using Expressions 6 and 7 to 8, values of the 5s2nf 2Fs 2, 2Py /.32 55*np, 2P} 2302
552np and 2P, /2,3/2 5s2 np of this work, along with literature (‘lit’) values for the 2p, /2,3/2 552 np series® and *S;
5s%ns® series. The red markers indicate series 8, values after the global fitting (IP = 46,670.107(4) cm™!). The TP
value determined from the fit to each series independently are shown in their corresponding subplots. The black
lines indicate series 8, values determined by Expression 7 from lowest-lying states® (1 = 4-10 for nf, n = 5-10 for
np and n = 6-10 for ns). Figure created using Refs.*+*.

Series ‘ IP (cm™) ‘ 8o ‘ ag ‘ a ‘ a; ‘ as
Theory

DHF 41,507.11

RCCSD 46,762.85

+Breit 46,725.95

+QED 46,763.57

Literature

np 2P12,3/2, Ref® 46,670.106(6)

ns 2812, Ref.® 46,670.107(10)

nf2Fs 5,72, Ref.¥, 7< n <10 46,670.110(50)

This work

nf2F5/2 46,670.106(8) | 0.04 |0.041 |-0.153 |0.714 | -2.296
nf2F5/2,7/2 46,670.106(14) | 0.04 |0.041 |-0.153 |0.714 | —2.296
np 2P3/2 46,670.106(19) |3.22 |3.196 |0.382 0.125 | 3.1454
np 2P1/2 46,670.106(18) | 3.25 |3.223 |0.380 0.112 | 3.1258
Global fit (This work & Literature) 46,670.107(4)

Table 6. Values for the ionization potential of the indium atom evaluated by fitting the the quantum defects
of the 5s?nf 2Fs, and 5s’np 2P32,1 /2 Rydberg series, fitting to the series separately and simultaneously (‘sim.
fit’). The determined ag,) 2,3 and 8y parameters for Expression 7 are presented. Quoted IP uncertainties include
statistical and systematic uncertainties propagated as described in the text. Bold text indicate the final reported
experimental and theoretical values.
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where ag,) 5,3 and &y are parameters fitted to measurements of energies of lower-lying states for each series from
literature”>%”#8, This gave the behaviour of the §, values for increasing n. The ag,1 2,3 and 8y values obtained for
these series are given in Table 6. The value for the IP can be determined by using it as a free parameter to fit the
8, values to this expression. The importance of measuring Rydberg states over a wide range of n, not just for
high-lying # states, for fitting the IP with the §, values is clearly seen in Fig. 5 b, as the uncertainty in §, scales as
n* 3. Furthermore, deviations in the experimental 8, from that expected by Expression 7 can be used to identify
deficiencies in the energy level measurements being used to determine the IP, due to a susceptibility to stray
electric fields (in principle avoided by separation of the field ionization from the laser excitation step in a col-
linear setup) or perturbing configurations lying above the IP*. Large perturbations were found in the 5s>nd 2D
series from the 2D term of the 5s5p? configuration®®. No statistically significant deviation outside of the values of
Expression 7 was observed within the accuracy of the 5s?nf2Fs 5, 5s2nf 2Fs 3 72, 5s*np 2Py 2, 5s*np 2P3 5 series
measurements performed in this work.

The §,, values were fitted to Expression 7 for each Rydberg series to obtain the value for the IP independently
for each. The resulting IP values are presented in Table 6 and in the sub plots of Fig. 5b. The IP values extracted
from the series measurements and from literature are in good agreement. The §, obtained from the 5s2np 2P, /2,32
and 5s2ns 28; /; series taken from literature®®®* are also shown in Fig. 5b and the resulting IP values in Table 6.

As the value of the IP is a common parameter for all of the series, a global simultaneous fit with the IP as
a free parameter was performed using the 8, values from the series measurements in this work in addition to
individual §, values from literature. The shared and therefore correlated systematic uncertainties in the §, values
were taken into account by using the covariance matrix of errors to weight the least squared fitting, performed
using the Levenberg-Marquardt method®®®! as implemented in Refs.”>%. This yielded a combined value for the
IP of 46, 670.107(4) cm ™!, an improvement over the previous highest precision literature value for the IP of
46,670.106(6) cm ™}, derived from the 552 np 2P, /2,3/2 series in Ref.%’. In addition, our analysis took into account
the correlated systematic uncertainty of 0.019 cm~!in the 5s?np 2P, /2 and 5s%np 2P3 /2 energy levels of Ref.*°.
The levels used to determine the value of the IP in literature, in this work and in our global fit are indicated
respectively by grey, coloured markers and red markers in Fig. 7. The difference of 0.2% of the theoretical IP
from the experimental value is well within that expected under the RCSSD approximation®, in contrast to differ-
ence by a factor of 5 observed in the Ap¢ constants. This further highlights the difference in electron correlation
trends for the calculation of hyperfine structure constants, in contrast to energies, for the same RCSSD level of
approximation.

An improved field-ionization setup

Systematics of the field-ionization setup. In order to explore possible improvements for future spec-
troscopy studies, using the type of grid field-ionization arrangement presented in this work, a systematic study
of the setup was performed. The energy spread of the ions created by field-ionization in the setup was found to
be an important consideration. The spread in the position where the Rydberg atoms are ionized is determined
by the ionization probability for the Rydberg atom in the electric field gradient created by the electric potential.
Therefore the ionization probability in a given electric field gradient ultimately determines the spread in electric
potential the ions are produced and the energy spread of the ion beam as it exits the ‘field-ionization region.
The situation of the Rydberg atom bunch encountering a step increase in electric field as they travel into ‘field-
ionization region’ is equivalent to the application of a pulsed electric field to the Rydberg atoms at rest, which has
been studied more extensively®>~*’. In the adiabatic limit where the classical electron motion is fast compared to
the electric field pulse, the field necessary to reach saturation of ionization for the ensemble of Rydberg atoms (to
ionize all Rydberg states above a given n within the pulse duration) is calculated” to be E, — IP = —5.97F/2V/
cm, corresponding to a field gradient of

108
Feyt = 3.38 x — V/cm, (8)
n*4
using the parameters for an indium Rydberg atom. This is similar to the commonly used estimate for the critical
field ionization strength in the case of a static electric field*”*® of Fi; ~ 3 x 103 /n** V/cm. The classical Kepler
period®” of

2
mea
€70 %3 , 9)

X =21
K h

for an electron in the 5s270f 2Fs5 /2 state is Tg=52 ps, where ag is the Bohr radius and 1, the electron mass. This can
be used to estimate the cutoff for the adiabatic limit. The distance within which Rydberg atoms can be assumed
to be ionized applying the electric field gradients according to Expression 8, is then given by ;s = tx v, for an
atom beam of velocity vg. In the case of atomic !'°In at Tg = 25 keV this corresponds to 10.65 pum. This results in a
minimum energy spread of AE = 8 eV for the electric gradient of F=7.5kV cm ! used in this work (AE = I F).
The corresponding time-of-flight broadening for this minimum energy spread is well below the 2 u s FWHM ion
bunch width from the ablation ion source and was not resolvable in this work. In order to go below this intrinsic
energy spread, higher electric field gradients would be required to ensure ionization in a short distance, although
scaling as F o« n*~2 appears in the sub-ps regime”’.
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Figure 6. (a) The count rate on resonance for a typical non-resonant photoionization last step versus the field-
ionization scheme corresponding to their total ionization efficiencies, (b) fitting the saturation curve® of the
5525d 2D, — 55226 2F5 2,72 transition, giving a saturation fluence of 293(140) 11J/cm? and (c) background
rates with and without electrostatic deflectors to estimate background in the ‘interaction’ and ‘post-ionization’
region. Figure created using Refs.*%.

Figure 6a shows the detected ion-count rate of a measurement performed using the 5s25p 2P, — 5s25d 2Ds 5
(325.6 nm) first step followed by non-resonant ionization using 532-nm light produced by a Litron TRLi HR
120-200 Nd:YAG laser. This was recorded in order to make a comparison with the total ionization efficiency
of the field-ionization setup, using the same first step followed by the 5s25d 2D; /2> 55%26f 2F; /2,72 transition
and field ionization. The measurements were performed less than a minute apart following optimization of the
overlap of the 735-nm, 532-nm and 325-nm light with the neutral atoms, aligned using two irises before and after
the interaction region of the beamline (as indicated in Fig. 1). The laser pulses were overlapped in time using a
photodiode at the laser exit window of the beamline. A maximum output pulse fluence of 55 m]/ cm? was used
for the 532-nm step, with no discernible decrease in count rate observed down to 44 mJ/cm?. Meanwhile the
5525d2Ds3 /5 — 55 26f Fs/2,7/2 transition appeared not to be saturated as indicated in Fig. 6b, with a maximum
of 250(20) wJ/cm? available and the estimated saturation fluence of 293(140) uJ/cm?. A scatter of around 10%
in beam intensity was due to shot-to-shot variations intrinsic to the ablation ion source setup used®"'”. While
this makes an exhaustive study difficult, this underlines two issues under these typical measurement conditions:
(i) It was more difficult in practice to ensure the same level of efficiency with a non-resonant laser ionization
scheme than a saturated field-ionization setup. This could be due to the non-linear nature of non-resonant
photoabsorption into the continuum'® or reduced efficiency of collecting and detecting ions from a larger
volume or re-neutralisation of the ions (at pressures of around 1 x 10—9 mbar this can still give an appreciable
contrlbutlon”) (ii) A lar 2ger laser fluence is required in order to saturate transitions to high n Rydberg states such
as the 5s25d 2D5 /2 — 55°26f 2R, /2,7/2 transition, as the transition strength decreases with n'°2. An appropriate
n Rydberg state has to be chosen to ensure saturation of the transition in addition to a electric field gradient to
ensure ionization according to Expression 8. This is an additional validation of the fact that the technique lends
itself well to use on bunched atomic beams, where high laser fluence pulsed lasers can be used.

In order to study the factor of reduction in collisional background using the field-ionization setup shown in
Fig. 3, measurements were performed at pressures raised by a factor of 10 compared to the nominal operating
level, increasing the signal for the collisional background rate. The pressure in the ‘interaction’ region of length
I; =120 cm was raised to 5 x 1072 mbar (p; = 1.2 x 104 m?), and the ‘post-ionization’ region of length I, =
30 cm was raised to 5 x 10™8mbar(py = 1.2 x 10> m™3).

For a measured neutral beam current of Iz = 6.0(1) x 10° atoms/s, and a collisional ion beam current, I,
the cross section for collisional ionization can be defined as

Ic 5

= 5ol (10)
As both regions will have the same value of o, measurements of the collisional ion currents can be used as a
consistency check for the reduction in ionization volume using the known atom path lengths, [, and residual gas
densities, p. The remaining background ion current from applying +2 kV electrostatic deflectors in the ‘field-
ionization’ region gave the collisional ion current for the ‘post-ionization” region, while applying the ground
potential gave the background ion current from both ‘interaction’ plus ‘post-ionization’ regions. The measured
ion currents were I = 35(5) ions/s and Il1+ 2= 55(5) ions/s, respectively, as shown in Fig. 6¢. From these measure-
ments the collisional ionization cross sectlons for the indium atom incident upon residual gas atoms at 25 keV
were determined to be o7 = 2.3(8) x 107'® cm?and 05 = 1.62(23) x 1076 cm? for the ‘interaction’ and ‘post-
ionization’ regions, respectively. The larger error of o; results from taking the difference between I % and IC1+ 2to
determine I }. The cross sections are in agreement and are of the expected order of magnitude at a beam energy
of 25 keV'%. This demonstrates a consistency for a factor of five in length (and volume assuming a homogeneous
beam diameter) reduction (from 150 cm to 30 cm, as indicated in Fig. 1) for the source of collisional background
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Figure 7. (a) A schematic of the improved electrode arrangement simulated from this work (b) The electric
potential of an optimised field-ionization setup, and (c) the accompanying electric field gradient, simulated
using voltages compatible with a 25 keV beam. Figure created using Refs.**456,

ions. In addition this shows that the largest source of remaining atom-beam related background is due to ions cre-
ated by collisional ionization with residual gases in the ‘post-ionization’ region, which are not able to be removed
by the electrostatic deflectors in the ‘field-ionization’ region. The background suppression of the design in this
work is therefore limited by the length of the ‘post-ionization region’ and the vacuum pressure in that region.

The simulated electric field gradient of Fig. 3¢ highlights an additional consideration when using parallel wires
for field ionization. The approximation of a planar electric potential breaks down as the wires are approached
and inhomogenities in the penetrating field create a large spike in the experienced electric field gradient. This
property is in fact useful for defining the point of ionization and reducing the ion energy spread, however the
potential geometry of Fig. 3b creates three positions where the electric field gradient is greatest and approximately
equal in magnitude. It is therefore crucial for the critical field for ionization saturation to be applied to avoid
ionization across more than one position which would result in a maximum energy spread of the magnitude of
the potential applied.

Energy selective electrode design. Although the design used in this work effectively removes back-
ground from collisional ions created in the ‘interaction’ region before the ‘field-ionization’ region, the remaining
background from ions created in the ‘post-ionization region’ can still be substantial. With this consideration,
an improved design has been developed to detect only those ions created inside the small volume of the field-
ionization grids, allowing a 1:1 correspondence between the factor of 300 or greater reduction in ionization
volume and background suppression. The improved design is shown in Fig. 7. The principle of the design is to
create an energy shift for the ions created in the ‘field-ionization’ region. This introduces energy selectivity for
the Rydberg states ionized in the ‘field-ionization’ region, distinguishing them from other background sources
of ions which will remain at the initial beam energy. Compared to the design used for the measurements in this
work, this removes the demand for a short ‘post-ionization region’ with the best possible vacuum conditions.

In this improved design, the opposite polarity deflector plates (Fig. 3a,b) are replaced by segmented flat
electrodes® of the same polarity, but with a potential difference of around 500 V between them to provide the
equivalent electrostatic deflection of background ions created before the field-ionization grids (Fig. 8a,b). These
electrodes are labelled as “segmented electrostatic deflectors” in Fig. 7a. Electrostatic lenses are also included
following the field-ionization grids, labelled as “acceleration lenses” in Fig. 7a. These additional ion optic ele-
ments were designed with simple planar geometries to be compatible with fabrication using metal traces on
printed circuit boards'*.

This design allows the outer grids to be held at a higher and adjustable electric potential without compromis-
ing the advantages of the previous field-ionization arrangement. The segmented electrodes allow the Rydberg
atoms to enter a high potential without an abrupt increase in electric field gradient causing ionization. The
removal of the opposite polarity deflector plates allows the potential of the first grid to be raised without intro-
ducing a large asymmetry in the electric potential or a large electric field gradient transverse to the atom beam
axis. In addition, this creates a well defined electric field gradient without the need for outer grounding grids. The
principle of this arrangement is to reduce the electric field gradient between the first and second grids, moving
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the step to high electric field gradient to the middle grid instead. The step can be made greater by applying an
opposite polarity potential to the last grid, as shown in Fig. 7. This localizes the field-ionization region to a raised
potential, resulting in an increase in beam energy of Rydberg states which are ionized in this potential. The
‘acceleration lenses’ following the field-ionization grids, are then used for extraction from the raised potential.
The resulting ion trajectories from this ionization arrangement are shown in Fig. 8a, where the increase in
beam energy of ions created inside the field-ionization region is indicated. The ions with the beam energy of
interest can be selectively detected following electrostatic deflection, because the deflection introduces an angular
separation of ions with different energies, as seen in Fig. 8a. Using slits (or a position sensitive detector) to select
ions of a given beam energy, allows the ions created by field ionization to be distinguished from any other back-
ground source of ions created in the ‘interaction’ or ‘post-ionization’ regions. This not only includes collisional
ions, but ions created by field ionization of collisionally excited or re-neutralised atoms in the field of the 20°
bend to the ion detector, photoionization or molecular breakup, as all of these sources of background ions will
remain at the lower beam energy. Alternatively the beam energy could be measured directly'®, or the differ-
ence in detected time of flight of the ions could be used as a gate if the bunch width was sufficiently narrow. For
example, the time of flight separation introduced in the ‘post-ionization’ region for the ions travelling at 25 keV
is around 15 ns (Fig. 8b), so a bunch window narrower than this would be needed. The incident temporal atom
bunch width of 2 us (FWHM) in this work would prevent this. The beam energy difference for ions created by
field ionization could be enhanced by using lower incident beam energies or higher potential for the ionization
apparatus, however the design of the ion optics then becomes more critical to avoid ion transmission loses.
The improved field-ionization design outlined here therefore offers improved background suppression over
the design used for measurements in this work, by providing selectivity of ions created by field ionization inde-
pendent of the length and vacuum quality of the ‘post-ionization’ region. In general, the background suppression
factor for the improved field-ionization design compared to non-resonant laser ionization can be expressed as

Spo = -k (1

where L is the path length of the ‘interaction’ plus ’post-ionization’” regions, ljy, is the path length in which
ionization can take place inside the ‘field-ionization’ region, and P /P; is the ratio vacuum pressure in the two
regions. This is under the approximation of a homogeneous gas composition in the regions and a uniform
atomic beam diameter. The energy selectivity offers the prospect of a reduction in ionization volume by a factor
of1.6 x 10°, down from a region of length L = 150 cm to the [;,, = 10.65 jum for the adiabatic cut-off assumed
in the field-ionization model of Expression 8, where l;5, = lsar = T vp. However the electrostatic bend used in
the CRIS experimental setup, combined with adjustable slits to select an ion path incident on the detector has an
energy resolution of around o = 1.5 keV, which can only guarantee a selectivity of the ionization volume down
to lipn = Flog. For the value of F = 7.5kV cm ™! used in this work, this corresponds to a volume reduction by
a factor of 1.25 x 10°. Below this limit, direct beam energy measurement, or ion time-of-flight measurement
using ion bunches narrower than 15 ns would be necessary to determine the actual energy spread and confirm
the precise background suppression factor.

When combined with extreme-high vacuum technologies'® to improve the vacuum quality in the field-
ionization region (increase the Py /P, ratio), this technique has the potential to reduce the dominating collisional
background ion contribution to a vanishingly low level when compared to other sources of background, such as
non-resonant ionization from the lower pulse energy resonant step laser light, the dark count rate of the detector
(~0.08 cps for an ETP DM291 MagneTOF), or residual radioactivity in the setup.
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Conclusion

The use of ion cooling and bunching has allowed highly sensitive measurements of exotic atoms and molecules
containing short-lived isotopes to date'?, by concentrating measurements on ion bunches into a narrow time
window, in order to improve background suppression and additionally allowing a high duty cycle for high-
resolution and high-detection efficiency pulsed laser ionization spectroscopy?**>*.

In this work we have implemented field ionization with the Collinear Resonance Ionization Spectroscopy
(CRIS) technique, to further increase the selectivity (and thus sensitivity) of high-resolution measurements
of hyperfine spectra of isotopes in atom bunches. This allows the ionization to take place in a narrow spatial
window in addition to the narrow time window, substantially reducing background due to collisional ions cre-
ated alongside the atoms of interest in larger ionization volumes. Here we have demonstrated a factor of five in
ionization volume reduction and corresponding background suppression, when accounting for vacuum pressure.
In principle this will allow measurements of exotic isotopes with yields down to 4 atoms per second at the CRIS
experiment. However, a further factor of >400 improvement in background suppression of collisional ioniza-
tion shown to be possible with an improved design, which also makes background suppression independent of
distance from field ionization to ion detection by incorporating an increase in beam energy of the field-ionized
Rydberg atoms. Furthermore, as a non-resonant pulsed laser step is no longer necessary to ionize the atom
bunches, this removes a significant source of photo-ionization background, in addition to removing a source of
AC Stark shifts in measurements from short-lived metastable states™.

By using bunched atomic beams the technique is well suited to the use of narrow-band pulsed lasers, tak-
ing advantage of the high spectral density to saturate transitions to high-lying Rydberg states required for field
ionization. The 5s?np 2P and 5s?af 2F Rydberg series states in the indium atom up to #n = 72 were studied and
used to evaluate the ionization potential of the indium atom to be 46, 670.107(4) cm~ L in agreement with, and
improving upon the precision of previous measurements. Furthermore, the technique allows high resolution
measurements of the hyperfine structure constants and isotope shifts of individual atomic states directly.

The nuclear magnetic dipole, nuclear electric quadrupole hyperfine structure parameters and isotope shifts of
the 1'3In and !!°In isotopes, for the 5s25d 2Ds, and 5525d 2D3; states were measured. The experimental results
were compared to DHE, RCCSD and AR-RCCSD calculations, where a good level of agreement was found with
experimental isotope shifts and the ionization potential of the indium atom. While the RCCSD calculations
showed an improvement over DHF calculations for the Ap¢ constants, the magnitudes were underestimated,
indicating that electron correlations play a crucial role in these 5s25d2Ds /2 and 5s25d2D3 /2 states, demanding
further theoretical study.

Improvements in highly sensitive detection techniques compatible with precise laser spectroscopy are required
to measure the nuclear structure of the most exotic nuclei produced at radioactive beam facilities, important for
developing nuclear theories®®*$40:197-110 1n addition, it has many potential applications, such as the separation
of nuclear waste’, enrichment of nuclear fuel', collection of nuclear isomers’, “ultra’-trace analysis’, research
of nuclear-spin-dependent effects®!” and highly-purified nuclear decay spectroscopy®.

Received: 8§ May 2020; Accepted: 19 June 2020
Published online: 23 July 2020

References
1. Garcia Ruiz, R. E. et al. Spectroscopy of short-lived radioactive molecules. Nature 581, 396-400. https://doi.org/10.1038/s4158
6-020-2299-4 (2020).
2. Baumann, T. et al. Discovery of 40Mg and 42Al suggests neutron drip-line slant towards heavier isotopes. Nature 449, 1022-1024.
https://doi.org/10.1038/nature06213 (2007).
3. de Groote, R. P. et al. Measurement and microscopic description of odd-even staggering of charge radii of exotic copper isotopes.
Nat. Phys.https://doi.org/10.1038/s41567-020-0868-y (2020).
4. Wienholtz, F et al. Masses of exotic calcium isotopes pin down nuclear forces. Nature 498, 346-349. https://doi.org/10.1038/
nature12226 (2013).
5. Fujiwara, T., Kobayashi, T. & Midorikawa, K. Selective resonance photoionization of odd mass zirconium isotopes towards
efficient separation of radioactive waste. Sci. Rep.https://doi.org/10.1038/541598-018-38423-4 (2019).
6. Lynch, K. M. et al. Decay-assisted laser spectroscopy of neutron-deficient francium. Phys. Rev. X 4, 1-15. https://doi.org/10.1103/
PhysRevX.4.011055 (2014) arXiv:1402.4266.
7. Lu, Z. T. & Wendt, K. D. Laser-based methods for ultrasensitive trace-isotope analyses. Rev. Sci. Instrum.https://doi.
0rg/10.1063/1.1535232 (2003).
8. Swift, M. W,, Van De Walle, C. G. & Fisher, M. P. Posner molecules: From atomic structure to nuclear spins. Physical Chemistry
Chemical Physics 20, 12373-12380. https://doi.org/10.1039/c7cp07720c (2018) arXiv:1711.05899.
9. Walker, P. & Dracoulis, G. Energy traps in atomic nuclei. Nature 399, 35-40 (1999).
10. Kane, B. E. A silicon-based nuclear spin quantum computer. Nature 393, 133-137. https://doi.org/10.1038/30156 (1998).
11. Paisner, J. A. Atomic vapor laser isotope separation. Appl. Phys. B Photophys. Laser Chem. 46, 253-260. https://doi.org/10.1007/
BF00692883 (1988).
12. Miller, A.J. et al. Proton superfluidity and charge radii in proton-rich calcium isotopes. Nat. Phys.https://doi.org/10.1038/s4156
7-019-0416-9 (2019).
13. Garcia Ruiz, R. E. et al. Unexpectedly large charge radii of neutron-rich calcium isotopes. Nat. Phys. 12, 594-598, https://doi.
org/10.1038/nphys3645 (2016). arXiv:arXiv:1602.07906v1.
14. Wing, W. H,, Ruff, G. A., Lamb, W. E. & Spezeski, J. ]. Observation of the infrared spectrum of the hydrogen molecular ion H
D +. Phys. Rev. Lett. 36, 1488-1491. https://doi.org/10.1103/PhysRevLett.36.1488 (1976).
15. Kaufman, S. High-resolution laser spectroscopy in fast beams. Opt. Commun. 17, 309-312. https://doi.org/10.1016/0030-
4018(76)90267-4 (1976).
16. Campbell, P,, Moore, I. D. & Pearson, M. R. Laser spectroscopy for nuclear structure physics. Prog. Part. Nucl. Phys. 86, 127-180,
https://doi.org/10.1016/j.ppnp.2015.09.003 (2016). arXiv:arXiv:1011.1669v3.
17. Neugart, R. et al. Collinear laser spectroscopy at ISOLDE: new methods and highlights. J. Phys. G Nucl. Part. Phys. 44, 064002.
https://doi.org/10.1088/1361-6471/aa6642 (2017).

SCIENTIFIC REPORTS |

(2020) 10:12306 | https://doi.org/10.1038/s41598-020-68218-5


https://doi.org/10.1038/s41586-020-2299-4
https://doi.org/10.1038/s41586-020-2299-4
https://doi.org/10.1038/nature06213
https://doi.org/10.1038/s41567-020-0868-y
https://doi.org/10.1038/nature12226
https://doi.org/10.1038/nature12226
https://doi.org/10.1038/s41598-018-38423-4
https://doi.org/10.1103/PhysRevX.4.011055
https://doi.org/10.1103/PhysRevX.4.011055
http://arxiv.org/abs/1402.4266
https://doi.org/10.1063/1.1535232
https://doi.org/10.1063/1.1535232
https://doi.org/10.1039/c7cp07720c
http://arxiv.org/abs/1711.05899
https://doi.org/10.1038/30156
https://doi.org/10.1007/BF00692883
https://doi.org/10.1007/BF00692883
https://doi.org/10.1038/s41567-019-0416-9
https://doi.org/10.1038/s41567-019-0416-9
https://doi.org/10.1038/nphys3645
https://doi.org/10.1038/nphys3645
http://arxiv.org/abs/arXiv:1602.07906v1
https://doi.org/10.1103/PhysRevLett.36.1488
https://doi.org/10.1016/0030-4018(76)90267-4
https://doi.org/10.1016/0030-4018(76)90267-4
https://doi.org/10.1016/j.ppnp.2015.09.003
http://arxiv.org/abs/arXiv:1011.1669v3
https://doi.org/10.1088/1361-6471/aa6642

www.nature.com/scientificreports/

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.
57.

Voss, A. et al. The Collinear Fast Beam laser Spectroscopy (CFBS) experiment at Triumf. Nucl. Instrum. Methods Phys. Res. Sect.
A Accel. Spectrom. Detectors Assoc. Equip. 811, 57-69. https://doi.org/10.1016/j.nima.2015.11.145 (2016).

Minamisono, K. et al. Commissioning of the collinear laser spectroscopy system in the BECOLA facility at NSCL. Nucl. Instrum.
Methods Phys. Res. Sect. A Accel. Spectrom. Detectors Assoc. Equip. 709, 85-94. https://doi.org/10.1016/j.nima.2013.01.038 (2013).
Flanagan, K. T. et al. Collinear resonance ionization spectroscopy of neutron-deficient francium isotopes. Phys. Rev. Lett. 111,
212501. https://doi.org/10.1103/PhysRevLett.111.212501 (2013).

Kudriavtsev, Y. A. & Letokhov, V. S. Laser method of highly selective detection of rare radioactive isotopes through multistep
photoionization of accelerated atoms. Appl. Phys. B Photophys. Laser Chem. 29, 219-221. https://doi.org/10.1007/BF00688671
(1982).

Catherall, R. et al. The ISOLDE facility. J. Phys. G Nucl. Part. Phys. 44, 094002. https://doi.org/10.1088/1361-6471/aa7eba (2017).
Ricketts, C. M. et al. A compact linear Paul trap cooler buncher for CRIS. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact.
Mater. Atomshttps://doi.org/10.1016/].NIMB.2019.04.054 (2019).

Mané, E. et al. An ion cooler-buncher for high-sensitivity collinear laser spectroscopy at ISOLDE. Eur. Phys. J. A 42, 503-507.
https://doi.org/10.1140/epja/i2009-10828-0 (2009).

De Groote, R. et al. Dipole and quadrupole moments of Cu 73-78 as a test of the robustness of the Z=28 shell closure near Ni
78. Phys. Rev. C 96, 1-6. https://doi.org/10.1103/PhysRevC.96.041302 (2017).

Aseyev, S. A, Kudryavtsev, Y. A., Laryushin, D. V., Letokhov, V. S. & Petrunin, V. V. New field ionizer for fast Rydberg atoms.
AIP Conf. Proc. 329, 157-160. https://doi.org/10.1063/1.47602 (1995).

Dinger, U. et al. Collinear two-photon excitation of indium rydberg states in a fast atomic beam. Zeitschrift fur Physik D Atoms
Mol. Clust. 1, 137-138. https://doi.org/10.1007/BF01384668 (1986).

Aseyev, S. A., Kudryavtsev, Y. A. & Petrunin, V. V. Ionization of fast rydberg atoms in longitudinal and transverse electric fields.
Appl. Phys. B 56, 391-398. https://doi.org/10.1007/BF00324538 (1993).

Vernon, A. et al. Simulation of the relative atomic populations of elements 1 < Z < 89 following charge exchange tested with
collinear resonance ionization spectroscopy of indium. Spectrochimica Acta Part B Atomic Spectrosc. 153, 61-83. https://doi.
0rg/10.1016/].SAB.2019.02.001 (2019).

Aseyev, S. A, Kudryavtsev, Y. A., Letokhov, V. S. & Petrunin, V. V. Detailed study of collisional background in collinear laser
photoionization of fast atoms. AIP Conf. Proc. 329, 339-342. https://doi.org/10.1063/1.47578 (1995).

Garcia Ruiz, R. F et al. High-precision multiphoton ionization of accelerated laser-ablated species. Phys. Rev. X 8,041005. https
://doi.org/10.1103/PhysRevX.8.041005 (2018).

Kopfermann, H. Nuclear Moments (Academic Press, New York, 1958).

Niemax, K. & Pendrill, L. R. Isotope shifts of individual nS and nD levels of atomic potassium. J. Phys. B Atomic Mol. Phys. 13,
L461-1465. https://doi.org/10.1088/0022-3700/13/15/001 (1980).

Sahoo, B. & Das, B. Relativistic normal coupled-cluster theory for accurate determination of electric dipole moments of atoms:
first application to the hg 199 atom. Phys. Rev. Lett. 120, 203001. https://doi.org/10.1103/PhysRevLett.120.203001 (2018).
Sahoo, B. K. et al. Analytic response relativistic coupled-cluster theory: the first application to indium isotope shifts. New J. Phys.
22, 012001. https://doi.org/10.1088/1367-2630/ab66dd (2020).

Berengut, J. C. et al. Probing new long-range interactions by isotope shift spectroscopy. Phys. Rev. Lett. 120, 091801. https://doi.
org/10.1103/PhysRevLett.120.091801 (2018).

Flambaum, V. V,, Geddes, A. ]. & Viatkina, A. V. Isotope shift, nonlinearity of King plots, and the search for new particles. Phys.
Rev. A 97, 032510. https://doi.org/10.1103/PhysRevA.97.032510 (2018).

Reinhard, P. G., Nazarewicz, W. & Garcia Ruiz, R. F. Beyond the charge radius: the information content of the fourth radial
moment. arXiv preprint (2019). arXiv:1911.00699.

Allehabi, S. O., Dzuba, V. A, Flambaum, V. V,, Afanasjev, A. V. & Agbemava, S. E. Using isotope shift for testing nuclear theory:
the case of nobelium isotopes. arXiv preprint (2020). arXiv:2001.09422.

Flambaum, V. V. & Dzuba, V. A. Sensitivity of the isotope shift to the distribution of nuclear charge density. Phys. Rev. A 100,
https://doi.org/10.1103/PhysRevA.100.032511 (2019). arXiv:1907.07435.

Sahoo, B. K. Appraising nuclear-octupole-moment contributions to the hyperfine structures in Fr 211. Phys. Rev. A Atomic Mol.
Opt. Phys. 92, 052506, https://doi.org/10.1103/PhysRevA.92.052506 (2015). arXiv:1507.01403.

Vernon, A. R. et al. Optimising the Collinear Resonance Ionisation Spectroscopy (CRIS) experiment at CERN-ISOLDE. Nucl.
Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atomshttps://doi.org/10.1016/].NIMB.2019.04.049 (2019).
Koszorts, A. et al. Resonance ionization schemes for high resolution and high efficiency studies of exotic nuclei at the CRIS
experiment. Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. Atomshttps://doi.org/10.1016/j.nimb.2019.04.043
(2019).

Harrington, B. et al. Inkscape (version 1.0) www.inkscape.org (2020).

Hunter, J. D. Matplotlib: A 2D graphics environment. Comput. Sci. Eng. 9, 90-95. https://doi.org/10.1109/MCSE.2007.55 (2007).
Rothe, S. et al. Laser ion beam production at CERN-ISOLDE: new features—more possibilities. Nucl. Instrum. Methods Phys.
Res. Sect. B Beam Interact. Mater. Atoms 376, 91-96. https://doi.org/10.1016/j.nimb.2016.02.024 (2016).

Civis, S. et al. Laser ablation of an indium target: time-resolved Fourier-transform infrared spectra of in i in the 700-7700 cm-1
range. J. Anal. Atomic Spectrom. 29, 2275-2283. https://doi.org/10.1039/c4ja00123k (2014).

Zadvornaya, A. et al. Characterization of supersonic gas jets for high-resolution laser ionization spectroscopy of heavy elements.
Phys. Rev. X 8,041008. https://doi.org/10.1103/PhysRevX.8.041008 (2018).

Wendt, K., Trautmann, N. & Bushaw, B. A. Resonant laser ionization mass spectrometry: An alternative to AMS?. Nucl. Instrum.
Methods Phys. Res. Sect. B Beam Interact. Mater. Atoms 172, 162-169. https://doi.org/10.1016/S0168-583X(00)00127-0 (2000).
Houk, R. S. & Thompson, J. J. Inductively coupled plasma mass spectrometry. Mass Spectrom. Rev. 7, 425-461. https://doi.
org/10.1002/mas.1280070404 (1988).

Heumann, K. G. et al. Recent developments in thermal ionization mass spectrometric techniques for isotope analysisRecent
developments in thermal ionization mass spectrometric techniques for isotope analysis. Analysthttps://doi.org/10.1039/AN995
2001291 (1995).

Jonsson, G., Lundberg, H. & Svanberg, S. Lifetime measurements in the S1/2 and D3/2, 5/2 sequences of indium. Phys. Rev. A
27,2930-2935. https://doi.org/10.1103/PhysRevA.27.2930 (1983).

Kessler, T., Tomita, H., Mattolat, C., Raeder, S. & Wendt, K. An injection-seeded high-repetition rate Ti: Sapphire laser for high-
resolution spectroscopy and trace analysis of rare isotopes. Laser Phys. 18, 842-849. https://doi.org/10.1134/S1054660X080700
74 (2008).

Sonnenschein, V. et al. Characterization of a pulsed injection-locked Ti:sapphire laser and its application to high resolution
resonance ionization spectroscopy of copper. Laser Phys. 27, 085701. https://doi.org/10.1088/1555-6611/aa7834 (2017).
Koszorts, et al. Precision measurements of the charge radii of potassium isotopes. Phys. Rev. Chttps://doi.org/10.1103/PhysR
evC.100.034304 (2019).

COMSOL AB, Stockholm, Sweden. COMSOL Multiphysics (version 5.4) www.comsol.com (2019).

Stratmann, K. et al. High-resolution field ionizer for state-selective detection of Rydberg atoms in fast-beam laser spectroscopy.
Rev. Sci. Instrum. 65, 1847-1852. https://doi.org/10.1063/1.1144833 (1994).

SCIENTIFIC REPORTS |

(2020) 10:12306 | https://doi.org/10.1038/s41598-020-68218-5


https://doi.org/10.1016/j.nima.2015.11.145
https://doi.org/10.1016/j.nima.2013.01.038
https://doi.org/10.1103/PhysRevLett.111.212501
https://doi.org/10.1007/BF00688671
https://doi.org/10.1088/1361-6471/aa7eba
https://doi.org/10.1016/J.NIMB.2019.04.054
https://doi.org/10.1140/epja/i2009-10828-0
https://doi.org/10.1103/PhysRevC.96.041302
https://doi.org/10.1063/1.47602
https://doi.org/10.1007/BF01384668
https://doi.org/10.1007/BF00324538
https://doi.org/10.1016/J.SAB.2019.02.001
https://doi.org/10.1016/J.SAB.2019.02.001
https://doi.org/10.1063/1.47578
https://doi.org/10.1103/PhysRevX.8.041005
https://doi.org/10.1103/PhysRevX.8.041005
https://doi.org/10.1088/0022-3700/13/15/001
https://doi.org/10.1103/PhysRevLett.120.203001
https://doi.org/10.1088/1367-2630/ab66dd
https://doi.org/10.1103/PhysRevLett.120.091801
https://doi.org/10.1103/PhysRevLett.120.091801
https://doi.org/10.1103/PhysRevA.97.032510
http://arxiv.org/abs/1911.00699
http://arxiv.org/abs/2001.09422
https://doi.org/10.1103/PhysRevA.100.032511
http://arxiv.org/abs/1907.07435
https://doi.org/10.1103/PhysRevA.92.052506
http://arxiv.org/abs/1507.01403
https://doi.org/10.1016/J.NIMB.2019.04.049
https://doi.org/10.1016/j.nimb.2019.04.043
http://www.inkscape.org
https://doi.org/10.1109/MCSE.2007.55
https://doi.org/10.1016/j.nimb.2016.02.024
https://doi.org/10.1039/c4ja00123k
https://doi.org/10.1103/PhysRevX.8.041008
https://doi.org/10.1016/S0168-583X(00)00127-0
https://doi.org/10.1002/mas.1280070404
https://doi.org/10.1002/mas.1280070404
https://doi.org/10.1039/AN9952001291
https://doi.org/10.1039/AN9952001291
https://doi.org/10.1103/PhysRevA.27.2930
https://doi.org/10.1134/S1054660X08070074
https://doi.org/10.1134/S1054660X08070074
https://doi.org/10.1088/1555-6611/aa7834
https://doi.org/10.1103/PhysRevC.100.034304
https://doi.org/10.1103/PhysRevC.100.034304
http://www.comsol.com
https://doi.org/10.1063/1.1144833

www.nature.com/scientificreports/

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Sahoo, B. K., Nandy, D. K., Das, B. P. & Sakemi, Y. Correlation trends in the hyperfine structures of 210, 212 Fr. Phys. Rev. A
042507, 1-9. https://doi.org/10.1103/PhysRevA.91.042507 (2015).

Yu, Y. M. & Sahoo, B. K. Investigating ground-state fine-structure properties to explore suitability of boronlike S!!*~ K!4* and
galliumlike Nb!®+~ Ru'3* ions as possible atomic clocks.Phys. Rev. A 99, 022513, https://doi.org/10.1103/PhysRevA.99.02251
3(2019).

Neijzen, J. H. & Donszelmann, A. Dye laser study of the np 2P1 2, 3 2 Rydberg series in neutral gallium and indium atoms.
Physica B+C 114, 241-250, https://doi.org/10.1016/0378-4363(82)90043-2 (1982).

A. Kramida, Y. Ralchenko, J. Reader, N. A. T., NIST Atomic Spectra Database (version 5.0). http://www.nist.gov/pml/data/asd.
cfm (2019).

Hong, F. L., Maeda, H., Matsuo, Y. & Takami, M. Inverted fine structure in highly excited 2F Rydberg states of indium. Phys.
Rev. A 51, 1994-1998. https://doi.org/10.1103/PhysRevA.51.1994 (1995).

Newville, M., Stensitzki, T., Allen, D. B. & Ingargiola, A. LMFIT: non-linear least-square minimization and curve-fitting for
python. https://doi.org/10.5281/ZENODO.11813 (2014).

Schwartz, C. Theory of hyperfine structure. Phys. Rev. 97, 380-395. https://doi.org/10.1103/PhysRev.97.380 (1955).

Olivero, J. & Longbothum, R. Empirical fits to the Voigt line width: a brief review. J. Quant. Spectrosc. Radiat. Transf. 17, 233-236.
https://doi.org/10.1016/0022-4073(77)90161-3 (1977).

Feneuille, S. & Jacquinot, P. Atomic rydberg states. Adv. Atomic Mol. Phys. 17, 99-166. https://doi.org/10.1016/S0065
-2199(08)60068-8 (1982).

Haynes, W. M. CRC Handbook of Chemistry and Physics: A Ready-Reference Book of Chemical and Physical Data 96th edn. (CRC
Press, Boulder, 2015).

Fricke, G. & Heilig, K. 49-In Indium. in Nuclear Charge Radii 1-6, https://doi.org/10.1007/10856314_51 (Springer, Berlin)
(2004).

Rice, M. & Pound, R. V. Ratio of the magnetic moments of In 115 and In 113. Phys. Rev. 106, 953-953. https://doi.org/10.1103/
PhysRev.106.953 (1957).

Stone, N. Table of recommended nuclear magnetic dipole moments (Tech. Rep, International Atomic Energy Agency, Vienna,
Austria, 2020).

Flynn, C. P. & Seymour, E. E. W. Knight shift of the nuclear magnetic resonance in liquid indium. Proc. Phys. Soc. 76, 301-303.
https://doi.org/10.1088/0370-1328/76/2/415 (1960).

Kumar, P, Li, C.-B. & Sahoo, B. K. Diverse trends of electron correlation effects for properties with different radial and angular
factors in an atomic system: a case study in Ca+. J. Phys. B Atomic Mol. Opt. Phys. 51, 55101. https://doi.org/10.1088/1361-6455/
aaaal2 (2018).

Sahoo, B. K. et al. Enhanced role of electron correlation in the hyperfine interactions in D5/2 states in alkaline-earth-metal ions.
Phys. Rev. A 75, 042504. https://doi.org/10.1103/PhysRevA.75.042504 (2007).

Sahoo, B. K. & Das, B. P. Relativistic coupled-cluster analysis of parity nonconserving amplitudes and related properties of the
6s2S1/2-5d2D3/2; 5/2 transitions in 133Cs. Mol. Phys. 115, 2765-2774. https://doi.org/10.1080/00268976.2017.1317859 (2017).
Wang, M. et al. The AME2016 atomic mass evaluation (II). Tables, graphs and references. Chin. Phys. C 41, 30003. https://doi.
org/10.1088/1674-1137/41/3/030003 (2017).

George, S., Verges, J. & Guppy, G. Newly observed lines and hyperfine structure in the infrared spectrum of indium obtained
by using a Fourier-transform spectrometer. J. Opt. Soc. Am. B 7, 249. https://doi.org/10.1364/josab.7.000249 (1990).

Joint Committee for Guides in Metrology. Evaluation of measurement data-Guide to the expression of uncertainty in measurement
(Tech. Rep, Bureau International des Poids et Mesures, 2008).

Lebigot, E. O., Uncertainties: a Python package for calculations with uncertainties (version 3.1.4). http://pythonhosted.org/
uncertainties/ (2020).

Neijzen, J. H. & Donszelmann, A. A study of the np 2P1 2, 3 2 Rydberg series in neutral indium by means of two-photon laser
spectroscopy. Physica B+C 111, 127-133, https://doi.org/10.1016/0378-4363(81)90171-6 (1981).

Rothe, S. et al. Measurement of the first ionization potential of astatine by laser ionization spectroscopy. Nat. Commun.https://
doi.org/10.1038/ncomms2819 (2013).

Foot, C. Atomic Physics Vol. 25 (Oxford University Press, Oxford, 2004).

Drake, G. W. Quantum defect theory and analysis of high-precision helium term energies. Adv. Atomic Mol. Opt. Phys. 32,
93-116. https://doi.org/10.1016/S1049-250X(08)60012-9 (1994).

Mount, B. J., Redshaw, M. & Myers, E. G. Q Value of 115In to 115Sn (3/2+): The Lowest Known Energy g Decay. Phys. Rev.
Lett.https://doi.org/10.1103/PhysRevLett.103.122502 (2009).

Wieslander, J. S. et al. Smallest known Q value of any nuclear decay: the rare beta-decay of In115(9/2+)->Sn115(3/2+). Phys.
Rev. Lett. 103, 122501. https://doi.org/10.1103/PhysRevLett.103.122501 (2009).

Neijzen, J. H. & Dénszelmann, A. Configuration interaction effects in the 281/2, 2D3/2,5/2 rydberg series of neutral indium
investigated with a frequency-doubled dye laser. Physica B+C 106, 271-286, https://doi.org/10.1016/0378-4363(81)90087-5
(1981).

Martin, W. C. Series formulas for the spectrum of atomic sodium (Na I). J. Opt. Soc. Am. 70, 784. https://doi.org/10.1364/
j0sa.70.000784 (1980).

Johansson, I. & Litzen, U. Term systems of neutral gallium and indium atoms derived from new measurements in infared region.
ARKIV FOR FYSIK 34, 573 (1967).

Moore, C. E. Atomic Energy Levels as Derived from the Analyses of Optical Spectra. Atomic Energy Levels as Derived from the
Analyses of Optical Spectra (U.S. Department of Commerce, National Bureau of Standards, 1949).

Bushaw, B. A., Blaum, K. & Nortershauser, W. Determination of the 160Gd ionization energy. Phys. Rev. A Atomic Mol. Opt.
Phys. 67, 5. https://doi.org/10.1103/PhysRevA.67.022508 (2003).

Marquardt, D. W. An algorithm for least-squares estimation of nonlinear parameters. J. Soc. Ind. Appl. Math. 11, 431-441. https
://doi.org/10.1137/0111030 (1963).

Levenberg, K. A method for the solution of certain non-linear problems in least squares. Quart. Appl. Math.https://doi.
0rg/10.2307/43633451 (1944).

Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific computing in python. Nat. Methods 17, 261-272. https://doi.
0rg/10.1038/541592-019-0686-2 (2020).

More, J., Garbow, B. & Hillstrom, K. User guide for MINPACK-1. Tech. Rep., Argonne National Laboratory (ANL), Argonne,
IL (United States) (1980). https://doi.org/10.2172/6997568.

Das, M., Chaudhuri, R. K., Chattopadhyay, S. & Mahapatra, U. S. Valence universal multireference coupled cluster calcula-
tions of the properties of indium in its ground and excited states. J. Phys. B Atomic Mol. Opt. Phys. 44, 065003. https://doi.
org/10.1088/0953-4075/44/6/065003 (2011).

Robicheaux, F. Pulsed field ionization of Rydberg atoms. Phys. Rev. A Atomic Mol. Opt. Phys. 56, R3358-R3361. https://doi.
org/10.1103/PhysRevA.56.R3358 (1997).

Baranov, L. Y., Kris, R., Levine, R. D., Even, U. & Baranov, L. V. On the field ionization spectrum of high Rydberg states. J. Chem.
Phys. 100, 3495. https://doi.org/10.1063/1.466978 (1994).

SCIENTIFIC REPORTS |

(2020) 10:12306 | https://doi.org/10.1038/s41598-020-68218-5


https://doi.org/10.1103/PhysRevA.91.042507
https://doi.org/10.1103/PhysRevA.99.022513
https://doi.org/10.1103/PhysRevA.99.022513
https://doi.org/10.1016/0378-4363(82)90043-2
http://www.nist.gov/pml/data/asd.cfm
http://www.nist.gov/pml/data/asd.cfm
https://doi.org/10.1103/PhysRevA.51.1994
https://doi.org/10.5281/ZENODO.11813
https://doi.org/10.1103/PhysRev.97.380
https://doi.org/10.1016/0022-4073(77)90161-3
https://doi.org/10.1016/S0065-2199(08)60068-8
https://doi.org/10.1016/S0065-2199(08)60068-8
https://doi.org/10.1007/10856314_51
https://doi.org/10.1103/PhysRev.106.953
https://doi.org/10.1103/PhysRev.106.953
https://doi.org/10.1088/0370-1328/76/2/415
https://doi.org/10.1088/1361-6455/aaaa12
https://doi.org/10.1088/1361-6455/aaaa12
https://doi.org/10.1103/PhysRevA.75.042504
https://doi.org/10.1080/00268976.2017.1317859
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1088/1674-1137/41/3/030003
https://doi.org/10.1364/josab.7.000249
http://pythonhosted.org/uncertainties/
http://pythonhosted.org/uncertainties/
https://doi.org/10.1016/0378-4363(81)90171-6
https://doi.org/10.1038/ncomms2819
https://doi.org/10.1038/ncomms2819
https://doi.org/10.1016/S1049-250X(08)60012-9
https://doi.org/10.1103/PhysRevLett.103.122502
https://doi.org/10.1103/PhysRevLett.103.122501
https://doi.org/10.1016/0378-4363(81)90087-5
https://doi.org/10.1364/josa.70.000784
https://doi.org/10.1364/josa.70.000784
https://doi.org/10.1103/PhysRevA.67.022508
https://doi.org/10.1137/0111030
https://doi.org/10.1137/0111030
https://doi.org/10.2307/43633451
https://doi.org/10.2307/43633451
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.2172/6997568
https://doi.org/10.1088/0953-4075/44/6/065003
https://doi.org/10.1088/0953-4075/44/6/065003
https://doi.org/10.1103/PhysRevA.56.R3358
https://doi.org/10.1103/PhysRevA.56.R3358
https://doi.org/10.1063/1.466978

www.nature.com/scientificreports/

97. Jones, R. R., You, D. & Bucksbaum, P. H. Ionization of Rydberg atoms by subpicosecond half-cycle electromagnetic pulses. Phys.
Rev. Lett. 70, 1236-1239. https://doi.org/10.1103/PhysRevLett.70.1236 (1993).
98. Ducas, T. W, Littman, M. G., Freeman, R. R. & Kleppner, D. Stark ionization of high-lying states of sodium. Phys. Rev. Lett. 35,
366-369. https://doi.org/10.1103/PhysRevLett.35.366 (1975).
99. Siegman, A. E. Lasers (University Science Books, Mill Valley, Calif., 1986).
100. Wang, X. et al. Ion kinetic energy distributions in laser-induced plasma. Spectrochim. Acta Part B Atomic Spectros. 99, 101-114.
https://doi.org/10.1016/].SAB.2014.06.018 (2014).
101. Burnett, K., Reed, V. C. & Knight, P. L. Atoms in ultra-intense laser fields. J. Phys. B Atomic Mol. Opt. Phys. 26, 561-598. https
://doi.org/10.1088/0953-4075/26/4/003 (1993).
102. Shahzada, S. et al. Photoionization studies from the 3p P2 excited state of neutral lithium. J. Opt. Soc. Am. B 29, 3386. https://
doi.org/10.1364/josab.29.003386 (2012).
103. Kung, J. A. & Soon, W. H. Analytical ionization cross sections for atomic collisions. J. Chem. Phys. 95, 5738. https://doi.
0rg/10.1063/1.461622 (1991).
104. Cooper, B. S. et al. A compact RFQ cooler buncher for CRIS experiments. Hyperfine Interact. 240, 1-8. https://doi.org/10.1007/
$10751-019-1586-7 (2019).
105. Harasimowicz, J., Welsch, C. P., Cosentino, L., Pappalardo, A. & Finocchiaro, P. Beam diagnostics for low energy beams. Phys.
Rev. Spec. Top. Accel. Beams 15, 122801. https://doi.org/10.1103/PhysRevSTAB.15.122801 (2012).
106. Thompson, W. & Hanrahan, S. Characteristics of a cryogenic extreme high-vacuum chamber. J. Vac. Sci. Technol. 14, 643-645.
https://doi.org/10.1116/1.569168 (1976).
107. Stroberg, S. R., Bogner, S. K., Hergert, H. & Holt, ]. D. Nonempirical interactions for the nuclear shell model: an update. Annu.
Rev. Nucl. Part. Sci. 69, https://doi.org/10.1146/annurev-nucl-101917-021120 (2019). arXiv:1902.06154.
108. Ekstrom, A. & Hagen, G. Global sensitivity analysis of bulk properties of an atomic nucleus. Phys. Rev. Lett. 123, 252501, https
://doi.org/10.1103/PhysRevLett.123.252501 (2019). arXiv:1910.02922.
109. Morris, T. D. et al. Structure of the lightest tin isotopes. Phys. Rev. Lett. 120, 152503. https://doi.org/10.1103/PhysRevLet
.120.152503 (2018).
110. Carlson, J. et al. Quantum Monte Carlo methods for nuclear physics. Rev. Mod. Phys. 87, https://doi.org/10.1103/RevModPhys
.87.1067 (2015). arXiv:1412.3081.

Acknowledgements

This work was supported by ERC Consolidator Grant No.648381 (FNPMLS); STFC grants ST/L005794/1, ST/
L005786/1, ST/P004423/1 and Ernest Rutherford Grant No. ST/L002868/1; GOA 15/010 from KU Leuven;
the FWO-Vlaanderen (Belgium); National Key R&D Program of China (Contract No: 2018YFA0404403), the
National Natural Science Foundation of China (No:11875073), and the Office of Nuclear Physics, US Depart-
ment of Energy under the Grant DE-00249237. We would also like to thank A.J. Smith and The University of
Manchester workshop for their support. B.K.S. acknowledges use of the Vikram-100 HPC cluster of Physical
Research Laboratory, Ahmedabad for carrying out atomic calculations.

Author contributions

A.R.V and K.T.E conceived the experiment(s). A.R.V, CM.R, B.S.C.,, EP.G, QW, R.EG., H.A.P, E].W conducted
the experiment(s). A.R.V and C.M.R analysed the results. A.R.V and B.K.S. prepared the manuscript with
especially valuable feedback from G.N., C.M.R. and K.T.E. B.K.S performed the coupled cluster method atomic
calculations. J.B., T.E.C., G.N.,, R.EG., K. T.F and X.Y. provided advice, supervision and/or equipment. All authors
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.R.V.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
o | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:12306 | https://doi.org/10.1038/s41598-020-68218-5


https://doi.org/10.1103/PhysRevLett.70.1236
https://doi.org/10.1103/PhysRevLett.35.366
https://doi.org/10.1016/J.SAB.2014.06.018
https://doi.org/10.1088/0953-4075/26/4/003
https://doi.org/10.1088/0953-4075/26/4/003
https://doi.org/10.1364/josab.29.003386
https://doi.org/10.1364/josab.29.003386
https://doi.org/10.1063/1.461622
https://doi.org/10.1063/1.461622
https://doi.org/10.1007/s10751-019-1586-7
https://doi.org/10.1007/s10751-019-1586-7
https://doi.org/10.1103/PhysRevSTAB.15.122801
https://doi.org/10.1116/1.569168
https://doi.org/10.1146/annurev-nucl-101917-021120
http://arxiv.org/abs/1902.06154
https://doi.org/10.1103/PhysRevLett.123.252501
https://doi.org/10.1103/PhysRevLett.123.252501
http://arxiv.org/abs/1910.02922
https://doi.org/10.1103/PhysRevLett.120.152503
https://doi.org/10.1103/PhysRevLett.120.152503
https://doi.org/10.1103/RevModPhys.87.1067
https://doi.org/10.1103/RevModPhys.87.1067
http://arxiv.org/abs/1412.3081
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Laser spectroscopy of indium Rydberg atom bunches by electric field ionization
	Anchor 2
	Anchor 3
	Methods
	Experimental setup. 
	Field ionization using wire grids. 
	Coupled-cluster calculations. 

	Analysis and results
	Hyperfine structure constants and isotope shifts. 
	Rydberg state energies. 
	Evaluation of the ionization potential of the indium atom. 

	An improved field-ionization setup
	Systematics of the field-ionization setup. 
	Energy selective electrode design. 

	Conclusion
	References
	Acknowledgements


