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Hyperfine structure and isotope shifts of the (4s2) 1S0 → (4s4p) 1P1 transition in atomic zinc
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We report absolute frequency, isotope shift, radiative lifetime, and hyperfine structure measurements of
the (4s2) 1S0 → (4s4p) 1P1 (213.8 nm) transition in Zn I using a cryogenic buffer gas beam. Laser-induced
fluorescence is collected with two orthogonally oriented detectors to take advantage of differences in the
emission pattern of the isotopes. This enables a clear distinction between isotopes whose resonances are
otherwise unresolved, and a measurement of the 67Zn hyperfine structure parameters, A(67Zn) = 20(2) MHz and
B(67Zn) = 10(5) MHz. We reference our frequency measurements to an ultralow expansion cavity and achieve
an uncertainty at the level of 1 MHz, about 1 percent of the natural linewidth of the transition.
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I. INTRODUCTION

The alkaline-earth-metal (AEM) elements are identified by
two valence electrons and a J = 0 electronic ground state.
These two features give rise to a number of unique prop-
erties. First, the level structure decomposes into singlet and
triplet states, with broad transitions within each system and
narrow intercombination lines between them. Just as in the
helium atom, the lowest triplet states are metastable. Second,
states with zero electronic angular momentum are free of
hyperfine structure. In addition, even-mass isotopes have even
proton and even neutron numbers, leading to zero nuclear
spin and absence of hyperfine structure in all electronic states.
These properties enable a wealth of applications, including
optical clocks [1], precision metrology [2], quantum comput-
ing [3–5], and Rydberg physics [6,7]. In recent years, AEM
elements have played a major role in the search for yet undis-
covered scalar gauge bosons through high-precision isotope
shift spectroscopy [8], and various studies with neutral AEM
atoms have been presented on this topic [9–14].

Alongside the AEM elements, and sharing these attractive
properties, are the so-called group-IIB elements zinc, cad-
mium, and mercury. The broad singlet 1S0 → 1P1 transitions
for these elements lie deep in the ultraviolet range of the
spectrum, with natural linewidths in excess of 100 MHz. They
possess a multitude of even- and odd-mass isotopes, with
the latter showing hyperfine structure. The resonance lines
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of the different isotopes are convoluted and often cannot be
resolved in conventional Doppler-free spectroscopy. While Cd
and Hg have already been employed for the development of
optical clocks [15–17], there is very modest work towards
this application with zinc thus far [18], mainly limited by the
available laser technology. The wider chain of radioactive zinc
isotopes is of interest for nuclear structure studies. For this
reason, their isotope shifts have been measured in the triplet
manifold [19,20], with new experiments ongoing [21,22].

Here, we present high-resolution spectroscopy of the
(4s2) 1S0 → (4s4p) 1P1 transition near 213.8 nm in neutral
zinc. Experiments were conducted over a two-week campaign
in which an ultralow expansion cavity and required deep ul-
traviolet optics (University of Bonn) were transported to an
atomic beam machine at the Fritz Haber Institute in Berlin.
Our measurements are based on laser-induced fluorescence
of a cryogenic beam of atoms extracted from a helium buffer
gas cell. We employ a two-detector method to enable a clear
distinction between even-mass isotopes with nuclear spin zero
from the spin-5/2 67Zn isotope. As a result, we are able to
use zinc samples of natural isotopic abundance in the exper-
iments. Isotope shifts and hyperfine interaction constants are
determined with an uncertainty of the order of 1 MHz. This
method provides a blueprint for measurements of hyperfine
structure in strong optical transitions, and a convenient and
direct way to measure the true collection solid angle of a
fluorescence detector. Our approach can be readily adapted
to other species with several naturally occurring isotopes,
e.g., Sn, Ni, and applied in the study of radioactive nuclei.

II. EXPERIMENTAL SETUP

Figure 1(a) illustrates our experimental apparatus and laser
system. We use a cryogenic buffer gas source to produce a
cold, slow atomic beam of zinc. The atoms are produced
by laser ablation of a solid Zn target (natural abundance)
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FIG. 1. (a) Experimental setup for 1S0 → 1P1 laser-induced fluorescence spectroscopy of Zn, showing the cryogenic buffer gas beam, and
213.8 nm laser system. We also show a side view of the detector geometry, showing the two photomultipliers used, and the angles θ1 and θ2

relative to the linear polarization angle of the excitation light. These angles determine the emission pattern observed at the two detectors. (b) A
typical time-of-flight fluorescence trace observed at the 64Zn resonance. The inset shows a zoom-in of the region 0 < t < 25 ms. Observation
windows for the buffer gas cooled and thermal background components of the signal are shown by the shaded bars. (c) Fluorescence spectra
for the observation windows in (b).

and are cooled in the cell by collisions with a He gas at a
temperature of 3 K, and exit the cell with a typical velocity
of 140 m/s along the z axis. The ablation laser is fired at a
rate of 1 Hz which sets the repetition rate for the experiments.
At a distance 70 cm downstream of the cell exit, we excite
the 1S0 → 1P1 transition with a single probe laser beam near
213.8 nm, which intersects the atomic beam perpendicularly.
A 2 × 2 mm square aperture restricts the range of transverse
velocities in the atomic beam to below 2 m/s. Around 107

atoms per pulse pass through the detector.
Continuous wave laser light is produced by twice fre-

quency doubling the infrared light of a Ti:sapphire laser
near 855.2 nm. Each frequency doubling stage consists of
an enhancement resonator containing a nonlinear crystal; to
reach 213.8 nm from 427.6 nm, we use beta barium borate
(β-BBO). The 855.2 nm light from the Ti:sapphire laser
is frequency stabilized either by referencing to a commer-
cial wave-meter (High Finesse WS8-10 calibrated with a
temperature-stabilized HeNe laser) or via an ultralow expan-
sion (ULE) optical cavity (Menlo ORC) with a measured free
spectral range of 2.992 184(30) GHz. We also record the in-
termediate 427.6 nm light on the wave-meter since this light is
immune from parasitic multimode content at the fundamental

wavelength. The wave-meter option offers an absolute accu-
racy of about 30 MHz when measuring the 427.6 nm light, a
resolution of about 1 MHz, and enables continuous scanning
over the entire spectrum. Scanning via the reference cavity
reduces the linewidth of the laser and improves the linearity of
the frequency axis. To do this, light at the fundamental wave-
length of the Ti:sapphire laser is coupled into a fiber phase
modulator (EOM, Jenoptik) driven with two rf frequencies,
νPDH = 18 MHz and νscan ∼ 1 GHz. The phase-modulated
light reflected from the cavity is collected on a fast photo-
diode, demodulated at the frequency νPDH which produces
a Pound-Drever-Hall (PDH) signal with sharp zero crossing
points when the laser frequency is at a cavity resonance νc,
or at νc ± νscan. We lock the laser to the latter and scan the
laser frequency by varying νscan. A camera is used to monitor
the light transmitted through the cavity and ensure locking
to the TEM00 mode. This locking scheme enables continuous
scanning of the Ti:sapphire laser frequency up to one-half of
the cavity free spectral range, corresponding to 6 GHz at the
213.8 nm detection wavelength.

At the atomic beam machine, we purify the laser polar-
ization with a polarizing beam cube and control its linear
polarization angle relative to the direction of the atomic
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beam with a λ/2 plate. The probe light propagates along the
x axis and has a peak intensity I = 10−3Isat, where Isat =
πhc�/(3λ3) = 1.5 W/cm2 is the two-level saturation inten-
sity of the transition. Orthogonality between the laser and
atomic beam direction is ensured using a set of alignment
irises mounted on the detection chamber, and by aligning light
through the atomic beam aperture and a small hole in the
back of the buffer gas cell. We estimate that an atom traveling
through the maximum intensity of the excitation light scatters
five photons at resonance. The resulting laser-induced fluores-
cence (LIF) is collected and imaged onto two photomultiplier
tubes (PMTs), whose photocurrents are delivered to sepa-
rate transimpedance amplifiers and recorded as time-of-flight
traces. The two PMTs are oriented to collect fluorescence
emitted parallel and perpendicular to the direction of the
atomic beam, as shown in Fig. 1(a). The angle θi between the
laser polarization and the direction of detector i, illustrated in
the inset to the figure, determines the portion of the fluores-
cence emission pattern collected by the two detectors. This
enables discriminating between even- and odd-mass isotopes
[13,23,24]. We record the laser power after the machine with
a calibrated optical power meter and compensate for drifts in
the probe intensity over a scan (typically 5–10%).

Figure 1(b) shows a typical time-of-flight trace observed
in detector 1 when exciting the 64Zn resonance. The signal
comprises an initial intense peak from the buffer gas cooled
atomic beam at roughly 5 ms, followed by an extended tail
which appears for several tens of ms later. The extended tail
consists of thermalized Zn atoms which leave the cell and
collide with the vacuum walls without sticking; it persists
even when the direct line of sight from the source to the
detector is blocked, and leads to a broad background signal
in the fluorescence spectra, whose Doppler width is consistent
with the laboratory temperature. Example spectra showing the
two signal components are shown in Fig. 1(c). Compared to
a continuous atomic vapor source, signal from the thermal-
ized atoms is significantly reduced simply by choosing an
appropriate time-of-flight observation window.

III. ANALYSIS OF SPECTRAL LINE SHAPES

The five naturally occurring isotopes of zinc (Z = 30) can
be separated into four even-mass isotopes and a single odd-
mass isotope with mass number 67. In the following, we
discuss the line-shape models used for these two cases in order
to fit the experimental spectra. Here we use νL to label the
laser frequency and assume that the laser linewidth is much
less than the natural linewidth of the transition.

Line shape for even-mass isotopes. The even-mass zinc
isotopes, all with nuclear spin IN = 0, exhibit no hyperfine
structure and the total angular momenta of the ground and ex-
cited states are F = 0 and F ′ = 1, respectively. The resonance
line of an even-mass isotope e can be simply described with
the line function,

S(e) = �2/4

�2/4 + �2
e

[1 − P2(cos θ )g(θC )]. (1)

Here, �/(2π ) is the Lorentzian linewidth of the transition,
�e/(2π ) = νL − νe is the detuning of the laser from the res-
onance frequency νe, and P2(cos θ ) = 1

2 (3 cos2 θ − 1) is the
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FIG. 2. Simulated fluorescence spectra for 67Zn. (a) Level
scheme labeling the total angular momenta F, F ′ for the ground and
excited states, respectively. (b) Simulated spectra for detection along
θ = 0, for different values of the ratio A/� and with B = 0. We show
the results with and without quantum interference included in the
calculation. The sticks above the spectra correspond to the energies
of the levels in (a). As A/� approaches zero (negligible hyperfine
interaction), the emission pattern including interference converges to
that of an ideal Hertzian dipole, meaning the emission is zero along
θ = 0.

second Legendre polynomial, with θ the angle between the
detection direction and the electric field of the linearly polar-
ized excitation light. The factor g(θC ) = cos(θC ) cos2(θC/2)
corrects for the effect of the finite solid angle of the detection
optics, with θC the half angle of a circular collection lens.
For θ = 0, S (e) → 0 as θC → 0, as would be expected from
the well-known Hertzian dipole radiation pattern. Importantly,
adjusting θ or θC changes the amplitude of S(e) observed at the
detector.

Line shape for odd-mass isotopes. There exists a single
naturally abundant odd-mass isotope of Zn with nucleon num-
ber 67 and a nuclear spin IN = 5/2. The nuclear spin couples
with the electronic angular momentum J to give total angular
momentum F , resulting in a single 1S0, F = 5/2 hyperfine
level and three 1P1, F ′ excited levels with F ′ = 3/2, 5/2, 7/2.
These energy levels are shown in Fig. 2(a). We assume the
hyperfine energies E (F ) are given by

E (F ) = A

2
C + B

3
4C(C + 1) − IN (IN + 1)J (J + 1)

2IN (2IN − 1)J (2J − 1)
, (2)
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with C = F (F + 1) − IN (IN + 1) − J (J + 1). Here, A =
A(1P1) describes the strength of the magnetic dipole interac-
tion between the electron and the nucleus. The coefficient B =
B(1P1) describes the interaction strength between the nuclear
electric quadrupole moment and the electric field gradient at
the nucleus.

Following Brown et al. [25], the fluorescence spectrum of
67Zn, S(o) can be separated into three terms:

S(o) = �2

4
{A + [B + C]P2(cos θ )g(θC )},

A = 1

9

(
2

�2/4 + �2
3/2

+ 3

�2/4 + �2
5/2

+ 4

�2/4 + �2
7/2

)
,

B = − 1

225

1

�2/4 + �2
3/2

− 64

525

1

�2/4 + �2
5/2

− 2

21

1

�2/4 + �2
7/2

,

C =
[

− 8

45

1

(�/2 + i�7/2)(�/2 − i�3/2)

− 6

35

1

(�/2 + i�7/2)(�/2 − i�5/2)

− 1

25

1

(�/2 + i�5/2)(�/2 − i�3/2)

]
+ c.c. (3)

Here, �F ′/(2π ) = νL − νF ′ is the detuning of the laser from
the excited state with total angular momentum F ′; we as-
sumed all Zeeman sublevels in the 1S0 state are equally
populated in the source and neglected optical pumping during
the interaction with the probe light.

Important for the experiments is the fact that when the
hyperfine structure is barely resolved, the emission pattern
and hyperfine structure become strongly coupled. This is il-
lustrated by Fig. 2(b), which shows simulated fluorescence
spectra along θ = 0 for different ratios of A/�. Each panel
compares Eq. (3) with the result when interference is removed
from the model, i.e., C is deliberately set to zero. The calcula-
tions show that as A/� → 0, interference between scattering
paths is destructive, leading to complete suppression of the
fluorescence along this direction. There is an intuitive expla-
nation for this effect: when the hyperfine interaction with the
nucleus becomes negligible, the emission pattern must con-
verge to that of the (spinless) even-mass isotopes. Conversely,
one can produce the reverse effect in the even-mass isotopes
by deliberately applying a magnetic field along θ = 90◦. This
is the so-called Hanle effect [26,27] and, while understood for
about a century, is often overlooked. The behavior illustrated
in Fig. 2(b) shows that interference in the emission pattern of
barely resolved lines contains useful information which can be
used to constrain the hyperfine structure. The central spectrum
in the figure, where A/� = 0.2, is near the value observed
in the experiments. This results in a total span of the 1P1

levels of 1.2 �, and reduces the peak scattering rate by about
40% with respect to that of the even-mass isotopes. Optical
pumping between Zeeman sublevels of the ground state by the
excitation light results in a time-dependent emission pattern,
and a slight change to the fluorescence line shape. We simu-

lated population changes using rate equations and include this
effect in our uncertainty analysis.

Combined line function. The total fit function used in this
study is given by

S(tot) = a67S(o) +
∑

e

aeS(e) + abge−(νL−νbg)2/(2w2
bg). (4)

Here, a67 and ae represent the relative abundances of the
odd- and even-mass isotopes, respectively. The final term in
Eq. (4) approximates the residual thermal background in the
spectrum, whose amplitude abg is typically 5 to 10 percent
of the 64Zn resonance peak. The center frequency νbg and
width parameter wbg can be either fitted as free parameters or
introduced as fixed parameters by first fitting the data at late
arrival times when only the thermal background component
is present. The fitted values for the isotope shifts in these two
cases are consistent within the statistical error of the fits.

IV. RESULTS

A. Determination of the 67Zn hyperfine structure
by a two-detector method

Figures 3(a) and 3(b) show two sets of spectra obtained
using the High Finesse wave-meter as a frequency reference.
The data constitute two separate scans where the input po-
larization of the laser is along the y axis [Fig. 3(a)] and
along the z axis [Fig. 3(b)], and for each panel, we show the
fluorescence spectrum recorded by the two detectors 1 and 2.
For clarity, each is labeled with a schematic showing the laser
polarization, the detector orientation, and the dominant emis-
sion pattern for the even-mass isotopes. The different emission
pattern of the 67Zn isotope (relative natural abundance 4.1%)
dramatically increases its visibility in detector i when θi = 0.
We show the fitted 67Zn line shape with a black dashed line in
each panel to illustrate this effect.

We use these spectra to determine solid angles of the col-
lection optics and hyperfine structure of the 67Zn isotope. The
four spectra in Fig. 3 were fitted as a single dataset, fixing
the detection angles θi to their values in the experiment, and
enforcing the natural abundance of Zn isotopes [28]. This fixes
the relative peak heights in each spectrum so that the detector
solid angles θC,1, θC,2, and the hyperfine structure constants A
and B of the 67Zn isotope, can be determined. All resonance
frequencies νe for all even-mass isotopes e, ν1/2,3/2,5/2 for
the 67Zn isotope, and a common Lorentzian linewidth � are
shared fit parameters between the datasets. From this data,
we conclude θC,1 = 0.281 ± 0.005, θC,2 = 0.145 ± 0.005 ra-
dians. The uncertainties are the range of values obtained when
fitting the data with various reasonable assumptions, such
as fixing the values of wbg and νbg in the fit function using
the signal at late arrival times. The value of θC,2 is very
close to the half angle subtended by the collection lens at
the fluorescence region, 0.156(5) radians. The value of θC,1 is
significantly below the half angle subtended by its in-vacuum
collection lens, 0.43(1) radians, and consistent with this lens
being placed about 5 mm too close to the atomic beam, a result
of incorrectly extrapolating the focal length from the visible to
the deep ultraviolet.
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FIG. 3. Polarization sensitive fluorescence detection of Zn isotopes. Each spectrum is labeled by the probe laser polarization and detector
configuration. The relative line intensities of the even- and odd-mass isotopes are strong functions of the angle θ between the laser polarization
and the detector direction, and the solid angle of the collection optics. Blue lines show experimental data, red solid lines are fits as described
in the text, and black dashed lines show the fitted 67Zn line shape. Underneath each spectrum, the residuals are shown in a separate plot (Res).
(a) Laser polarization along the y axis. (b) Laser polarization along the z axis.

For the hyperfine interaction parameters, we obtain
A(67Zn) = 20 ± 2 MHz and B(67Zn) = 10 ± 5 MHz. Fitting
the data with B = 0 returns A = 21 MHz but noticeably re-
duces the goodness of the fit near the 67Zn peak. Fitting to
a model which ignores interference may be done by sim-
ply setting C = 0 in Eq. (3); this gave the best-fit values
A = 9.5 MHz, B = 0.6 MHz, θC,1 = 0.37, and θC,2 = 0.20,
and line centers consistent with the full interference model.
In this case, the fitted value of θC,2 is larger than the geo-
metric solid angle presented by the collection lens, and the
fit residuals clearly indicate that only the interference model
can adequately describe the signal observed in both detectors.

B. High-resolution measurements with the cavity

Having constrained the 67Zn hyperfine structure and solid
angle of the collection optics, we proceeded to scan the laser
via the ULE reference cavity to more accurately determine

the isotope shifts. Figure 4 shows spectra obtained when
scanning νscan with the laser locked to the ULE cavity, and
with the probe laser horizontally polarized. The scan rate
corresponds to approximately 0.8 MHz/s for the 213.8 nm
probe light, where the frequency νscan was measured near the
time of the ablation laser pulse, and then stepped discretely
after each measurement. By happenstance, the 66Zn resonance
appeared almost exactly at the midpoint between two cavity
resonances, where the locking method fails. We therefore
frequency shifted the Ti:sapphire laser light by 90 MHz be-
fore delivery to the cavity with an acoustic optic modulator,
moving the unstable lock point by 360 MHz in the deep
ultraviolet. The upper (lower) dataset in the figure is taken
with (without) the frequency shifting method applied, on the
same day but ablating different spots on the Zn target, which
enabled measuring all isotopes. We fit the two spectra as
a single dataset with shared resonance line positions in a
Monte Carlo routine, where the values of θC,1, θC,2, A, and
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for each spectrum. The plot underneath shows the residual from the
fit function for the two datasets.

B are drawn from uniform distributions whose ranges are
given by the limits constrained in Sec. IV A. Enforcing the
relative natural abundance of Zn in the fits leads to small
changes in the best-fit values compared to allowing the line
intensities to float, and we include this when estimating the
uncertainties. We combine the best-fit values and errors for the
isotope shifts to give a weighted mean and statistical error for
these parameters, and assume a 1 MHz systematic frequency
uncertainty which derives from the ∼200 kHz uncertainty of
νscan and the frequency shifting AOM, considering the two
successive stages of frequency doubling. Doppler shifts due
to slight misalignment of the probe laser light contribute an
uncertainty ∼2 MHz to the absolute resonance frequencies,
and negligibly to the isotope shifts. Recoil from absorption
of the probe laser light leads to a Doppler shift of roughly
0.6 MHz across the detection volume, and the differential shift
across the range of isotopes is an order of magnitude smaller.
We neglect this contribution to the isotope shift uncertainty.
The ambient magnetic field in the detector was measured as
below 0.3 Gauss, corresponding to an upper bound to the
line-shape broadening of 0.5 MHz.

V. DISCUSSION

Table I summarizes the results of our measurements and
compares them to the available literature values. Our final
values for the isotope shifts are presented relative to the 64Zn
resonance since this isotope is of highest abundance and its
line center has the smallest statistical uncertainty. We com-
bine measurements from the cavity and spectra taken using
the wave-meter, and include a systematic frequency error of

TABLE I. Summary of the results obtained for the (4s2) 1S0 →
(4s4p) 1P1 transition in Zn. Hyperfine constants and the radiative
lifetime refer to the excited state. Results are given in MHz unless
otherwise stated. CG: center of gravity. The isotope-averaged line
center, ν̄(1S0 -1P1), is computed as the average of the individual
isotope line centers weighted by their isotopic abundance.

This work Literature

ν66 − ν64 525.0(3.0) 480(60) [30]

540(60) [31]

ν
(CG)
67 − ν64 835(5)

ν68 − ν64 1039.8(1.7) 989(60) [30]

960(85) [31]

ν70 − ν64 1495(4)

A(67Zn) 20(2) 17.7(5) [29]

B(67Zn) 10(5)

ν64/cm−1 46745.394(2)

ν̄(1S0 − 1P1)/cm−1 46745.407(2) 46745.404(2) [32]

τ/ns 1.440(18) 1.40(3) [33]

2.1 MHz for the wave-meter values, which derives from di-
rectly comparing frequency intervals measured by the cavity
scan method with the wave-meter. For the 67Zn isotope shift,
we increased the error bar by 1 MHz to account for the
effect of optical pumping within the detection volume. Our
values are two orders of magnitude more precise than previous
measurements, also given in the table. Our value of A(67Zn)
is consistent with the value measured by Kowalski and Träger
[29], by level crossing spectroscopy of enriched 67Zn. How-
ever, this study was unable to experimentally constrain the
value of B(67Zn) and we therefore recommend the values from
our measurements.

The absolute frequency of the 64Zn resonance mea-
sured through our experiments is 1 401 391.66(6) GHz
[46 745.394(2) cm−1] and given in Table I. The uncertainty
in our value is dominated by the wave-meter accuracy as
specified by the manufacturer. The average of the line cen-
ters weighted by isotopic abundance, ν̄(1S0 − 1P1), is also
given in the table. It is in excellent agreement with the
(isotope-unresolved) hollow cathode lamp measurements pre-
sented in Ref. [32].

Our best-fit value of the Lorentzian linewidth is �/(2π ) =
110.5(1.4) MHz, where the error derives from the standard
deviation of the Monte Carlo fitted values combined with
the frequency uncertainty from the cavity scanning method.
Fitting with a Voigt line shape did not change the value of
� within the uncertainty of the fit, and returned a Gaussian
contribution to the linewidth of 7(7) MHz full width at half
maximum. The radiative lifetime τ = 1/� given in the table
is consistent with the weighted average of five measurements
collated by Doidge [33], and is a factor of two more precise
than previous measurements.

King plot. We combine our isotope shift results with values
reported for the 1S0 → 3P1 intercombination transition [34]
on a King plot as follows. We calculate the reduced iso-
tope shifts δν̄A,A′ = δν/μA,A′

, with μA,A′
the difference in the
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Slope = 1.18 ± 0.12
Intercept = -150 ± 139 GHz u
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FIG. 5. A King plot of the 1S0 → 1P1 (213.8 nm, this work) and
1S0 → 3P1 (308 nm, Ref. [34]) transitions in Zn. The black solid line
shows a linear fit to the data as discussed in the text. Red dashed lines
indicate the 68% confidence interval of the fit.

inverse nuclear masses of the isotope pair (A, A′), and present
the data in Fig. 5. The data are fitted to a linear relationship
according to the recipe described in Ref. [35]. Briefly, we
first define a mixing matrix to shuffle the 308 nm reduced
isotope shifts so that they are referred to 64Zn. We then cal-
culate the covariance matrices, taking into account the mixing
matrix and the reported errors. The most-probable values of
the adjusted parameters, the intercept and slope, are found
by minimizing a generalized χ2 test statistic. To assign confi-
dence intervals to the fitted parameters, we perform a Monte
Carlo estimation procedure of repeated measurements drawn
from a normal distribution centered at the most probable fitted
values. The most probable value and 68% confidence interval
of the fitted line is plotted in Fig. 5. That the value of the
best-fitted slope, 1.18 ± 0.12, is close to 1 reflects the fact that
the (4s2)1S0 ground state is common to both transitions. The
remaining field shift likely stems from electron correlation
effects, contributing to small but non-negligible field shifts for
the 4s4p states.

An additional hyperfine interaction between the different
electronic states in Zn would additionally shift the gravity cen-
ter of the 67Zn resonance lines, ν (CG)

67 , relative to the even-mass
isotopes, and is often referred to as an “off-diagonal” hyper-
fine interaction. Such shifts should be detectable in a King
plot as deviations of isotopes with nuclear spin from linear fits
to the data of spin-zero isotopes (see, for example, Ref. [9]).
To test for this, we repeat the fitting procedure without the
(64,67) pair, and calculate its predicted values in each iteration
of the Monte Carlo procedure to obtain its distribution. The
resulting 68% confidence interval for the frequency difference
ν

(CG)
67 − ν64 is from 818 to 834 MHz, which agrees with our

measured value [835(5) MHz] within its uncertainty. We infer
that the difference in off-diagonal hyperfine shifts of the 67Zn
resonances, for this pair of transitions, is less than 10 MHz.

This closely follows results of isotope shift measurements for
the lowest lying, and analogous, transitions in cadmium [13],
another group-IIB element. It may be of interest considering
recently observed strong hyperfine mixing effects for higher-
lying transitions in zinc in the collinear resonance ionization
spectroscopy (CRIS) experiment [22].

VI. SUMMARY AND OUTLOOK

We have reported isotope shifts, radiative lifetime,
and hyperfine structure measurements for the (4s2) 1S0 →
(4s4p) 1P1 transition in neutral Zn by cw laser-induced fluo-
rescence spectroscopy of an atomic beam. Our measurements
considerably improve upon the published literature for this
transition and contribute to the study of the 67Zn nucleus,
where unexpected isotope shifts have recently been observed
in collinear laser spectroscopy at the ISOLDE facility [22].
With its multitude of nuclear spin-zero isotopes and various
narrow optical transitions, zinc is a candidate for further iso-
tope shift spectroscopy at the sub-kHz level.

The two-detector method and analysis procedure described
here takes greater advantage of the information available in
atomic fluorescence measurements and has several benefits.
First, it enables reliably extracting hyperfine parameters from
barely resolved peaks. Second, two spectra are obtained si-
multaneously in which the visibility of isotopes can be tuned
based on their fluorescence emission pattern. This approach
allows disentangling otherwise overlapping lines and, in the
case of atomic Zn studied here, enables a measurement of
the isotope shifts and hyperfine structure at the ∼1 MHz level.
The approach can readily be adopted to other elements which
feature broad transitions and many isotopes. It may be of
benefit for accelerator-based collinear laser spectroscopy ex-
periments, in particular those involving nuclear isomers which
are difficult to separate by nuclear mass (see, for example,
Ref. [36]). In addition, there are often multiple fluorescence
decay channels from a given excited state, to final states
with different values of the angular momentum J . Isolating
fluorescence from specific decay path with a spectral filter
necessarily selects a specific emission pattern for each isotope,
a further tool in spectral analysis.
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