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Isotope shifts and hyperfine structure of the laser-cooling Fe I 358-nm line
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We report on the measurement of the isotope shifts of the 3d74s a 5F5–3d74p z 5Go
6 Fe I line at 358 nm between

all four stable isotopes 54Fe, 56Fe, 57Fe, and 58Fe, as well as the hyperfine structure of that line for 57Fe, the only
stable isotope having a nonzero nuclear spin. This line is of primary importance for laser-cooling applications.
In addition, an experimental value of the field and specific mass shift coefficients of the transition is reported as
well as the hyperfine structure magnetic dipole coupling constant A of the transition excited state in 57Fe, namely
A(3d74p z 5Go

6) = 31.241(48) MHz. The measurements were carried out by means of laser-induced fluorescence
spectroscopy performed on an isotope-enriched iron atomic beam. All measured frequency shifts are reported
with relative uncertainties below one third percent.
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I. INTRODUCTION

In past decades, laser cooling of atoms has given rise to
fascinating new fields in atomic physics and has defined very
active research lines in many related fields (see for instance
the latest annual review [1]). Even if several atomic species
can be nowadays laser cooled using well-established laser
schemes, still most have never been manipulated in this way,
essentially because of a lack of suitable and affordable laser
radiation. In this framework, an innovative cooling scheme for
iron atoms has been recently proposed on the basis of two
ultraviolet transitions at 372 and 358 nm, both accessible with
commercial laser systems [2]. Iron atoms are highly dipolar
and as such provide an interesting candidate among others
for investigating fascinating physics such as quantum dipolar
phases and quantum liquid-crystal physics [3,4]. In addition,
the lower energy state of the proposed cooling transition for
iron [2] has an open 3d shell with high orbital and total
angular momenta. This is a source of large anisotropies in the
interatomic interaction [5]. No other such atomic system has
been laser cooled down so far [6] and very specific ultracold
regimes are thus awaited.

Iron is a quite challenging atomic species for laser
cooling. One of the main reasons comes from the lack
of a suitable cooling transition from the ground state. A
good transition for that purpose is rather provided by the
3d74s a 5F5–3d74p z 5Go

6 transition at 358 nm [8], whose
lower state lies at 6928 cm−1 above the ground state
(3d64s2 a 5D4) [8,9] and is metastable with a lifetime of the
order of several hundred seconds [10]. The atoms can be
optically pumped to this lower state from the Fe I ground state
through the 372-nm 3d64s2 a 5D4–3d64s4p z 5Fo

5 resonance
line [8,9]. The transition 3d74s a 5F5 − 3d64s4p z 5Fo

5 at
501 nm can then serve as a good decay channel to finalize the
optical pumping from the ground state. The magnetic moment
of iron atoms in the metastable state 3d74s a 5F5 is 7 Bohr
magnetons (μB).

Iron has four stable isotopes, 54Fe, 56Fe, 57Fe, and 58Fe,
where 57Fe is the only one to have a nonzero nuclear spin
I = 1/2 and to form a fermion. In view of isotopically
selective laser-cooling experiments with iron, it is of primary
importance to accurately know the isotopic effects on the Fe I

372- and 358-nm transitions. The case of the 372-nm transition

was studied in detail in Ref. [11]. In this paper, we focus on
the 358-nm transition about which nothing is currently known.
We report the measurement of the isotope shifts between all
four stable iron isotopes, as well as the related hyperfine
structure for 57Fe. The experimental setup differs significantly
from that used for the study of the 372-nm transition [11]. If
the latter was based on a saturated-absorption spectroscopy
system using an Fe-Ar hollow cathode, this scheme is hardly
conceivable for the 358-nm transition since the energy of the
lower state prevents it from being sufficiently populated in
a hollow cathode operating continuously so as to generate
detectable saturated-absorption signals. We used instead a
laser-induced fluorescence scheme on an iron atomic beam
produced in a high-temperature oven filled with both natural
and enriched samples of iron.

The paper is organized as follows. In Sec. II, our experi-
mental setup is described. We then expose our results and their
analysis in Sec. III. We finally draw conclusions in Sec. IV.

II. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 1. The radiation
at 358 nm was produced by a frequency-doubled Coherent R©
MBR-110 Ti:sapphire laser set to 716 nm and pumped with
a Coherent R© compact solid-state diode-pumped frequency-
doubled Nd:vanadate (Nd : YVO4) laser at 532 nm. The
linewidth of the Ti:sapphire laser was specified to be less
than 1 MHz. The laser radiations at 716 and 358 nm were
sent simultaneously to a saturation-spectroscopy setup on a
molecular iodine cell and to a laser-induced fluorescence setup
on an iron atomic beam, respectively. In this way, synchronized
spectra of both molecular iodine and atomic iron at frequencies
in a strict relation of two (within some fixed frequency shift
of only a few hundred megahertz induced by the presence
of acousto-optical modulators (AOMs) in the setup) could be
recorded by scanning the Ti:sapphire frequency. The molecular
iodine spectra served as a calibration for the iron spectra.
This was made possible since molecular iodine has precisely
a 15-hyperfine-component line at almost exactly half the
frequency of the analyzed iron line, namely the transition
B 3�+

0u ← X 1�+
g R(90)3-10 at 13957.8542(50) cm−1 [12,13],

whereas half the wavenumber of the 358-nm iron line reads
13957.8445(11) cm−1 [8,9]. The hyperfine structure of the
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FIG. 1. (Color online) Experimental arrangement used for the
laser-induced fluorescence spectroscopy of the iron 358-nm transition
(AOM, acousto-optical modulator; λ/2, half-wave plate; λ/4, quarter-
wave plate; 50:50, 50% transmission plate beam splitter; CL, con-
verging lens; M, mirror; P, polarizer; PBS, polarizing beam splitter;
OI, optical isolator; PD, photodiode; PID, proportional-integral-
derivative controller; PMT, photomultiplier tube; I2, molecular iodine
cell; Ti:Sa, Ti:sapphire laser).

R(90)3-10 iodine transition was studied in detail in Ref. [2]. A
description of the saturation spectroscopy setup can be found
in this reference and is not repeated here. The fraction of the
laser radiation at 716 nm sent to the molecular iodine saturation
spectroscopy setup amounted typically to 100 mW. As is
usual with Ti:sapphire lasers, the frequency scans were not
perfectly linear. The nonlinearities were properly accounted
for by fitting the molecular iodine calibration lines with a
second-order parabolic scan curve.

The laser-induced fluorescence setup consisted of an iron
atomic beam produced in a high-temperature oven and directed
through a 16-mm-wide tube to an observation chamber where
the 358-nm laser radiation crossed the atomic beam at a
right angle. The oven was operated at temperatures ranging
from 1920 to 1970 K to ensure a sufficient atomic flux.
It yielded a statistical population of the lower state of the
studied 358-nm iron line of about 0.35 %. The center of the
observation chamber was located at ∼1.30 m of the oven
aperture (2 mm in diameter), thereby limiting the atomic
beam half-divergence angle to a value not exceeding 0.4◦.
To increase the signal-to-noise ratio, the laser beam power in
the observation chamber was stabilized to about 150 μW using
a proportional-integral-derivative (PID) controller regulating
the acoustic wave intensity in an acousto-optical modulator
(AOM 3 in Fig. 1) so as to keep constant the power of
the first-order diffracted beam, as measured by a photodiode

located at the exit of the observation chamber. The servo
loop had a time constant of about 20 μs. The laser beam
section in the observation chamber was ∼1 mm2. The laser-
induced fluorescence light emitted by the atoms was observed
perpendicularly to both the laser and the atomic beams through
a large-numerical-aperture f/1.5 (0.33-sr) imaging system.
The light was collected to a photomultiplier tube (PMT)
covered with a 10-nm bandwidth interference filter to limit
the background light at its input. The signal of the PMT was
averaged by a boxcar averager.

III. RESULTS AND DISCUSSION

A. Spectra

A typical laser-induced fluorescence spectrum on the iron
atomic beam is shown in Fig. 2. For this spectrum, the oven
was heated at 1970 K and filled with a natural iron powder
(5.8 % 54Fe, 91.8 % 56Fe, 2.1 % 57Fe, and 0.3 % 58Fe [14]).
The strong central peak corresponds to the 358-nm transition
for the most abundant isotope, 56Fe. The lower frequency peak
is the same transition for the isotope 54Fe. The two little peaks
towards the higher frequencies are two hyperfine components
of the 57Fe transition. Because of its very low abundance, the
contribution of the isotope 58Fe is not visible on the spectrum.
The fluorescence peaks had a linewidth of about 36 MHz. This
value comes from the natural linewidth (16.20(45) MHz [15]),
power broadened up to about 19 MHz, and from the atomic
beam divergence broadening effect.

The hyperfine structure of the 57Fe transition is illustrated
in Fig. 3. The lower [upper] level is split into two hyperfine
levels, F = 9/2 and F = 11/2 [F = 11/2 and F = 13/2],
that are shifted with respect to their unperturbed fine structure
level by the amount (at the first-order perturbation theory)
AC/2 with A the hyperfine structure (hfs) magnetic dipole
coupling constant of the unperturbed level and

C = F (F + 1) − I (I + 1) − J (J + 1), (1)

with F , I , and J the total angular momentum, nuclear spin,
and total electronic angular momentum quantum numbers, re-
spectively. Since the nuclear spin is 1/2, no electric quadrupole
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FIG. 2. (Color online) Typical laser-induced fluorescence
spectrum on a natural iron atomic beam at two different scales. The
lines correspond to the 3d74s a 5F5–3d74p z 5Go

6 Fe I transition
at 358 nm for the iron isotopes 54Fe, 56Fe, and 57Fe. The natural
abundance of the stable isotope 58Fe is so low (see text) that its
contribution is not visible on the spectrum.
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FIG. 3. (Color online) Hyperfine structure components (1), (2),
and (3) of the 3d74s a 5F5–3d74p z 5Go

6 Fe I 358-nm line for the
isotope 57Fe (nuclear spin I = 1/2). The quoted state energies and
air wavelength of the transition are the accurate values of Refs. [8,9].

effect is present. Three electric dipole transitions are associated
with this hyperfine structure, as shown in Fig. 3 with the labels
(1), (2), and (3). The relative theoretical intensities of these
three hyperfine transitions are 100, 84.4, and 1.3, respectively
[16]. The extreme weakness of the third transition explains
why only two peaks are visible in the fluorescence spectrum
of Fig. 2.

In order to enhance the contributions of the poorly abundant
isotopes, the oven was filled with a home-made isotope-
enriched iron powder composed of 14.3 % 54Fe, 14.3 %
56Fe, 57.2 % 57Fe, and 14.3 % 58Fe. A typical laser-induced
fluorescence spectrum recorded with this powder is shown
in Fig. 4, along with the saturated-absorption spectrum of
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FIG. 4. (Color online) Top: Same fluorescence spectrum as in
Fig. 2, recorded with an isotope-enriched powder of iron. Bottom:
Doppler-free laser saturated-absorption spectrum of the 716-nm
R(90)3-10 molecular iodine transition recorded synchronously with
the iron spectrum and used for calibration purposes (see Ref. [2] for
the splitting values of all hyperfine components ai (i = 1 − 15) of
the transition). The laser detunings are here referenced with respect
to the molecular iodine a1 hyperfine component.

molecular iodine recorded synchronously and used for cali-
bration purposes. Here, the intensity of the 58Fe contribution
is approximately equal to that of the 54Fe and 56Fe lines,
while the two peaks related to the 57Fe hyperfine structure
are enhanced in accordance with the chosen abundance in the
home-made iron powder. The intensity of the 57(2) peak is
approximately equal to 75 % that of the 57(1) peak. It is a
bit lower than the expected 84.4 % theoretical intensity, but
the difference is easily explained from an optical pumping
phenomenon between the F = 9/2 and F = 11/2 hyperfine
states of the 3d74s a 5F5 lower energy level. When passing
through the laser beam tuned to resonance with the 57(2)
hyperfine transition, some atoms of the atomic beam get lost
from the fluorescence process when they decay through the
very weak 57(3) hyperfine transition and accumulate little
by little in the 3d74s a 5F5 (F = 11/2) state. The 57(1)
hyperfine transition is immune to such a phenomenon. The
third hyperfine component remains itself invisible in the
spectrum of Fig. 4, in agreement with its expected intensity
that is lower than the signal-to-noise ratio.

B. Isotope shifts and hyperfine structure constants

From the analysis of 33 laser-induced fluorescence iron
spectra similar to that of Fig. 4, we deduced the isotope shifts
δν56,54, δν57,56, and δν58,56 of the 358-nm Fe I transition, as well
as the hfs magnetic dipole coupling constant A′ of the upper
level of the transition. These values are summarized in Table I.
In this table, the uncertainties quoted represent the statistical
errors (one standard deviation of the mean of the sample of the
33 spectra). All values presented in this table are determined
for the first time. For the isotopes 54 and 58 with no nuclear
spin, the isotope shifts δν56,54 and δν58,56 are directly obtained
from the frequency shifts of their respective transitions with
respect to the 56Fe line. In the case of isotope 57, the situation
is a bit more complicated because of the intertwined hyperfine
structure effect. The isotope shift δν57,56 is the frequency shift
that would be observed between isotopes 57 and 56 without
the hyperfine structure. In its presence, the frequency shift of
each hyperfine component (i) (i = 1–3) reads

δν57(i),56 = δν57,56 + 1

2
A′C ′

(i) − 1

2
AC(i), (2)

with A [A′] the hyperfine constant of the lower [upper] level
and C(i) [C ′

(i)] the constant of Eq. (1) for the lower [upper]
level of the hyperfine component (i). From the observed
frequency shifts δν57(1),56 = 175.33(55) MHz and δν57(2),56 =
452.11(63) MHz, as well as the known value of the hyperfine
constant A of the lower state (A = 87.246(3) MHz [17]),
Eq. (2) yields a set of two equations for the two sought
unknowns, δν57,56 and A′.

TABLE I. Isotope shifts between the given iron isotopes for the
Fe I 358-nm transition, as well as the hfs magnetic dipole coupling
constant A′ of the upper level of the transition for the isotope 57Fe.

δν56,54 δν57,56 δν58,56 A′

(MHz) (MHz) (MHz) (MHz)

592.28(61) 299.72(57) 566.02(47) 31.241(48)
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FIG. 5. (Color online) King plot of the Fe I 358-nm transition.
The error bars stand for one standard deviation. The vertical-axis
intercept and slope of the linear regression line yield the specific
mass shift kSMS and field shift F coefficients, respectively.

C. Field and specific mass shifts

The isotope shift δνi,j between two isotopes i and j is
known to be the sum of two contributions [18]:

δνi,j = kμ−1
i,j + Fδ〈r2〉i,j , (3)

where k and F are the mass and field shift coefficients of
the transition, respectively; δ〈r2〉i,j is the difference in mean
square nuclear charge radii between the two isotopes; and
μi,j = mimj/(mi − mj ) with mi and mj the masses of the
two isotopes. The mass shift coefficient k is itself the sum
of two contributions, the normal mass shift coefficient kNMS,
taking into account the electron reduced mass correction,
and the specific mass shift coefficient kSMS, originating from
the change in the correlated motion of all the electrons:
k = kNMS + kSMS. While the normal mass shift coefficient
merely reads kNMS = meν/u, where me is the electron mass,
ν is the transition frequency, and u is the atomic mass unit, the
specific mass shift coefficient kSMS is much more complicated
to evaluate ab initio. By subtracting the normal mass shift
kNMSμ

−1
i,j from the isotope shift δνi,j , one gets the so-called

residual isotope shift δνRIS
i,j , checking

μi,j δν
RIS
i,j = kSMS + Fμi,j δ〈r2〉i,j . (4)

The plot of μi,j δν
RIS
i,j as a function of μi,j δ〈r2〉i,j for several

isotope pairs (i,j ) (the so-called King plot [18]) yields a
straight line of slope F and vertical-axis intercept kSMS.

The King plot associated with our experimental isotope
shifts is illustrated in Fig. 5. We considered for this plot
δ〈r2〉56,54 = 0.330(1) fm2, δ〈r2〉57,56 = 0.108(1) fm2, and

TABLE II. Isotope shift (IS), residual isotope shift (RIS), specific
mass shift (SMS), and field shift (FS) between the given isotopes for
the Fe I 358-nm transition.

Isotope IS RIS SMS FS
pair (MHz) (MHz) (MHz) (MHz)

56-54 592.28(61) 288.66(61) 414.5(4.7) −125.4(4.9)
57-56 299.72(57) 155.49(57) 196.9(2.2) −41.0(1.8)
58-56 566.02(47) 282.90(47) 386.5(4.4) −104.1(4.3)

δ〈r2〉58,56 = 0.274(2) fm2 [19]. The linear regression of the
plotted points, taking into account both the horizontal and
vertical error bars [20], yielded

kSMS = 626.7(7.1) GHz amu,
(5)

F = −0.380(15) GHz/fm2,

where the quoted uncertainties represent the statistical error
(one standard deviation). From these values, it is possible to
extract the contribution of the specific mass shift kSMSμ

−1
i,j

and the field shift Fδ〈r2〉i,j for any isotope pairs (i,j ). These
contributions are summarized in Table II. As can be seen from
this table, the normal mass shift terms account for half the
isotope shifts and the field shifts contribute negatively.

IV. CONCLUSION

In this paper, we have reported the first experimental deter-
mination of the isotope shifts of the 3d74s a 5F5–3d74p z 5Go

6

Fe I line at 358 nm between all four stable isotopes 54Fe
(I = 0), 56Fe (I = 0), 57Fe (I = 1/2), and 58Fe (I = 0),
as well as the hyperfine structure of that line for 57Fe. The
relative uncertainties of our measurements do not exceed one
third percent. The knowledge of the reported frequency shifts
is of primary importance in the context of any laser-cooling
experiment for iron atoms since the Fe I 358-nm line has
been identified as the first accessible iron transition suitable
for that purpose [2]. A King plot analysis has further yielded
the field and specific mass shift coefficients of the transition.
The measurements were carried out by means of laser-induced
fluorescence spectroscopy on an iron atomic beam produced
from an oven at temperatures ranging between 1920 and
1970 K. The oven was filled with a home-made isotope-
enriched powder to enhance the contribution of the isotopes
poorly abundant in natural samples.
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Godefroid from Université Libre de Bruxelles (Belgium) for
helpful discussions.

[1] Annual Review of Cold Atoms and Molecules, edited by K. W.
Madison, K. Bongs, L. D. Carr, A. M. Rey, and H. Zhuai,
Vol. 3 (Imperial College Press, London, 2015).
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