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Abstract

We measure energy spacings between highly ex-
cited states in potassium to a part in 107 to de-
termine d-state quantum defects and absolute en-
ergy levels of potassium. K-39 atoms are magneto-
optically trapped (MOT) and cooled to 1 mK, and
excited from 4s1/2 to nd3/2 or nd5/2 by a 405 nm and
980 nm diode laser in succession. nd→ (n+1)d tran-
sitions are driven by a µs-long pulse of millimeter-
wave, and the atoms are selectively ionized. The
(n+1)d population is measured as a function of mm-
wave frequency. Static fields in the MOT are nullified
in three dimensions. Zero-oscillatory-field transition
energies can be measured in two ways: (1) extrap-
olating zero-mm-wave resonance frequency and (2)
Ramsey’s separated oscillatory field (SOF) method.

Sketch of the MOT, with the MOT cloud trapped in
a magnetic field created by 6 MOT coils and cooled
by a 770 nm laser (not shown). The rods provide a
static field and an ionization field. A mm-wave drives
nd→ (n+1)d transitions.

(a) Trapping and excitations from 4s1/2 to nd states
in 2 steps. (b) Two-photon mm-wave transitions and
their approximate frequencies.

Static field elimination

Energy levels at highly excited states are sensitive
to external static electric fields. Measured nd →
(n+1)d transition frequencies vary quadratically with
the static field amplitude:

∆νnd→(n+1)d = ν0 − 1
2∆αE2

,

where ∆α is the difference between the (n+1)d and
nd polarizabilities. In general, α represents how
strongly energy levels shift in response to an exter-
nal static electric field.
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Static field elimination for 33d5/2 → 34d5/2 transition.
Shown are 34d5/2 population distributions and tran-
sition frequencies at different static field values in or-
thogonal directions. Projected maximum frequency
in one direction corresponds to a DC bias that nulli-
fies the field in that direction.

Zero mm-wave power extrapolation

While not a large effect, the energy shift caused by
the mm-wave source is significant at our level of pre-
cision. This shift is directly proportional to the inten-
sity of the interacting mm-wave.
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Zero-power extrapolation for 33d5/2 → 34d5/2 transi-
tion after static field elimination. The y-intercept of
the linear fit of the measured transition frequencies
is the mm-wave-free transition frequency. The en-
ergy shifts from 0.35 to 0 relative intensity are on
the order of a few kHz.

The 33d5/2→ 34d5/2 spacing can then be calculated:

∆ν0 = 2fmm = 179,496 MHz - 12.540 MHz
= 179,483.46 MHz

Determination of d-state quantum defects

The absolute energies are given by:

En = − hcRK
(n−δ(n))2,

where n is the principal quantum number, and δ(n)

is parameterized by two coefficients, δ0 and δ2, as:

δ(n) = δ0 + δ2
(n−δ0)2.
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nd → (n+1)d transition frequencies versus principal
quantum number. A fit of the measured transition
energies can be used to determine δ0 and δ2 for the
d3/2 and d5/2 states. Residuals of the fit are less than
a part in 107 of the transition frequency.

Ramsey’s SOF, an alternative technique

Ramsey’s separated oscillatory field method re-
moves the need for zero-power extrapolation. K
atoms in the nd state are exposed to a double pulse
of width τ and delay T instead of a long, single pulse.

The final (n+1)d state population oscillates as a
function of T :

P(n+1)d ∝ cos2
(

∆0T
2

)
,

where ∆0 = ω0− [E(n+1)d−End]/h̄ is the beat frequency
between the mm-wave frequency and the atomic
transition frequency in zero oscillatory field.
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With known mm-wave frequency offset, fitting a co-
sine squared to a delay scan signal allows for de-
termining the zero-power frequency for the 33d5/2→
34d5/2 transition.

The fit gives ∆0/2π = -0.4277 MHz. With an initial
mm-wave frequency offset of -12.96 MHz, the field-
free 33d5/2 → 34d5/2 spacing is:

∆ν0 = νoffset −∆0/2π + 179,496 MHz
= -12.96 MHz + 0.4277 MHz + 179,496 MHz
= 179,483.47 MHz,

consistent with the zero-power-extrapolated value to
within a part in 107.
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