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Shifts due to quantum-mechanical interference from distant neighboring resonances
for saturated fluorescence spectroscopy of the 23S to 2P intervals of helium
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Quantum-mechanical interference with distant neighboring resonances is found to cause shifts for precision
saturated fluorescence spectroscopy of the atomic helium 23S-to-23P transitions. The shifts are significant (larger
than the experimental uncertainties for measurements of the intervals) despite the fact that the neighboring
resonances are separated from the measured resonances by 1400 and 20 000 natural widths. The shifts depend
strongly on experimental parameters such as the angular position of the fluorescence detector, the intensity and
size of laser beams, and the properties of the atomic beam. These shifts must be considered for the ongoing
program of determining the fine-structure constant from the helium 23P fine structure.
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I. INTRODUCTION

In previous work [1,2], we have demonstrated that a
resonance can be shifted by quantum-mechanical interference
with a distant neighboring resonance for a simple three-
or four-level atom interacting with a constant-amplitude
sinusoidal driving field. Similar shifts in more complicated
systems, such as the helium n = 2 triplet states considered
here, depend critically on the experimental technique used
to determine the intervals. An evaluation [3] of interference
effects for microwave transitions between 23P states (such as
in the precision measurements of Refs. [4,5]) reveals small
shifts, with the shifts being even smaller for measurements
that use the Ramsey technique of separated oscillatory
fields (such as the precision measurement of Ref. [6]). An
evaluation [7] of interference effects for laser 23S-to-23P
transitions (such as the precision measurement of Ref. [8]),
on the other hand, reveals shifts larger than the experimental
uncertainty. In that work, the laser transitions are detected
by the transfer of population between metastable 23S states.
The effect of interference can be seen more directly when
the resonances are not distant, as has been shown recently
for the overlapping hyperfine components for lithium D
lines [9].

Here we calculate interference shifts for saturated fluores-
cence spectroscopy in an atomic beam of metastable helium
atoms (similar to the experimental work in Refs. [10,11]), and
find that quite substantial shifts occur for this measurement
technique. Saturated fluorescence uses two counterpropagat-
ing laser beams, each with intensity above the saturated
intensity for the transition, and a reduction in fluorescence
is observed when the laser frequency is tuned onto resonance.
This reduction results [12] from the fact that the two lasers
cause atoms in separated velocity classes (Doppler shifts) to
fluoresce when the laser is tuned away from resonance, but
both lasers address the same velocity class when the laser is on
resonance. We consider the effect of neighboring resonances
on saturated fluorescence for the 23S;-to-23P, and 23S;-
to-23P, transitions (Fig. 1). The 23P;-to-23P, fine-structure
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interval, which can be used to determine the fine-structure
constant «, can be obtained from the difference between the
two resonance centers.

The program for determining « from the 2 3P intervals has
been ongoing for almost 50 years [13], with theoretical [14—16]
and experimental [4-6,8,10,17—19] contributions continuing,
and a determination of o from these intervals to better than a
part per billion may soon be possible.

II. SATURATED FLUORESCENCE LINE SHAPE

A. Density-matrix equations

As in the saturated fluorescence measurement of
Refs. [10,11], we consider two counterpropagating laser beams
(along £79), with both beams having the same waist size,
frequency (w/2m), peak intensity (/p), and linear polarization
(2). The calculation uses % as the quantization axis, consistent
with the energy levels of Fig. 1. In order to analyze saturated
fluorescence spectroscopy, each Doppler group (with atomic
velocity component vy) within the atomic beam must be
considered separately, with the full signal resulting from the
average of all Doppler groups present. An atom which has
a velocity component v, sees equal and opposite Doppler
shifts tAwp = 27 A fp = FTwv,/c for the two laser beams.
The two laser beams form a standing wave with the total
E= 2E(t) cos (wt — @) seen by the moving atom as it passes
through the laser beams, where

Es(t) = 2Eq cos (Awpt + Ap/2)e 20~ TE (1)

Here, Ey = /ffﬁ’ ¢ and A¢ are the average and difference

of the phases of the two laser beams, #; is the time at
which the atom passes through the center of the laser beam,
and 7; determines the interaction time between the atom
and the laser, and is based on the speed of the atom and
the waist of the laser beam. We ignore the nonresonant
e~ term and use the rotating-wave approximation. In this
approximation, using the notation |g,) = |23Sim; = u) and
lejm) = |23ijj = m) of Fig. 1, we obtain the density-matrix
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FIG. 1. (Color online) The n = 2 triplet energy levels of helium.
The metastable states are labeled |g,,) and the 22 P;(m; = m) states
are labeled |e,,,). The transitions being considered are shown as
dashed and dotted red arrows, and all radiative decay paths are shown,
with )/,(’;L) being the decay rate from |e,,, ) to |g,,). Interference between
decays that have the same Am , (the same color in the figure) and end

in the same |g,,) state leads to the shifts discussed in this work.

equations [1,2,7,20]

rar ot

. _ wjm
'Ogugu’ - yp,jm pejnlej/m/

jom,j'sm’

’

*
2
J.m

wj —wy
. pe,'mej/m/

pE‘ €iltm!
jm€j'm
l

* .
+ IZ Qﬂj’m’pejmg# - Qu]mpg#ej/m/
- 2

- St
wnym wnym
Zyﬂ]m pef//,,,ej/,,,/ + Vw‘/m/ ’ngmej”m’

2 ’

"

T

wj'm

: _ v _ Y jm
'Ogue/'m - i pg“e/,,, 2 pguej’m’
Wi

i i
+ 5 z :QTL’jmpgugm - E z :Q;*Lj’m’pej/m/e/mv (2)
w jm

where

eEq(t)

Qpujm = Qujm(t) = 3

(gulzlejm)s (3a)

2—3

- e“w

wim' _ SN
Yujm = W(&LV |ejm><ej’m’|r |gll.’)1 (3b)

and the ¢ = 0, = 1 components of (g,,|ry|e;,) are

j
(gulralem) m) 4.385a.

_ (= (1
N YN. == T
“4)

PHYSICAL REVIEW A 89, 043403 (2014)

The y:j,j’m/ terms in Eq. (2) include the partial rates
y;,’fl) = yﬁ?’,;" for radiative decay from |e;,,) to|g,,) (as shown in

()

Fig. 1), and the total decayrate 1 /T = y = ZM ¥jm - The latter

has the same value for all |e;,,) since the 23S;-to-23P; energy
interval hw; = hf; is approximated by its average value hw in

Eq. (3b). The off-diagonal yl’f; ,jn/ ™ terms represent interferences
between the partial rates, and these interferences lead to
the shifts calculated in this work. Often calculations using
density-matrix equations neglect these terms and therefore do
not include interference effects.

B. Efficient solution method

The 144 coupled equations represented in Eq. (2) are
complete but challenging to solve numerically due to the fast
oscillations caused by the large w; — w; and w — w; terms.
If we are considering a laser that is nearly resonant with
the |g,)-to-|e;,,) transition (i.e., in resonance with the j = J
state), the other states (Pe e ims with j' # J) obtain very little
population. Similarly to Refs. [1,2], we note that all w;; =
wy —wj (which are 227 times the He 23P fine-structure
splittings of Fig. 1) are more than 1000 times larger than the

other frequency scales in Eq. (2) (ylzjrjn/m/, 1/Tr, Qujm, and
A =21 Af = w — wy), all of which are <1/7. Introducing
a small scale parameter n which is the ratio of these two
frequency scales allows an expansion of Eq. (2) in 7. As in
Refs. [1,2], the n? terms (e.g., ,oej,mej,m) can be ignored and the
density-matrix elements of order 7 (e.g., pe,, e;,, and pe,,q,)
can be eliminated to give modified equations for the dominant

density-matrix elements that are complete to order 7:

Py = 1(€w — €u)0g, g,
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result from perturbations due to the distant |e;,) states and
are the only terms of order n in Eq. (5). The €, terms represent
the ac Stark shift of the |g,) state. The ¢ terms lead to the
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FIG. 2. (Color online) The fluorescence signals Fj as a function
of detuning A f from the 2 35, -to-2 3P| resonance. Individual Doppler
groups Afp, (a)—(c), give resonances at Af = £Afp. For small
Afp, Fy depends on the relative phase, as shown for four values of
A¢ in (a). At larger Afp, the dependence is reduced substantially,
as shown for the same values of A¢ for Afp = 0.4 MHz in (b). The
solid curves represent averages over A¢. The average of F, over all
Doppler groups leads to the saturated fluorescence dip, as shown in
(d) for AfHEWHEM — 45 MHz (thin red line) and 80 MHz (thick line).
An expanded view of the saturated fluorescence dip within the dashed
area in (d) is shown in (e), along with the amplitude (A) and full width
at half maximum (FWHM) of the dip.

interference shifts being discussed in this work and these terms
are the generalization of the Q) — €, terms in Eq. (10) in
Ref. [1] (which treats the three-level system) and of the €25, —
@, and @5 — Q, terms in Eq. (3) in Ref. [2] (which treats the
four-level problem). Equation (5) gives 16, 36, or 64 equations
(for J =0, 1, or 2, respectively), and these equations lack the
fast oscillations found in Eq. (2), and thus require a factor of n
(three orders of magnitude) fewer time steps for the numerical
integration. The results of these integrations agree with those
from Eq. (2) to order 5 (i.e., to better than a part per million).
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C. Fluorescence

The fluorescence emitted by the laser-excited atoms can be
obtained from the y terms in the pejmej,m, equation of Eq. (2).
The fluorescence has three components F;, (¢ = 0, &=1) which
represents fluorescence for Am; = 0, £1 decays from the

23P; state to the 235 state. The fluorescence F, is given by

t
Fo= [ Y gyt e )
1,

‘ Hojoms j'

Here the Kronecker delta selects the component of the
fluorescence based on the m; quantum numbers of the upper
and lower states, and the integration is over the time that the
moving atom spends in the laser beam.

Using techniques similar to those from the previous section,
one can find an expression for the terms in Eq. (7) that is correct
to first order in 7:

Iy
_ m+q wm
Fq = / dt E 811« {)’Mjm Pejmesm
! w,m

1D BHENEN 7 | T
-

For each Doppler group, the solution to Eq. (5) can be used to
obtain F, from Eq. (8). Equal initial populations are assumed
for the three metastable states |g,,).

The solutions F, for the J = 1 case (the 23S;-to-23P,
transition using fy = 2 mW/cm? and T = 1 us) are shown in
Fig. 2(a) for the Afp = 0 (v, = 0) Doppler group. Note from
the figure that the fluorescence depends strongly on the relative
phase A¢ between the two laser fields. As shown in Fig. 2(b), at
larger A fp (larger v,), the dependence on A¢ becomes small
because the atoms sample all relative phases while passing
through the standing wave. Since, in practice, this relative
phase would vary, the average over all values of A¢ is used, as
shown by the solid lines in Figs. 2(a)-2(c). Figure 2(d) shows
the fluorescence for a weighted average of the Doppler groups
included. Here we have assumed a Gaussian distribution for v,
and therefore a Gaussian distribution of Doppler groups (with
half width at half maximum of A fJ"VHM). The reduced signal
near resonance is the saturated fluorescence dip, and is shown
in an expanded view in Fig. 2(e).

The amplitude and width of the dip [Fig. 2(e)] as a
function of I, are shown in Fig. 3 for three values of T}.
For the dip to have a substantial amplitude [Fig. 3(a)], it
is necessary that the laser intensity be above the saturation
intensity for the transition, and at these intensities, the width
[Fig. 3(b)] is broadened relative to the 1.6-MHz natural width
for the transition. For precision measurements of the saturated
fluorescence dip, there is a trade-off between dip amplitude
and dip width, with intensities that lead to widths ranging
from 5 to 15 MHz being reasonable for the measurements.

III. ac STARK SHIFT

Before considering the interference shifts due to off-
diagonal y} 7", we analyze the ac Stark shifts. To isolate
these shifts, we solve Egs. (5) and (8) while temporarily

setting the off-diagonal yl’jj,{qm terms to zero to artificially
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FIG. 3. (Color online) The amplitude and width of the 23S;-to-
23P; saturated fluorescence dip [Fig. 2(e)] as a function of intensity
I for three choices of interaction time 77} , as labeled in (a). The width

of the dips is significantly broader than the natural width [thin dashed
line in (b)] for intensities that lead to dips of substantial amplitude.

suppress the interference shifts. The ac Stark shift results
from €, of Eq. (6), and it causes all of the resonances of
Figs. 2(a)-2(c) (for all Doppler groups) to shift to the left. The
magnitude of these shifts is complicated by the fact that the ac
electric-field amplitude [Eq. (1)] depends on ¢, A fp, and A¢.
The ¢ dependence requires an integration over time of Eqs. (5)
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FIG. 4. (Color online) The ac Stark shifts (a) and interference
shifts (b) and (c) of the 2 35;-to-2 3P, saturated fluorescence dips. The
graphs show integrated shifts due to Doppler groups ranging from
—|Afp| to |Afp| and show that the shifts change sign for larger
Doppler groups. Here a Gaussian distribution of Doppler groups
with AffWHM — 80 MHz is assumed. The shifts are shown for three
choices of intensity (/) and interaction time (77), as labeled in (a).
The total shift (from all Doppler groups) is the value at the right of
each curve.
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and (8) to determine the shifted line shape. This line shape is
then averaged over A¢. For small values of A fp, this average
is complicated by the fact that constructive interference leads to
both a large resonance [A¢ = 0 of Fig. 2(a)] and a large shift,
whereas destructive interference [A¢ &~ m of Fig. 2(a)] leads
to no signal and no shift. Finally, the shift is complicated by the
Afp dependence, in that a leftward shift of the peak from small
Afp contributions [such as the Afp = 0 case in Fig. 2(c)]
causes the dip of Fig. 2(d) to move to the right. However, since
the higher Afp contributions [such as the Afp =20 MHz
case in Fig. 2(c)] have dips rather than peaks at the center,
the leftward shift of the contributions from these Doppler
groups cause the dip of Fig. 2(d) to shift left. Figure 4(a)
shows the integrated contribution to the ac Stark shift for all
Doppler groups from —|Afp| to |Afp| (assuming a Gaussian
distribution of Doppler groups with AfFWVHM = 80 MHz).
From the figure, one can see that the net ac Stark shift [from
all Doppler groups, as can be read from the values at the
right side of Fig. 4(a)] is negative, with positive shifts for
low Afp, and larger negative shifts for intermediate Afp.
The curves of Fig. 4(a) approach their final values already

TABLE 1. ac Stark shifts and interference shifts for F, and
F., fluorescence. The shifts are in kHz and are for a selection
of interaction times 7; and laser electric-field amplitudes E,, and
assume a Doppler profile with A fFWHM = 80 MHz.

E() TL 2 3S1 -to-2 3P() 2 3S1 -to-2 3f>|
(V/em) (us)  ac Fo Fi ac Fy Fi
0.375 0.25 0.09 0.03 -0.08 0.62 0.26 —1.16
0.375 0.5 0.03 0.08 -0.10 0.21 0.47 —1.48
0.375 1 001 0.11 -0.13 0.07 0.67 —-2.07
0.375 1.5 0.00 0.15 -0.16 0.01 0.89 —-2.49
0.375 2 0.00 0.18 —-0.18 —-0.01 1.15 —2.89
0.375 4 —-0.01 035 —-0.28 —0.06 2.38 —4.47
0.75 0.25 005 0.14 -0.14 0.21 1.12 —-2.23
0.75 05 -001 028 —-024 -0.17 2.45 —4.51
0.75 1 —0.02 048 —-0.37 —-0.26 3.74 —6.37
0.75 1.5 -0.03 0.65 —-047 -0.30 4.95 —7.80
0.75 2 =003 083 —-056 —-0.31 6.22 —-9.23
0.75 4 —-0.03 151 —-094 —-033 113 —14.8
1.5 025 —-0.25 098 —-0.67 -—341 128 —17.0
1.5 05 —-0.17 148 —-094 -204 134 —-17.0
1.5 1 -0.15 206 -125 -—-1.72 17.0 —21.1
1.5 1.5 -0.15 264 —-1.55 —-1.63 212 —25.3
1.5 2 =014 322 —-185 —1.56 255 —29.8
1.5 4 —0.14 548 -3.01 —1.50 427 —47.1
2.25 025 —-0.54 287 —-1.68 =391 195 —21.7
2.25 05 -—-047 336 —1.88 —531 30.7 —334
2.25 1 —038 443 —-242 —4.18 374 —40.4
2.25 1.5 =035 556 —-299 —-382 458 —48.5
2.25 2 =034 6.72 -357 =365 54.6 —56.8
2.25 4 —0.33 11.2 =570 —-3.46 89.8 —88.3
3 025 -0.68 330 -1.71 -11.0 40.0 —38.6
3 05 -—-086 579 —-297 -979 53.7 —52.8
3 1 —0.68 7.44 -380 —-7.60 64.6 —63.5
3 1.5 —-0.63 929 —470 —-6.89 783 —-75.9
3 2 =061 11.2 —-558 —6.57 928 —88.5
3 4 —-0.59 18.6 —8.77 —6.21 152 —136
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FIG. 5. (Color online) Contour graphs for ac Stark shifts and interference shifts vs interaction times 7; and laser intensities Iy. The shifts
shown in (a), (c), and (e) are for the 2 35,-to-2 3P, transition, and those in (b), (d), and (f) are for 23S,-to-23P;. Plots (a) and (b) are ac Stark
shifts. Plots (c) and (d) are interference shifts (which are to be added to the ac Stark shift) for Am; = 0 decays [Fy in Eq. (8)], and (e) and (f)

are interference shifts for F..;. A Doppler profile with A fHWHM

= 80 MHz is used. The shift values given along the black contour lines are in

kHz. Also shown on the plots (white dashed lines) are the widths of the saturated fluorescence dips in MHz.

at Afp ~30 MHz, since the contributions from the larger
Doppler groups [Fig. 2(c)] are well separated in frequency
from the saturated fluorescence dip.

The shifts are determined from the frequencies of the
half-maximum points [see Fig. 2(e)] for the line shapes
obtained from the numerical integrations. Shifts for a range
of interaction times 7} and intensities I are shown in Table I
and in Figs. 5(a) and 5(b). The ac Stark shifts are identical for
F_,, Fy, and F,,. Note that the net shifts depend mostly on
Iy, as would be naively expected for ac Stark shifts, but the
graphs show dependence on 77, as well. These ac Stark shifts
are small compared to the interference shifts discussed in the
next section.

IV. INTERFERENCE SHIFTS

The interference shifts are the main focus of the current
work. These shifts are obtained using the same methods
as the ac Stark shifts described in the previous section.
The saturated fluorescence line shapes are calculated by
numerically integrating Eq. (5), including the off-diagonal
ylfjl,’n/ ™ terms. To determine the line shapes it is again necessary
to do an integral over the time during which the atom passes
through the laser beams, to perform an average over A¢ (the
relative phase between the two laser beams), and to average
over all of the Doppler groups Afp in the atomic beam.
Figures 4(b) and 4(c) show that again the sign of the shift
changes between small and larger values of |Afp|. As with
the ac Stark shift, the interference shifts are determined from

the frequencies of the calculated half-maximum points of the
saturated fluorescence dips.

The results of the calculations (for a Doppler profile with
AfWEM — 80 MHz) are shown in Table I and Fig. 5. The
interference shifts in both the table and the figure are in addition
to the ac Stark shifts discussed in the previous section. The
table gives precise values for the shifts at certain values of
T, and Iy, and the figure gives contour graphs of the shifts.
The contour graphs show that the interference shifts depend
strongly on both 7}, and Iy. For an actual experiment, the shift
for different atoms in the beam would differ since I, depends
on which part of the Gaussian laser beam the atom intersects,
and T}, depends on the axial speed of the atom.

Table II shows shifts for other Doppler profiles. From this
table it can be seen that the interference shift also depends
on which Doppler groups are present in the beam, as would
be expected from the dependence on A fp shown in Figs. 4(b)
and 4(c). The table shows that the interference shifts for abeam
with a Doppler width A f, gw HM — 110 MHz are approximately
50% larger than those for AfHVHM = 30 MHz.

The interference shift results from a quantum-mechanical
interference between the amplitude for obtaining fluorescence
via an on-resonance laser excitation and the much smaller
amplitude for obtaining fluorescence via a far-off-resonance
excitation to a distant resonance. For example, the shift in
the 235, (m = 0)-to-2 3Py(m = 0) transition (the dashed arrow
in Fig. 1) is due to the far-off-resonance 23S,(m = 0)-to-
23P>(m = 0) transition. The far-off-resonance transition is
31.9 GHz away (20000 natural widths), but still shifts the
saturated fluorescence line shape at a level that is relevant for
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TABLE II. The dependence of ac Stark shifts and interference
shifts on the width (AfHVHM) of the Doppler profile of the beam.
Shifts of the 23S;-to-23P; saturated fluorescence dip, along with
the FWHM and amplitude A [of Fig. 2(e)], are given for two laser
intensities I and two interaction times 77 .

Iy T, A fEWHM Shifts (kHz) FWHM
(mW/cmz) (us) (MHz) ac Fy Fi (MHz) A

1 1 30 —-045 38 —6.1 400 0.032
1 1 45 —-043 45 -—7.1 433 0.024
1 1 60 —-042 49 7.7 452 0.019
1 1 80 —-041 52 —-82 468 0.015
1 1 110 —-041 56 —87 482 0.011
2 1 30 —1.10 82 —-10.6 5.05 0.041
2 1 45 —-1.09 95 -—125 557 0.032
2 1 60 —1.08 104 —13.8 589 0.026
2 1 80 —1.07 11.3 —-151 6.16 0.020
2 1 110 —1.06 120 —-162 640 0.016
1 2 30 —-048 64 —86 493 0.054
1 2 45 —-047 74 —-10.1 534 0.040
1 2 60 —-046 80 —-11.0 559 0.032
1 2 80 —-045 85 —119 579 0.025
1 2 110 —-044 90 -127 597 0.019
2 2 30 —1.04 130 —146 636 0.067
2 2 45 —1.03 148 —17.5 7.02 0.053
2 2 60 —1.02 16.1 —19.5 742 0.043
2 2 80 —1.01 17.3 =214 7.76 0.035
2 2 110 —1.00 184 —-232 8.08 0.027

precision spectroscopy. The Fy shifts are positive, while the
F4; shifts are negative. The sign difference results from the
opposite signs of yi and yfllozé’ . The first of these (yi)
is used in the interference for 23S,(m = 0) atoms which are
laser excited to both the on-resonant 23Py(m = 0) state and
the far-off-resonant 23P;(m = 0) state, followed by a decay
from these states back down to the 23S, (m = 0) state with the
emission of Fy fluorescence. The second (yfllozg) is used in
the interference for 23S;(m = 0) atoms which are also laser
excited to both the on-resonant 23Py(m = 0) state and the
far-off-resonant 23P,(m = 0) state, but decay down to the
238,(m = £1) state with the emission of Fy fluorescence. For
a typical saturated fluorescence measurement, where the width
of the saturated fluorescence dip is approximately 10 MHz (as,
for example, in Refs. [10,11]), shifts of between 3 and 6 kHz
can be seen in Figs. 5(c) and 5(e).

Whether an experiment is subject to a positive or negative
shift depends on whether it is sensitive to Fy or Fy; fluores-
cence, or to both. For example, if the fluorescence detector is
placed above the laser beam (in the Z direction), it is sensitive
only to Fy, fluorescence since the angular distribution of Fj
fluorescence is zero in this direction. In general, the shift
is some linear combination of the shifts of Fig. 5(c) and
of Fig. 5(e), with the linear combination determined by the
geometry of the experiment and the polarization sensitivity of
the detectors.

The shifts for the 23S;-to-23P; transition (the dotted
arrows in Fig. 1) are much larger, since for this case the
neighboring resonance (the 23S;-to-2 3P, transition) is 1400
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natural widths away. These shifts are shown in Figs. 5(d)
and 5(f) for Fy and F.; fluorescence. Shifts of between 30
and 60 kHz for 10-MHz-wide saturated fluorescence dips
can be seen on the contour graphs. These shifts are very
large compared to the kHz or sub-kHz uncertainties of recent
measurements [4-6,8,10,17-19] of the intervals. As before, F{
and F; show opposite shifts, so again the actual shift seen by
a saturated fluorescence experiment depends on the geometry
of the fluorescence detector. Although some cancellation can
be expected between the positive and negative shifts for most
detector geometries, the scale of the expected shifts is still of
the order of 10 kHz, and therefore must be considered very
carefully for precision measurements of the intervals.

As is the case for other instances of interference shifts
from distant neighboring resonances [1-3,7], the scale of
the shifts is given by the resonance width times the ratio
of the resonance width to the frequency separation between
the observed resonance and its neighboring resonance. This
scaling can be seen in Figs. 5(c)-5(f), where the resonance
width contours have the same general shape as the interference
shift contours.

V. CONCLUSIONS

A systematic effect due to interference from distant neigh-
boring resonances is shown to give shifts of tens of kilohertz
for measurements of the 2 35;-to-2 3P, energy intervals using
the method of saturated fluorescence spectroscopy. These
interference shifts are larger than shifts obtained using other
measurement techniques for which the power used is near or
below the saturation intensity for the transitions [3,7].

The interference shifts depend strongly on experimental
parameters, including the peak intensity of the laser, the
laser beam waist, the distribution of velocities in the atomic
beam, and the relative detection efficiency for Fy and Fy,
fluorescence. The relative detection efficiency determines the
sign of the shift, and is affected by the geometry of the
detector (since Fp and F| fluorescence have different angular
distributions) and by the detection efficiency for different
polarizations of light. Since the predicted shifts are large,
careful modeling would be necessary to predict the shift
to <1 kHz accuracy. This modeling would require a full
simulation of the line shape including both the ac-shift and
interference effects discussed in this work. The full simulation
would require a properly weighted average over line shapes
(obtained from integration of the density-matrix equations
presented here) for atoms that experience different values of
Tr, Iy, and Afp. The value of T, experienced by a particular
atom depends on the laser waist and the speed of the atom,
whereas the value of I, depends on the power and waist of
the laser, as well as the trajectory of the atom through this
beam. A full simulation would require detailed information
(at the percent level of accuracy) about the speed distribution,
cross-sectional profile, and angular distribution of the atomic
beam, and the waist and power of the laser beam. Additionally,
the relative sensitivity to Fy and Fy, fluorescence would need
to be modeled to the percent level of accuracy, which would
require understanding at this level of the relative detection
efficiency for different polarizations and the relative detection
efficiency for fluorescence emitted at different angles.
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SHIFTS DUE TO QUANTUM-MECHANICAL INTERFERENCE ...

The precise determination of interference shifts will make
the next generation of helium 23P measurements using
saturated fluorescence a challenge to interpret. Even for other
laser and microwave measurement techniques, where the
interference shifts are smaller [3,7], the interference shifts will
have to be carefully considered in the program of determining
the fine-structure constant from measurements of the 23P
intervals. Similar analyses will have to be performed for
other precise saturated fluorescence measurements, as well
as for precision measurements using other techniques. This
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systematic shift has been overlooked in precision mea-
surements, which sometimes determine line centers with
uncertainties that are 1000-10000 times smaller than the
observed linewidth, where the effect could be significant
even if the nearest-neighboring resonance is 1000-10 000
linewidths away from the resonance being measured.
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