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A heterodyne spectroscopic scheme, using only one laser tuned to the atomic wavelength, is applied to

1.1

the measurement of the *He(F =1-1 component)-*He separation for the 23S,-33P, transition at 389

22

nm. The experimental result is 45394 425(137) kHz and the isotope shift deduced in the absence of
hyperfine structure is 42 184 180(139) kHz. A new value of the *He nuclear charge radius is obtained,
(r*)'72=1.923(36) fm, in a regime of low energy and momentum transfer.

PACS number(s): 35.10.Fk, 31.30.Gs, 06.30.Ft

Recent dramatic advances in the theory of helium al-
low one to extract the different contributions to atomic
energies to the full extent of the experimental accuracy
[1]. Concerning the isotope shift, the partial cancellation
of the less accurate contributing terms allowed Drake
[2,3] to give predictions with an uncertainty of 1 kHz, not
counting that originating from the finite nuclear size.
This contribution can be evaluated in a first-order pertur-
bative scheme, and a laser spectroscopy experiment, if
sufficiently accurate, can reach to effects of nuclear struc-
ture, and in particular give values for the nuclear radii.
Similar effects have for instance become observable on
the isotope spectrum of atomic hydrogen [4]. Measure-
ments on helium would offer the further possibility of a
comparison not only with results extrapolated from
high-energy scattering measurements but eventually also
with results from muonic atoms, which for “He are al-
ready available [5,6]. To date, a number of isotope shift
investigations were reported for helium [7-11], but only
the recent one [12] on the 2 35 -2 3P transition at 1.08 um
provided the high accuracy necessary to test the sum
contribution of relativistic recoil, singlet-triplet mixing,
volume shift, and quantum electrodynamics. The recent
improvement of more than one order of magnitude in the
accuracy of the theory [2] allows us now to separate the
different physical quantities and directly evidence the
contribution of volume shift (VS). In this paper, we re-
port a high-precision measurement of isotope shift of the
transition 23S -33P between *He and *He and quantita-
tively evidence the VS contribution. The reason for
choosing this transition, starting from the same level as in
[12] but reaching the immediately higher P level, is two-
fold: slightly better theoretical predictions are possible,
because the contribution of less accurate terms is lower
for the 3 3P than for the 2 3P level; the excitation wave-
length at 389 nm can be conveniently produced by dou-
bling the frequency of the radiation from a
Ti:sapphire laser, as shown in [13]. This is a crucial
feature for the present experiment because it allows the
heterodyne measurements of the isotope separation to be
performed in the “red,” where frequency-stabilized semi-
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conductor diode lasers (SDL’s), line narrowed to about
100 kHz by the feedback from a grating [14], can be con-
veniently used. Indeed, as shown in Fig. 1, a reference, at
almost halfway between the resonance half-frequencies of
the two isotopes, is created by means of a SDL laser
locked to a transmission peak of a thermally stabilized
confocal Fabry-Pérot interferometer (FSR=3 GHz,
finesse 85). The long-term stability of the reference is en-
sured by locking the interferometer to a second diode
laser stabilized on the saturated absorption of a hyperfine
component of the D, line of ¥Rb. Only one frequency
doubled Ti:sapphire laser (linewidth 1 MHz) is locked on
the sub-Doppler saturation absorption from the 23S,
metastable state prepared in a low-pressure radio-
frequency discharge cell alternatively filled with *He and
“He. Two probe beams, at 389 nm, about 300 uW each,
pass through the cell (absorption nearly 30%) and are
detected by two different photodiodes. One of the two
beams overlaps with counterpropagating pump beam (10
MW). By detecting the difference in the intensities of the
two transmitted probe beams, the Gaussian absorption
profile is eliminated, the laser amplitude noise is reduced
to about 107> Hz~ '/2, and sub-Doppler lines are record-
ed with signal-to-noise ratios of about 1000 in a band-

RF gen

He cell

778 nm Avalanche to Spectrum
radiation

: Photodiode  Analyizer
N
T
|
A
|
Stab. loop -\~ ->——
A4
-
e ey

Rb cell

FIG. 1. Scheme of the experimental setup for the isotope-
shift measurement on helium. BS denotes a beam splitter, FP

denotes a Fabry-Pérot cavity, and SDL denotes a semiconduc-
tor diode laser.
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FIG. 2. Isotope frequency separation as measured at different
helium discharge pressures (the value of the x? per degree of
freedom of the fit is reported inside the box).

width of about 250 Hz. Linewidths, determined by col-
lisional broadening and residual Doppler broadening, are
of about 40 MHz, while saturation broadening has been
checked to be negligible. The Ti:sapphire laser is fre-
quency modulated at 1.65 KHz, with a modulation depth
of about 8 MHz in the “red” and derivative signals are
used to frequency lock at the line center. The frequency
lock of the two SDL’s is obtained by piezoelectrically
controlling the grating position as described in [15]. The
beat note between the radiations from the undoubled
Ti:sapphire laser at 778 nm and the reference SDL, at
about 12 GHz, is detected by an avalanche photodiode.
In-phase modulation of the two lasers reduces the beat
note width. By summing 300 frequency scans of the spec-
trum analyzer, a width of 2 MHz at —6 dB from max-
imum is obtained. For each measurement, after relock-
ing the Ti:sapphire laser, we took three independent
recordings of the averaged beat note which were stored in
a personal computer and fitted to find the central fre-
quency. The value of the frequency separation between
the two isotopes was deduced by locking the Ti:sapphire
laser consecutively on the 23S, -3 P, “He transition and
on the corresponding one for *He(F =1.F=1 hyperfine
component), while the two semiconductor lasers were
kept locked. The isotope separation was obtained by
summing the values of the two consecutive measurements
and then multiplying by a factor of 2 to deduce the sepa-
ration at the atomic wavelength. A total of 84 indepen-
dent measurements were performed at seven different
pressures. At the same pressure conditions, the reprodu-
cibility was better than 250 kHz. Figure 2 shows the
effect of changing the gas pressure in a 250-900 mTorr
range. The standard deviation of each sample was divid-

F. MARIN, F. MINARDI, F. S. PAVONE, AND M. INGUSCIO 49
[ e T [ S v G N S S SN L S
This experiment L e
Ottermann ('85) et
Retzlaff ('84) ]
Dunn ('83) [ —
Szalata ('77) .y
McCarthy (‘77)——-—e———~
McCarthy ('70) b e
Collard ('65) R ——
S| 1

| " 1 J
1.7 1.75 18 1.85 19 1.95 2
3He rms nuclear charge radii (fm).

FIG. 3. *He nuclear radius value obtained in the present
work in comparison with those from previous electron-
scattering experiments.

ed by the square root of the number of measurements in
each run, and the values were fitted to a straight line.
The differential pressure shift, between 3He and “He, is
negligible: 0.19+0.22 kHz/mTorr. The zero-pressure
value can be extrapolated with an accuracy of 124 kHz
(one standard deviation). The final value can be given
only after a careful analysis of possible systematic shifts.
The beat frequency between the Ti:sapphire laser locked
on one isotope and the reference SDL laser has been mea-
sured several times by changing the sample discharge
current from 50 to 100 mA, and the observed effect was
not relevant: 18+23 kHz. In addition, the effect is al-
most completely cancelled in the difference between the
isotopes. Systematic effects can be caused by a slight line
asymmetry caused by the presence of a residual magnetic
field in combination with a not perfect linear polarization
of the laser. We also investigated the Zeeman effect for
both the isotopes by applying an external magnetic field.
From the collapse of the Zeeman structure we deter-
mined the value of the residual magnetic field, yielding a
correction of 87158 kHz for the difference between
38,-3P, *He(F=1-F=1) and of ’S,-’P, *He transi-
tions. The final corrected value for the isotope separa-
tion, reported in Table I, is 45394 425+137 (1o) kHz,
corresponding to an accuracy of 3 ppm. The isotope shift
is by definition given by the *He-*He difference in the ab-
sence of the hyperfine interaction in *He. As a conse-
quence, the comparison between experiment and theory
requires the precise evaluation of the fine-hyperfine in-
teraction contributions. These calculations have been
performed by Drake [3] to a precision of 20 kHz, follow-
ing the model used in [16] for the 23P level, and the iso-

TABLE L. Isotope-shift theoretical predictions, evidencing the effect of changing the *He nuclear ra-
dius of 0.1 fm, and the experimental value measured in the present work.

Quantity

Value (kHz) Error (kHz)

Theoretical isotope shift (R,,. *He=1.875 fm)
Theoretical isotope shift (R,,. He=1.975 fm)

Measured isotope frequency separation
Hyperfine-structure correction
Residual-magnetic-field correction
Experimental isotope shift

42183995 (Ref. [3)) 1
42184383 (Ref. [3]) 1
45394338 124(10)
—3210245 (Ref. [3) 20
+87 58
42184 180 139(10)
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tope shift value that we deduce from our measurement is
reported in Table I. The theoretical predictions are given
assuming two different values for *He nuclear charge ra-
dius, while for *He is used the value of 1.673(1) fm from
the muonic atom spectroscopy [5,6], which is in agree-
ment with the less precise value of 1.674(12) fm obtained
from electron scattering experiment [23]. The compar-
ison between experiment and theory and a first-order
treatment of the nuclear size corrections allows us to give
a value of 1.923(36) fm for the *He nuclear charge radius.
This result is shown in Fig. 3 together with previous
values from high-energy scattering experiments [17-23].
It is worth noting that our experiment, implying a low
momentum transfer, does not suffer from the problems
related to the extrapolation of the nuclear charge radius
from the form factor which, instead, is necessary in the
scattering experiments, where the momentum transfer is
five orders of magnitude larger. The improved state of
the theoretical predictions allows us now to apply the
same comparison procedure to the previous isotope shift
measurement on the lower 23S-23P transition [12].
Indeed, a value of 1.925(8) fm was calculated in [2],
where, however, singlet-triplet mixing correction had not
been considered for the 23S, level. By taking into ac-
count this correction, reported in [24], we are able to ex-
tract from the measurements of Ref. [12] a *He nuclear
radius value of 1.938(10) fm. The agreement with the re-
sult from our experiment constitutes evidence of the self-
consistency of the measurements from atomic spectrosco-
py. This supports their possible use in a wider physical
context. In the measurements at 1.08 um, Pipkin and
co-workers could benefit from a near coincidence be-
tween a *He hyperfine structure transition and a *He
fine-structure transition, thus reducing the measured
difference frequency to values accessible to precise side-
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band spectroscopy. Our experimental method, also using
one single laser at the atomic wavelength, is somewhat
more general. It can be extended to a complete investiga-
tion of the hyperfine structure, yielding a more complete
test of the theory. Also, an improvement of one order of
magnitude in the accuracy is foreseen from an atomic
beam experiment under development where both sys-
tematic and statistical errors are reduced.

A further advantage of the scheme that we have
developed for the measurements at 389 nm is the possibil-
ity of performing absolute frequency measurements of the
atomic transitions [25]. Absolute frequency measure-
ments and a refinement of the atomic theory would make
it possible to measure independently the nuclear radius of
both the helium isotopes. In the case of “He, that would
allow a fruitful comparison with the radius extracted
from Zavattini’s experiment [5,6] in which a different lep-
ton probed the nucleus, i.e., 2 muon instead of an elec-
tron.

In conclusion the isotope shift between *He and “He of
the 23S -3 3P transition has been measured with an accu-
racy of 3 ppm. The analysis of the results has required a
comparison with a very refined theoretical model. The
contributions of small but qualitatively important effects
can be verified. This leads to a new determination of the
3He nuclear charge radius. This result, obtained at low
energy and momentum transfer, opens the possibility of a
meaningful comparison with values extrapolated from
high-energy scattering experiments.
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discussions.
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