
VOLUME 80, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 19 JANUARY 1998

of

e

468
Hydrogen-Deuterium 1S-2S Isotope Shift and the Structure of the Deuteron

A. Huber, Th. Udem, B. Gross, J. Reichert, M. Kourogi,* K. Pachucki,† M. Weitz, and T. W. Hänsch
Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Strasse 1, 85748 Garching, Germany
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We have determined the hydrogen-deuterium isotope shift of the1S-2S two-photon resonance with
a 150-fold increase in accuracy compared to previous measurements. Our experimental result
670 994 334.64s15d kHz has been obtained with an optical frequency comb generator and a CH4-
stabilized He-Ne reference laser which provides the frequency stability of our spectrometer while
switching between the isotopes. From this measurement we derive values for the difference of th
mean square charge radii of the proton and deuteronr2

d 2 r2
p ­ 3.8212s15d fm2, and for the deuteron

structure radiusrstr ­ 1.975 35s85d fm. [S0031-9007(97)05204-6]

PACS numbers: 32.30.Jc, 06.20.Jr, 21.10.Ft, 31.30.Jv
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The deuteron is the simplest compound nucleus and p
vides an important testing ground for theories of nucle
few-body systems which are beginning to accurately pr
dict the deuteron structure radius [1]. This radius has t
ditionally been determined from accelerator-based electr
scattering experiments [2–4]. In 1993 optical spectr
scopic measurements of the hydrogen-deuterium isoto
shift of the1S-2S resonance [5] reached a precision suffi
cient to derive a new value for the deuteron structure rad
[6] which deviates significantly from the electron scatte
ing results.

Here, we report on a new precision measurement of
H-D isotope shift of the1S-2S interval, which exceeds the
accuracy of our earlier experiment by more than 2 orde
of magnitude. The high resolution and measureme
accuracy in our experiment allows us to clearly obser
nuclear size effects that contribute only at the lev
of about 1025 to the total isotope shift of the1S-2S
transition. Because of the fact that many QED effec
cancel in the isotope shift, the difference of the mea
square charge radii between deuteron and proton c
be accurately derived. However, this requires a care
theoretical analysis of nuclear structure effects. At th
precision level we have to give a careful definition o
the charge radius, since the description of the nucleus
an elastic form factor is no longer sufficient. The rece
theoretical progress is described in the second part of t
Letter. The complete theoretical description together w
our tabletop atomic physics experiment allows us to rea
much higher accuracy for the deuteron structure rad
than past measurements with electron-nucleon colliders

Our experimental setup is shown in Fig. 1. The hydr
gen spectrometer, indicated at the top of this figure, h
been described previously in detail [7]. The1S-2S tran-
sition in both isotopes is driven in a cold atomic bea
by longitudinal Doppler-free two-photon excitation (F ­
1 ! 1, mF ­ 61 ! 61 in hydrogen andF ­ 3y2 !
3y2, mF ­ 63y2 ! 63y2 in deuterium). The radiation
of an ultrastable dye laser at 486 nm is frequency doubl
The resulting UV radiation at 243 nm is resonantly en
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hanced in a linear cavity inside a vacuum chamber. A
mixture of hydrogen and deuterium atoms from a gas dis
charge emerges from a liquid helium cooled nozzle. Cold
atoms, traveling along the laser field, are excited into the
metastable2S state. At the end of the interaction zone an
electric quenching field forces the emission of Lyman-a

FIG. 1. Phase-coherent frequency chain for the comparison o
the 1S-2S transition frequencies in hydrogen and deuterium.
© 1998 The American Physical Society
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photons, which are detected by a photomultiplier. We a
ply a time-delayed measurement technique selecting sl
atoms to reduce transit time broadening and the relativ
tic Doppler shift [7].

Figure 1 also shows the frequency chain that has be
described in part in [8], where an absolute measurement
the 1S-2S frequency has been reported. A new elemen
the optical frequency comb (OFC) generator [9] is adde
to allow a rapid variation of the bridged frequency ga
in order to switch between hydrogen and deuterium. Th
device creates a broad comb of equally spaced frequenc
by efficient electro-optic modulation in a monolithic
optical resonator. With a modulation frequencyfOFC ­
6.3418 GHz, our OFC has a width of 3.5 THz. As in our
previous experiments, we exploit the close coincidence
the 28th subharmonic of the1S-2S transition frequency
with the absolute frequency of the CH4-stabilized He-Ne
laser. However, this laser now serves only as a flywhe
to maintain the position of the OFC in frequency spac
while the dye laser frequency is switched between th
excitation wavelengths of the two isotopes. In this way
the absolute frequency of the He-Ne standard cancels
our result, while its frequency stability determines th
uncertainty. The typical time for measuring and switchin
between isotopes is about 1000 s. The Allan varian
for this time has been determined to be around10213

using a frequency chain at the Physikalisch Technisc
Bundesanstalt (PTB) in Braunschweig [10]. To transfe
the stability of the He-Ne laser to the 850 nm regio
where the OFC operates we create its fourth harmon
with the help of a NaCl:OH2 color center laser. The
frequency doubled output of this laser provides the carri
frequency for the OFC generation. Intermediate lase
are used after each nonlinear optical device to rega
sufficient power for the next step. To phase-coherent
connect the lasers we use optical phase-locked loops [1
The frequency chain relates the difference in the count
radio frequencyDfc to the isotope shift (fD

1S-2S 2 fH
1S-2S)

according to

Dfexp ­ 8Dfc 1 104fOFC 2 DfHFS , (1)

where DfHFS ­ 215 225 585s14d Hz accounts for the
well known hyperfine structure in both isotopes [12].

Figure 2 shows1S-2S excitation spectra recorded versu
the detuning from selected modes of the OFC generat
The detuning is8 3 s fc 2 244.306 MHzd for hydrogen
and 8 3 s fc 2 1702.1 MHzd for deuterium. We deter-
mine the line center by fitting a Lorentzian to the exper
mental data. Numerical simulations [13] confirm that thi
procedure is sufficient at the present level of accuracy, ev
though the expected line shape is not exactly Lorentzia
From the radio frequencyfc of the line center we calculate
the H-D isotope shift according to Eq. (1).

As an example, a series of alternating measurements
hydrogen and deuterium is shown in Fig. 3. The residu
frequency uncertainty of the measured line centers
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FIG. 2. Experimental1S-2S spectra in hydrogen and deu-
terium as measured relatively to selected modes of the optic
comb generator.

limited by the short term frequency stability of the He-Ne
standard. We determine the isotope shift by fitting a pa
of parallel lines to the hydrogen and deuterium data, thu
accounting for a linear frequency drift of the standard
Since the coefficient of the ac Stark shift is the same i
hydrogen and deuterium [14], we kept the power of th
exciting UV light at 243 nm constant. Further systemati
effects such as dc Stark and pressure shifts do not play
significant role at the present level of accuracy. A realisti
model for the line shape [13] predicts that the relativistic
Doppler shift of the line center is about 80 Hz in hydrogen
for the chosen delay time. Even though we expect th
same Doppler shift for deuterium due to our time-delaye
signal detection, we allow for an uncertainty of 20 Hz
to account for a possible difference. After averaging th
results of 10 measurements like the one shown in Fig.
we obtain the experimental result for the1S-2S H-D
isotope shift,

Dfexp ­ 670 994 334.64s15d kHz . (2)

The uncertainty of 150 Hz is dominated by the frequenc
fluctuations of the CH4-stabilized He-Ne standard.

At this precision level the theoretical contributions to
the isotope shift must be reanalyzed. Although the ma
jority of QED effects are the same for hydrogen and deu
terium, an accurate determination of the difference in th
nuclear charge radii from the H-D isotope shift depend
on both QED and non-QED effects. Therefore, a larg

FIG. 3. Alternating measurements of the1S-2S transition
frequency in hydrogen and deuterium. The dots stand for lin
centers of single spectra as shown in Fig. 2.
469



VOLUME 80, NUMBER 3 P H Y S I C A L R E V I E W L E T T E R S 19 JANUARY 1998

nce
r
d
ius.

ar
lf-
ft.

ty
ts

a
e
in

ell
ro

-

n-
lf-
ts

eus
e

on
all
ity.

il-

e
mit
ed
e
r at
o-
to
e.

A
de-
effort was undertaken to recalculate higher order reco
corrections, resulting in the identification of some new e
fects. In the following we present a short description o
all known contributions to the H-D isotope shift which
contribute at the level of 1 kHz. For details we refer to
the review of Sapirstein and Yennie in [15] and the rece
update in [6].

Most of the H-D isotope shift of the1S-2S interval is
caused by the different masses of the nuclei. The leadi
effects are obtained in the Breit treatment,

E ­ mfE sn, jd 2 1g 2
m2

2sM 1 md
fE sn, jd 2 1g2,

(3)

and amount to671 004 073.56 kHz. HereE sn, jd denotes
the dimensionless Dirac energy, andm, M, andm are the
electron, nucleus, and reduced mass, respectively. T
formula does not account for the fact that the deutero
has spin 1. The relativistic corrections may depend o
the spin, and in our case one has to subtract the so-cal
Darwin-Foldy correctionDE ­ 2m3a4y2M2n3, which
is included by convention [16] in the deuteron charg
radius, but not in the proton charge radius. It contribute
11.37 kHz to the1S-2S frequency in deuterium. There
are many other effects that result from the nuclear ma
dependence of the Lamb shift called recoil correction
They are first calculated under the assumption that t
nucleus is a pointlike particle with spin 1y2. Corrections
beyond this assumption are considered separately. T
recoil corrections give24 536.16 kHz to the isotope shift.
The uncertainty due to yet unknown corrections of th
orderm2yMa7 ln2sa22dyp are estimated to be 1 kHz by
assuming that the coefficient is equal to 1 (we correct o
previous estimate in [6]).

There are conceptual problems with the proton se
energy correction because it modifies the proton for
factors. To incorporate this correction unambiguously w
must precisely specify the meaning of the nuclear me
square charge radius. The standard definition is based
the Sachs form factorGE which, in the nonrelativistic
limit, is the Fourier transform of the charge density
distribution

kr2l
6

­
≠GEsq2d

≠sq2d

É
q2­0

. (4)

This definition is not appropriate at our precision leve
because radiative corrections toGE are infrared divergent.
We follow the enhanced definition proposed in [17]
which is based on the forward scattering amplitud
described by

T mnsx 2 x0d ­ 2iktjTjmsxd jnsx0d jtl , (5)

where t ­ sM, 0, 0, 0d and jm is the 4-vector current
of the nucleon components. In the nonrelativistic limi
the T00 component contains a logarithmic singularity
This term occurs because the nucleus has a charge
470
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does not depend on other details, such as spin. O
it is subtracted fromT 00 the remainder has a prope
analytical behavior. At low momentum transfer it coul
be described by one quantity, the nuclear charge rad
The associated correction to the energy forS states has
the form

DE ­
2

3 n3
sZad4m3kr2l 1

4sZ2ad sZad4

3pn3

m3

M2

3

"
ln

√
M

msZad2

!
2 ln k0snd

#
, (6)

where lnk0snd is the Bethe logarithm andZ denotes the
nucleus charge. The first term is due to the finite nucle
size, while the second term comes from the proton se
energy and contributes 2.98 kHz to the H-D isotope shi

The correction of the order ofsZad2 to the finite size
effect is also significant due to the logarithmic singulari
of the relativistic wave function at the origin and amoun
to 22.79 kHz for the H-D isotope shift [16]. The com-
bination of radiative corrections and finite size gives
small contribution of 0.60 kHz. It is obtained from th
radiatively corrected electron charge density at the orig
[18]. The nuclear structure effects beyond Eq. (6) are w
described by the two-photon scattering amplitude at ze
momentum

DE ­ 2
e4

2
f2s0d

Z d4q
s2pd4i

1
q4

3 fTmn 2 tmnsMdg t mnsmd , (7)

wheretmnsmd is a bare amplitude (without radiative cor
rections) for a pointlike spin1y2 particle of massm. This
amplitude requires subtraction of the singularities co
nected with the terms already included: relativistic, se
energy, and finite size corrections. Since recoil effec
have been calculated with the assumption that the nucl
has spin 1y2, we subtracted the corresponding amplitud
for a pointlike particle with the mass equal to the deuter
mass in Eq. (7). The main contribution comes from sm
momenta and is associated with the deuteron polarizabil
The binding energy of the deuteron of2.2 MeV is compa-
rable to the electron rest energy, giving rise to a polarizab
ity correction. The most recent analysis of Friaret al. [16]
gives 18.58(7) kHz for the1S-2S frequency in deuterium.
The corrections beyond this polarizability term, i.e., th
elastic part, have been estimated in the static nucleus li
[16], and they amount to 0.46 kHz. The yet uncalculat
contributions coming from relativistic corrections to th
proton-neutron interaction and the deuteron recoil ente
similar order of magnitude as retardation terms in the p
larizability contribution. The second uncertainty is due
an additional photon exchange in the inelastic amplitud
We estimate the total uncertainty of Eq. (7) to 0.5 kHz.
detailed study of the deuteron structure corrections as
scribed by Eq. (7) would be very desirable.
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FIG. 4. Values for the deuteron structure radius. Se
Refs. [2,3] (a and b stand for a fit with third and fourth order
polynomials) [4,5,23,24].

We calculate the theoretical isotope shiftexcluding
nuclear size effects as

Dfth ­ 670 999 568.6s1.5d s1.5d kHz , (8)

where the first uncertainty comes from the electron-proto
mass ratio and the second is the theoretical uncertain
In this calculation we have used the constants given
references as follow:a [19], Mpym [20], MdyMp [21],
andR` [8]. The difference

Dfth 2 Dfexp ­ 5234.0s2.1d kHz (9)

between the theoretical and the experimental values
caused by the nuclear finite size effect, which is given b
the first term of Eq. (6). From this we derive the differenc
of the deuteron-proton mean square charge radii

r2
d 2 r2

p ­ 3.8212s15d fm2. (10)

The deuteron structure radius isr2
str ­ sr2

d 2 r2
pd 2 r2

n 2

3y4M2
p [4], wherer2

n ­ 20.114s3d fm2 [22] is the neutron
charge radius andMp the proton mass. From this equation
one obtains

rstr ­ 1.975 35s85d fm . (11)

The precision of atomic spectroscopy measurements
the deuteron radius is thus exceeding the accuracy of p
vious measurements based on elastic electron scatte
by an order of magnitude. Furthermore, our result is
disagreement with these measurements as can be s
from Fig. 4. The recent reanalysis of scattering data b
Sick [23] indicates a possible agreement with our dat
when including the second order Born approximatio
We emphasize again at this point that our determination
the deuteron structure radius is requiring a careful analy
of the nuclear self-energy. We have incorporated som
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corrections beyond the Sachs form factor. The rece
prediction of the deuteron structure radius by Buchma
et al. [24] is in very good agreement with the new valu
presented here.
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